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FOREWORD 

The proceedings of Symposium '89 — Peal and Pcatlands: Diversification and Innovation — have been 

prepared by theCanadian Society of Peat and Peatlands (CSPP) and Forestry Canada on behalf of the organizers 

of the symposium: the Centre QuSbecois de Valorisation de la Biomassc (CQVB) and the Canadian National 

Committee of the International Peat Society (CNCIPS). 

Proceedings serve a purpose very different from thai of the physical meeting; (hey are primarily a matter of 

record, encapsulating a small fragmentof progress inone field of specialization into a hard copy that will reach a 

far wider audience than the 320 participants in the meeting. 

In collecting and editing the papers we have tried to ensure that the proceedings meet the needs of researchers, 

technologists and industrialists who are attempting to adapt the use of the peat resource in the new challenges of 

the last decade of the 20th century. Society's perception of peat and peatland use is changing. In pan, this is 

because the rapid growth of their use for energy has enabled the resource to be quantified and has given us 

detailed knowledge of thesubstance we callpcat and of its no tential.Pcatis neither afossil material likecoal nor 

a renewable material like the biomass in trees. It can be considered a very transformed biomass and, as we 

understand the properties that microbial transformation has created, new opportunities emerge through the 

applicaiion of biotechnology. Thccxiensivenaturcorpcailands,adominaii:''e£tu:-e of boreal landscapes, makes 

them a land resource that can be used effectively for the production of biomass in the form of forests. Recent 

developments in peatland forestry have opened new possibilities, and these proceedings record the results of a 

very successful international meeting held under the overall umbrella of Symposium '89. 

The theme 'Diversification and Innovation' was followed very closely by the papers presented in Quebec City. 

The possibility of high-value applications of peat is exciting, and the presentations cover the use of peat in 

substrates designed for horticulture, applications in composting and nitrogen retention, and others in which the 

unique absorbency characteristics of peat arc exploited. The issues of peat characterization and mining were not 

neglected. In fact, standardization and correlations of in-silu peat characteristics with potential applications are 

becoming more rather than less important as new uses arc being made of peat. 

The peatland forestry theme was timely for this symposium, as it was held in the province in which the most 

progress has been made in research and in the practice of forest drainage, including programs of 

government-assisted operational drainage. The symposium began with overviews and updates of research 

programs by countries and provinces. The growth response of trees and seedlings and various aspects of their 

nutrition are key elements in the successful application of drainage and fertilization. More in-depth sessions 

dealt with peat environments and hydrologic characteristics in relation to drainage. Of particular interest were 

the final sessions on environmental impact and management considerations, such as cost-effectiveness and 

prescriptions. 

Neither a symposium nor its proceedings appear fully formed out of the void. We thank the Board of Directors 

and our conference Cochairmcn Marcel Risi and Bernard Be"Ianger for their direction and strong support of this 

conference. Members of the Scientific Program Committee — Ralph Overend (Chair), Esleban Chomet, 

Bernard Coupal, Charles Tamocai, Clay Rubec, John Jeglum, Alain Belanger, Michel Caron, Leon E. Parent, 

and Louis Canuel — were strongly supported by the staff of the CQVB. It is impossible to mention all the 

individuals who worked with dedication in what was such an overwhelming team effort, but we must single out 

Denis Morrissetie, Coordinator of the organizational staff, who was always there when we needed assistance of 

any kind. 
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AVANT-PROPOS 

Le proccs-vcrbal du Symposium de 1989 - La tourbe ct les tourbieres: diversification et innovation — a ete 

prepare conjointement par la Societe canadienne de la tourbe et des tourbieres et Forets Canada au nom des 

organisateurs, le Centre que'be'eois de valorisation dc la biomasse {CQVB) et le comite national canadien de la 

Societe intemationale de la iourbe. 

Le proces-verbal a un but tres different de eclui de la reunion; e'est avant lout la relation officielle ecrite d'une 

faible partie du progres accompli dans un domaine de specialisation, et cet imprim6 permet de rejoindre un 

public bcaucoup plus nombreux que, par exemple, les 350 pcrsonnes qui ont assists a la rdunion. 

Enrassemblanictpr6parantlescommunicationspourlapublication,nousnoussoinmesefrorcΘ 

lc proces-verbal satisfasse aux besoins des chercheurs, technologues et industriels qui tentent d'adaptcr 

rutilisationdelatourbeauxnouveauxdefisdelademieredecennieduvingtifemesiecle.LasoΌ 

different la tourbe et les tourbieres, en partie parce que I'accroissemcnt rapide dc leur utilisation pour des fins 

energdtiques a permis de quantifier ia ressource et nous a apportfi une connaissance detaiHee de la matiere que 

nous appellons tourbe et de son potentiel. La tourbe n'est ni une matiere fossile, comme le charbon, ni une 

matiere renouvelable, comme la biomasse des arbres. Elle pcut etre considered comme une biomasse tres 

transfbrmce, et, a mesurc que nous connaissons les proprietes auxquelles a donne lieu la transformation 

microbienne, de nouvelles possibilities voient le jour grace al'application de labiotcchnologie. En raisonde Icur 

etendue, les tourbieres, une caracteristique dominanle du paysage bordal, constituent une ressource qui peut 

servirefficaccmcntalaproductionde biomasse souls la forme dc forets. Les progresrecents dans le domaine de 

l'exploitation de la tourbc pour des fins forestieres ont fait naitrc de nouvcllcs possibilites, et le proces-verbal 

enregistrc les rcsultats d'une reunion intemationale tres fnictueuse tenue dans le cadre du Symposium de 1989. 

Les communications prescntes a Quebec sc sont fortement inspirees du theme «Diversification et 

innovauon». La possibility d1 applications extremement utiles pour la tourbe est tres interessante et les 

communications portaient sur l'utilisation de !a tourbe dans le substratum destine a rhorticulture, pour le 

compostage et la rfitention de 1'azote ainsi que pour d'autrcs applications ou la proprictc d'absorption 

parliculiere a la tourbe est mise a profit. Les questions de la caractensation et de l'extraction de la tourbe ont 

aussi e"te traitees. En fait, I'uniformisau'on des caracteristiqucs dc la tourbe sur place ct leur correlation ainsi que 

les applications poicnticllcs qui s'y rattachentdevicnnentplus importantes que moins a mesure que cette matiere 

donnc lieu a de nouvelles utilisations. 

Le th6me dc I1 exploitation forestifcre etait tout indique pour un symposium tenu dans la province ou le plus de 

progres ont dte realises dans le domaine de la recherche et de la misc en pratique du drainage des 

forets, y compris !es programmes de drainage operationnel subventionne"s par le gouvememenL Le symposium 

a debute par des apercus ct des bilans des programmes de recherche de divers pays et provinces. La reaction de 

croissance des arbres etdes semis ct les divers aspects dc leur nutrition sont des elements cssemiels du succesdu 

drainage et de la fertilisation. Des seances ont traite" plus en profondcur dc certains sujets comme 

l'environnement des tourbicrcs ct leurs caracuSrisiiques hydrologiques envisages par rapport au drainage. Les 

seances finales portant sur les incidences environnementales et les questions de gestion, comme lc rapport 

coul/rcndcmcnt ct les prescriptions, ont €\& tres int^ressantes. 

Un symposium et un proces-verbal nc se prcparcnt pas tout seuls. Nous remcrcions le comitfi de direction ainsi 

que les deux copresidents, Marcel Risi et Bernard Belanger, pour la facon dont ils ont dirige" la conference et 

l'enorme appui qu'ils lui ont accordd. Les membres du comite" du programme scientifique, Ralph Overend 

(president), Estcban Chomet, Bernard Coupal, Charles Tamocai, Clay Rubec, John Jeglum, Alain Bdlanger, 

Michel Caron, Leon E. Parent et Louis Canuel, ont dte consid^rablement aides dans leur travail par le personnel 

du CQVB. II est impossible d'e"numerer toutes les personnes dont le denouement a permis de rdaliser un effort 

Hi 



d'cquipc aussi extraordinaire, maisil nous Taut mentionner en particulier Denis Morissette, lecoordonnatc urdu 
personnel de l'organisation, qui a toujours et6 la pour tout ce dont nous avions besoin. 

Lcs organisateurs de la conference remercient de leur gcnCrouse aide Financifcre les commandiiaires suivants: 

Les Entreprises Premier CDN Ltee 

Industrie, Sciences et Technologie Canada 

Secretariat d'Etat du Canada 

Fisons Western Corporation 

Produits Desbiens 

Fafard et Freres Ltee 

Tourbieres Lambert Inc. 

Forets Canada 

Ministere dc 1'Environnemcnt du Quebec 

Salerno Sacs Transparents Ltcc 

Ministers de l'lndustrie, du Commerce ct de ta Technologie du Quebec 

Banquc Nationale du Canada 

Minisiere de l'Energie et dcs Rcssources du Qu6bcc 

ASB Grcenworld Inc. 

Ministcre de 1'Agriculture, des Pecheries et dc 1'Alimentation du Quebec 

AlPlastiquesInc. 

Annapolis Valley Peat Moss Co. Ltd. 

Coop F6dc"r6c dc Qudbec 

Groupe Qualite Lameque Ltee 

Insiitut de recherche en biotechnologic (CNRC) 

Souihem Importers Inc. 

Energie, Mines ct Rcssources Canada 

Environnemcnt Canada 

Ministere des Affaires internationales du Quebec 

Centre de recherche industrieile du Qudbec 

International Peat Society, Secreiariat, Helsinki 

Bonar Packaging Ltd. 

Chasse" Inc. 

Raymond Chabor, Martin, Pare 

Les Equipcmenls Tardif Inc. 

Chauffage Rivicre-du-Loup Inc. 

Rimouski M6lal Inc. 

Praite el M orris sette 

Motel L^vesquc 

Rcseau dc D^pisiage et de Recherche 

du sud de Montreal 

La tournee d'observation sur le terrain de l'exploilation de la tourbe pour dcs fins forcstieres, qui aeu lieu apres 

lc symposium, avait etc organises avec la collaboration des participants dc Quebec et financed par le ministere 

de l'Energie et des Rcssources du Quebec. 

R.P. Overend et J.K. Jeglum 
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Dans certaines tourbieres, meme dans leure'tatnalurel.croissent des arbres,mais 

le drainage a des fins d'exploitation forestiere a fait de la production de bois la 

me'thode la plus extensive d'exploitation economique des ressources des 

tourbieres. La superficie tolale drained a cette fin depasse deja 5,7 millions 

d'hectares, mais une partie de cette superficie est classee dans la categorie des 

foreis a sol mineral paludeen. La superficie drainee correspond au quart de la 

superficie forestiere du pays. 

Les lignes directrices sur le drainage forestier s'inspirent de I'acquis de la 

recherche fondamentale et applique'e, y compris des etudes sur les 6cosystemes 

des tourbieres, I'accroissement, le rendement et la sylviculture, de la classification 

des types de stations ainsi que de I'hydroiogie. Sefon I'inventaire forestier national, 

le drainage forestier, la fertilisation et d'autres mesures sylvicoles ont permis 

d'augmenter I'accroissement annuei dans les forets de tourbiere d'au moins 7 x 

106 m3. Les arbres cultives dans les tourbieres drainees en vue de ("exploitation 
forestiere constituent pres du quart des forets du pays. 

INTRODUCTION 

The icrm peatland or mire is used to refer in general 

to a site type supporting peat-forming vegetation. Hence, 

a mire site is a wdland ecosystem mainlined by humid 

climate and high groundwater level, in which part of [he 

organic material produced accumulates as a result of in 

complete decomposition. In the mire ecosystem the bio-

coenoscs and environment arc strongly interconnected; 

in fact, the vegetation forms its own growing substrate. 

This means that the soil characteristics may change more 

readily than in mineral soils. 

Owing to the different definitions of peat and peat-

lands, the official figure of about 422 million ha is a very 

rough estimate of the total peatland area of the world 

(Kivincn and Pakarinen 1981). It is probably aconscrva-

live estimate because knowledge o( tropical pcatlands, 

in particular, is scanty. This enormous pcadand area has 

great potential for forestry (Fig.l) However, as recently 

as 1980, only 9.3 million ha had been drained for 

forestry, more than half of them in Finland (ibid.)-

CONCEPT OF PEATLAND FORESTRY 

Research on pcatlands is based heavily on general 

sciences like physics, hydrology, climatology, geology, 

boiany and chemistry. Pcatlanc! forestry is an applied 

science encompassing the following fields: 

1) Mire characteristics 

(origin, development, nutrient status, water 

regime, temperature conditions, mire site types 

and mire complex types). 

Figure I. Sparsely forested composite site type (herb-rich 

sedge birch-pine fen, RtiSR)S0 years after drainage. 

2) Fcatland amelioration 

{development of equipment and techniques for 

amelioration,changes in pcatsoil propcrtiesasa 

result of drainage, effect of developing tree 

stands on site properties, environmental effects) 



3) Silviculture, growth and yield of tree stands, 

harvesting of timber 

(revival, regeneration, afforestation, thinning, 

fertilization, maintenance of ditches) 

4} Economics of mire utilization 

(cosl:bcncfil studies and investment decision 

models for wood production, other fields of 

mire utilization) 

In practice, the term peatland forestry implies thai 

the main purpose of peatland utilization is wood produc 

tion. In Finland it is the forested and sparsely forested 

mire site types that are of primary use in forestry. Some 

of these sites support tree growth even in their natural 

state, but growth can be increased considerably by forest 

drainage. 

BACKGROUND 

Finland is situated between 60° and 70° N. Usually 

less than 150 m above sea level in the south, the land rises 

to over 600 m in the north. The average annual tempera 

ture on the southern coast is +5°C and at the polar circle 

+1°C. The annual cumulative temperature (degree-days 

over +5°C) on the southern coast is 1350, and in northern 

Lapland it is 500. Mean annual precipitation varies from 

700 (south) to 500 mm (north), and evapotranspiralion 

from 350 (south) to 300 mm (north). 

The total area of Finland is 338,000 km2; of this, 

305,000 km2 is land, the rest is water. According to the 

NFI , 66% is forest land, 21% wasteland (including 

poorly productive land), 10% agricultural land and 3% 

built-up areas, roads, etc. 

Ownership of forest land, on an area basis (not in 

cluding wasteland), is as follows: 

There arc over 300,000 private forest owners, much of 

whose land is located on bcttcr-lhan-avcrage sites rep 

resenting about 80% of the existing logging potential. 

Some general information about the forests of Finland 

follows: 

Productive forest land, million ha 20.5 

Growing slock, including bark, million m3 1723 

Tree species distribution by volume, % 

Scots pine (Pinus sylvestris) 

Norway spruce (Picea ahie.s) 

Birch (Delula sp.) 

Alder (AI/uis sp.) and poplar 

fPripulus Iremula) 

Mean growing stock, including bark, m'/ha 

Mean annual increment on productive 

forest land, solid volume including baik, m'/ha 

45 

37 

15 

3 

84 

3.5 

In the 1960s, the total land drained exceeded the 

allowable amount considerably, because of overcutting. 

Therefore, several proposals were put forth for primary 

improvement and silvicullural programs. 

Finland's economy is based heavily on the forest in 

dustry. About 80% of forest products arc exported, and 

these account for approximately 40% of Finnish export 

earnings. 

NATURE OF FINNISH PEATLANDS 

Finland has one of the highest percentages of peatland 

area in the world. Peatland accounts for one third of the 

country's land area — some 9.7 million ha. To this figure 

can be added another 700,000 ha of peat soils used in 

agriculture, fora total of 10.4 million ha. 

The Finnish peatland classification is based on the 

composition of the ground vegetation, which reflects the 

nutrient status of the site and is an indicator of other 

physico-chemical site factors (Cajandcr 1913). 

The mire site types used in practical forestry (33 types 

in all) have been plotted against two environmental 

gradients: nutrient status (oligotrophic-* mesotrophic^ 

cutrophic) and degree of wetness (Fig. 2). The boundary 

between ombrotiophic and mincrotrophic types is indi 

cated as well. Abbreviations of the site type names have 

been derived from the Finnish names (sec Lainc et al. 

1986). The site types have been grouped in three main 

categories: 

♦ genuine, forested site types, with a natural tree 

stand and relatively uniform hummock or inter 

mediate-level surface vegetation 

♦ sparsely forested, composite site types {treed 

fens and bogs) characterized by a mosaic of 

hummock and hollow vegetation tThese can be 

considered mixtures of forested and tieelcsssitc 

types.) 

♦ treeless site types without a natural tree stand. 



Figure 2. The Finnish peatland classification, organized by 

environmetuai graiiients (Laine el at. 19&6). 

Genuine, mincrolrophic, forested sites are called 

swamps, whereas ombrolropliic sites are called bogs. 

Sites with a shallow peat layer (< 30 cm) arc also classi 

fied as mires. (In English these arc called paludified 

foresls.) In the treeless and composiie site type groups 

the term fen is applied to mincrotrophic sites and bog to 

ombrotrophic sites. 

In the NFI, another approach to classifying mire sites 

has been used since 1960. The sites are divided into six 

site type groups (e.g., Paavilaincn 1989). The use of two 

different systems presents problems when one trys to 

compare the results of different studies. 

Norway spruce, a minerotrophic species, usually 

characterizes the richer swamps and treed fens, whereas 

the less demanding Scots pine is usually the dominant 

tree species of the poorer mires, including treed bog and 

poor treed fen and swamp. Birch (Betulapubescens) is a 

common species in minerotiophic swamps and treed 

fens. Approximately 25% of the original peatlands were 

hardwood-spruce swamps and treed fens, 45% were 

pine-dominated mires and 30% were treeless (open) 

mires. 

At the regional leve!, mainly because of the macrocii-

maic and topographical factors, two main peatland com 

plexes are recognized in Finland: ombrotrophic mires 

(raised bogs) and minerotrophic mires (aapa and palsa 

mires) (sec RuuhijSrvi 1982). The raised bogs receive 

their nutrients mainly from rainfall, whereas the aapa 

mires arc dependent upon the surrounding mineral soil 

fornuiricnts. 

PURPOSE OF FOREST DRAINAGE 

In ihc case of undrained peallands excessive water in 

the substrate checks root growth and microbial activity, 

and may cause unfavorable biochemical reactions. One 

of the most important purposes of drainage is, therefore, 

to adjust the water content of the soil to a level dial 

ensures sufficient aeration (I'aivancn 1973). This means 

that the groundwatcr level has to be lowered 30-40 cm 

from the peat surface. Increased aeration in the rooting 

zone improves microbal activity and results in organic 

matter decomposition and nutrient release. 

Several Finnish studies have shown the response of 

trees to drainage (e.g., Hcikuraincn 1959, Heikurainen 

and Kuusela 1962, Laine and Starr 1979). Also, the 

continuity of post-drainage growth has been studied on 

naturally tree-covered peallands (Scppala 1969, 

Hcikuraincn and Scppala 1973). Tree growth after drain 

age seems to increase gradually, even after the initial 

response period. 

A special method for calculating the suitability of 

peallands for forest drainage has also been developed 

(Heikurainen 1973). The increase in forest growth as a 

result of drainage depends on the fertility index (the 

edapliic wood-producing capacity of the siic type) and 

the locality index (the effect of climatic conditions on 

post-drainage growth), By calculating the gross profit 

and the investment costs one can determine the profit 

ability coefficient for the site to be drained. 

DEVELOPMENT OF FOREST 

DRAINAGE ACTIVITY 

History 

The oldest areas drained for forestry are more than 

100 years old. The purpose of the first ditching opera 

tions was to prevent paludifieation of mineral soils. 

Ditches were also dug during famine years (e.g., in the 

1860s) to decrease unemployment. More systematic 

drainage lo Increase ihc growth of ircc stands on wet 

lands was undertaken on state-owned lands in 1908 and 

on privately owned lands in 1928. 

It was not until the 1960s, however, that forest drain 

age was employed in a nationwide campaign to increase 

forest growth. The area drained annually increased 

slcadily until 1969, when a maximum of 295,000 ha was 

drained. The toliil forest drainage area (about 5.7 million 

ha), according to die most recent statistics, is greater than 

that found in the NFI (about 5.0 million ha). This is ex 

plained in part by ihe fact lhat in the NFI there may be 



overlap of classes; additional ditching in an area that had 

been poorly drained earlier may have been considered 
new ditching. On the other hand, some of the drained 

sites that originally supported a shallow peat layer may 

have been placed later in the mineral-soil category. 

Most of the drainage has taken place on private land 
(Fig. 3). Forest amelioration on private land is entrusted 

to the District Forestry Boards, organizations promoting 

private forestry. Drainage operations on private land arc 
performed cooperatively. The government subsidizes 
forest drainage on private forests by payingabout 60% of 
the total drainage costs, partly as grants and partly as 

low-interest loans. Drainage planning and work supervi 
sion are paid for entirely by the government. 

Drainage Equipment and Costs 

Until the early 1950s, forest ditches weredug by hand. 
Mechanized forest drainage began in 1953 with the 

introduction of forest ditch plows. Optimal conditions 
for plowing were found in the large homogeneous peat-
land areas of northern and eastern Finland. 

A forest ditch plow weighs 5,000-6,000 kg and 

requires a heavy tractor (14-18 lonnes) with a surface 

pressure not exceeding 30 kPa. The plow is pulled by a 

winch. A standard ditch may be plowed in firm peat soil 

at a rate of 500-600 m/lir. 

The length of ditches made by plowing has decreased 

during the last two decades (Fig. 4). The most common 

machine now in use is the tractor digger, a unitconsisting 
of a prime mover and hydraulically operated backhoe. 

The prime mover is usually a light-track tractor with a 

45- to 75-kW engine. Forest ditches are dug longitu 
dinally with a bucket scoop, and the cross-section 
measurements conform to the standard forest ditch 

dimensions. The output of a tractor digger is 70-90 m of 
forest ditch/hr. At present, most forest drainage is done 

with tractor diggers or somewhat larger excavators. 

Both ditch digging and ditch cleaning are done by 

private contractors. Prices, which are based on work 
studies and cost analysis, arc agreed upon annually by 

the associations of contractors and employers. 

The cost or digging a standard-sized forest ditch (0.76 
m3/m) varies from 1.90 to 2.70 FIM/m and the total cost 
amounts to about 700 FIM/ha! . When the cost of main 

ditches, culverts and transportation of digging equip 
ment is taken into consideration the total cost of drainage 
is about 900 FIM/ha. 

Prospects 

Recently, a national program was developed for for 
estry and the forest industry — "McLsa 2000" {"Forest 

2000", Anon. 1986). It provided targets for wood pro 
duction for all of Finland for the period 1986-2005. 

According to this program, the area drained annually for 

forestry purposes will decrease during !he first 10-year 
period to 40,000 ha and during [lie second 10-year period 
to 15,000 ha (Fig. 5). The annual need for forest drainage 

renovation (cleaning of old ditches and additional ditch 

ing) was estimated to be 120,000 ha. This target has not 
been reached, however, during the first two years of the 
20-year planning period. 

1 1 FIM = ca CAD 0.27, 4 Aug. 1989 
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DRAINAGE DESIGN AND DRAINAGE 

REQUIREMENTS 

Aerial photographs and contour maps (e.g., 1:10,000) 

are essential for planning drainage. A few levelling lines 

should be run lo obtain a general picture of gradient con 

ditions. The first step in designing a ditch system is Id 

locate the main ditch. This ditch is usually placed in the 

center of the peatland area where the peat is deepest and 

subsequent peat subsidence is greatest. 

The dimensions of a main ditch depend mainly on its 

capacity to lead waicr away from the site. The water in 
the main ditch should noi rise above a level that would 

prevent the drainage ditches from discharging. In bigger 

drainage areas the dimensions of the main ditch are cal 

culated on the basis of the average peak flow (MHq), 

which takes into consideration spring snowmelt and 

other factors. 

The drainage-ditch network proper consists of lateral 

ditches placed at a very low angle to the contour lines to 

ensure that there is a gradient toward the ditehes. If the 

land slopes in different directions, the lateral ditch sys 

tem is constructed in several different directions. Trap 

ditches arc placed so as to collect surface water entering 



the drainage area, and arc located on the border between 

the pcatland and the surrounding mineral soil. For fur 

ther details concerning the design of drainage systems 

sec Paivancn and Wells (1977). 

The effect of drainage is described by the term drain 

age depth or drainage norm, which is the mean dis 

tance between the soil surface and the water table during 

the growing season. A drainage norm between 30 and 40 

cm is usually sought, but it is dependent on such factors 

as climate, topography, hydraulic conductivity and vege 

tation, and can be affected or altered by using various 

ditch depths and spacings (Meshcchok 1969, Brackkc 

1983). The combination of ditch depth and spacing used 

is highly dependent on local conditions. 

Ditch spacing may be considered biologically optimal 

if it yields the best tree growdi, or economically optimal 

if it gives the highest rate of interest on die drainage 

investment. The latter spacing is always wider than the 

former. It is affected by digging costs and the discounted 

return m a result of drainage (Keltikangas 1971). On nat 

urally tree-covered pcatlands the volume of the tree 

stand is reduced because ditch lines arc cleared. The vol 

ume of tree stand lost as a result of line clearing increases 

as the ditch spacing decreases (Scppaia 1972). 

Operational recommendations for ditch spacing in 
Finnish conditions are as follows: 

♦ shallow peal soils 50 m 

♦ forested peatlands 40 m 

♦ sparsely treed peallands with 

a low gradient 30 m 

The following are recommended ditch depths for trce-
covcrcd peallands: 

« shallow peat (< 30 cm) soil 70 cm 

♦ deep peat (> 30 cm) soils 80 cm 

♦ wet, deep peat soils 90 cm 

For a more theoretical basis on which to specify ditch 

spacing according to hydraulic conductivity, precipita 

tion and drainage norm see Toth and Gillard (1988). 

GROWTH, YIELD AND BENEFITS 

The profitability of draining peatlands depends on the 

fertility of the site, the state of existing growing stock, 

and the geographical location of the site. The more fer 

tile the site, the more timber it contains and the further 

south it is, the more profitable drainage will be. 

Even now, when most of the drainage areas are still at 

an early stage of development, the volume and growth of 

peatland forests have increased considerably. The effects 

of forest drainage, fertilization and silvicultural 

measures arc obvious from statistics obtained from the 

NF1 (3rd NFT 1951-53 and 7th NFI 1977-84) (e.g., 

Paavilaincn and Tiihoncn 1988, Paavilaincn 1989): 

• The total volume of peatland forests has in 

creased by 12% over about 30 years. 

• The increase in total volume growth over the 

same period has been 50%. 

• As a result of drainage and fertilization, the 

growdi of peatland forests has increased by at 

least 7 million m3 annually, or by more than 

10% of the total annual volume growth of all the 
forests. 

The annual increase in growdi may reach 13-18 mil 

lion m3 by die end of this century (Hcikuraincn 1982). 

It has been estimated, by calculating the inputs (all 

cost factors) and outputs (the increase in allowable cut 

evaluated widi stumpagc prices), that the net profit 

ability of Finnish forest drainage activity is more than 

5% (Heikurainen 1980). The indirect effects (employ 

ment, balance of foreign payments, etc.) arc not included 

in diis estimate. 

FORESTS ON DRAINED AREAS 

Silvicultural Conditions 

A recent nationwide field survey (Keltikangas et al. 

1986) provides new information about me condition of 

tree stands growing on peatlands drained for forestry. 

Most of the tree stands have, until now, reached only 

the stages of ■■seedling" and "advanced seedling" stand 

(46%) or "young diinning" stand (29%), and the portion 

consisting of "mature" and "sheltcrwood" stands is less 

than 4% (Table 1). It was estimated that 35% of the 

drained area needs silvicultural treatment in the first 10 

years after inventory; the main measures required arc 

seedling stand treatment and the first commercial 
thinning. 

Table 1. Tree stand development dasseson drained pcat-

lands(Kcltikangasctal. 1986) 
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In virgin peatlands ihc DBH size-class distribution 

has a hyperbolic form: small stems arc numerous, where 

as large stems are very few. This means that the stands 

arc uneven-aged. During the first decades after drainage, 

the unevenncss in the age and size of the stands tends to 

become even more common (Hokka and Lainc 1988). It 

is especially evident on treed fens and treed bogs, which 

arc only sparsely forested in the virgin Mage. 

On die nutrient-rich sites, birch is a pioneer tree 

species. This means that treatment of young stands is 

especially urgent on the bctter-than-avcragc sites. Some 

of the birch stands may naturally develop a spruce undcr-

story. Very often spruce can be grown in the shade of 

birch: the first harvesl will be panly birch pulpwood and 

partly veneer, whereas the second cutting will be among 

the advance seedlings of spruce. 

Thinning on drained peatlands is a high priority if the 

aim is to grow lumber-sized trees. Usually cutting is 

done in fall and the wood is transported in winter when 

the ground is frozen, although year-round harvesting 

systems arc being developed. 

Mature tree stands typically regenerate easily on vir 

gin pcatland sites as well as on newly drained peatlands. 

At ihc final stage of succession, after drainage, ihc better 

sites arc still highly receptive to regeneration. However, 

the poorer sites (widi Hylocomium and Pleurozium 

cover) may need mechanical site preparation and even 

artificial regeneration (Kaunisto and Paivancn 1985). 

According to the field survey cited earlier 

(Keltikangas et al. 1986) there are drained sites that 

should not have been drained because they arc unsuitable 

for drainage. (Either the sites arc poor or the climate is 

unfavorable.) This area constitutes about 14% of ihc 

total on average; in the south it is only 3% but in Lapland 

it accounts for as much as 28%. 

Maintenance of Drainage 

Several factors have an effect on the groundwatcr 

levei (drainage norm) reached after drainage. Immed 

iately after drainage, ditch dcplh and spacing, and peat-

soil properties, are the most important factors. Drainage 

increases the growth of the stand, and this results in an 

increase in the standing volume. Later interception and 

evapotranspiration of the tree stand have an important 

role in controlling the drainage norm. The same conclu 

sion has been reached in another way: thinning and cicar-

culting cause the groundwatcr level to rise (Paivancn 

1982). 

With lime, the ditch network gradually loses its drain 

age efficiency. The ditches become shallower because of 

peat subsidence, erosion and silting up, vegetation grow 

ing in the ditches, and litter and logging residues. There 

is also some potential for damage to die ditches during 

logging and wood extraction. 

There arc more than 1.4 million km of forest ditches in 

Finland, and only 12% of them have been cleaned. 

According to Keltikangas et al. (1986) there arc 230,000 

km of forest ditches that should be cleaned during the 

first 10-ycar period. 

Tractor diggers have proven to be the best equipment 

for ditch cleaning. If the original ditch spacing is > 50 m, 

additional ditching (a new ditch midway between the 

original ditches) may be a good alternative. Very often, 

however, both ditch cleaning and additional ditching arc 

needed in the same area. Studies dealing with these prob 

lems arc in progress (Paivilnen and Ahti 1988). 

RESEARCH AND HIGHER EDUCATION IN 

PEATLAND FORESTRY 

The Finnish Forest Research Institute, under the 

direction of the Ministry of Agriculture and Forestry, 

began its activities in 1918. The Institute employs a per 

manent staff of more than 800, of whom a quarter arc 

researchers. Over half of the staff arc employed in 

regional units. Since 1928 the Institute has had a Peat-

land Forestry Department, whose staff members study 

the characteristics, classification and hydrology of peat 

lands, drainage and improvement of peat soil fertility, 

and managcmcntofpeatland forests. Alfive of the eight 

research stations work is being done on pcatland forestry 

problems. 

In the Faculty of Agriculture and Forestry at the 

University of Helsinki, 10 departments arc involved in 

forestry education. One of diem is the Department of 

Pcatland Forestry, established in 1939, which provides 

both general and special courses on peatlands. During 

this 50-ycar period about 135 students majored in pcat 

land forestry. During the same period 10 doctoral theses 

were published on pcatland forestry problems. 

CONCLUSION 

This paper presents a general discussion of peadand 

forestry as it is practised in Finland. Forest drainage has 

proved to be a good method of increasing the growlh of 

tree stands on pcadands with excess water in their sub 

strate. However, many factors such as site type, climate, 

planning, silvicullural measures and environmental 

issues have to be considered. 

In the near future die main emphasis in pcalland 

forestry will be on dilch maintenance and silvicullural 

management of tree stands on drained pcailands. 
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CURRENT STATUS OF FOREST DRAINAGE IN THE USSR 
AND PROBLEMS IN RESEARCH 

S.E. Vompersky 
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USSR Academy of Science 

Uspenskoe, Moscow Region, USSR 

ABSTRACT 

The USSR contains the greatest area of peatlands and excessively moist 

forested lands of any country in the world. There are about 5.5 million ha of 

drained forested land with effectively operating ditch networks, and another 1 

million ha of older, drained forested lands that are ineffectively drained as a result 

of secondary waterlogging. The best drainage results have been achieved in the 

Baltic republics and in the Ukraine. Even though the efficiency of forest drainage 

in the Russian Soviet Federated Socialist Republic is, in the majority of cases, 30 

to 40% below what was expected, drainage is still considered to be an important 

treatment for improving forest production. The reasons for ineffective drainage 

are: 1) insufficient intensity of drainage; 2) low quality of ditch construction; 2) 

sparse road networks; 3) peatlands that respond poorly as a result of low nutrient 

status, lack of trees, or unfavorable age or composition of tree species; and 4) 

lack of maintenance of the drainage systems. 

Annual rates of new forest drainage have been declining because lands close to 

the reclamation stations have already been drained and because money needs to 

be spent on reconstruction of old drainage systems. As well, reconstruction of old 

drainage systems is hindered by the lack of machinery suitable for ditches not 

accompanied by roads. 

Several problems remain to be addressed, namely: 1) development of rational 

methods for rehabilitating previously drained areas that have become water 

logged; 2) elaboration of optimal parameters of drainage systems and revision of 

existing recommendations for their construction; 3) monitoring of drained areas 

by means of remote sensing; 4} evaluation of the environmental effects of forest 

drainage; and 5} provision of information to promote more objective public 

attitudes toward the rational utilization of peatlands. 

RESUME 

L'URSS renferme les plus vastes etendues de tourbieres et de terrains boises 

excessivement mouilles du monde. Elle compte presde 5,5 millionsd'hectaresde 

forets drainers ou les reseaux de fosse's sont efficaces et un autre million 

d'hectares de forets plus anciennes, mais mal drainees en raison d'un engorge 

ment secondaire. Les travaux de drainage ont donne de meilleurs resultats dans 

les pays baltes et en Ukraine. Meme si I'efiicacite du drainage forestier dans la 

RSpublique socialisle federative sovietique de Russie est, dans bon nombre de 

cas, de 30 a 40 % inferieure aux previsions, le drainage est toutefois considere 

comme un traitement important pour ameliorer la productivity des forets. L'ineff ica-

cite du drainage est attribuable a : 1) I'insuffisance du reseau de drainage; 2) des 

fosses de pietre qualite; 3) des reseaux routiers insuffisants; 4) la presence de 
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tourbieres qui reagissent mal au traitement en raison de leur equilibre nutritif 

precaire, du manque d'arbres ou de I'age ou de la composition defavorabie des 

peuplements; 5) un manque d'entretien du rdseau de drainage. 

La proportion annuelle de nouvelles forets drainees a diminue parce que les terres 

situees pres des stations d'assainissement le sont deja. La necessite de recon-

struire les anciens reseaux de drainage a egalement entrave le processus. De 

plus, la reconstruction de ces vieux reseaux est ralentie par le manque d'engins 

capables de creuser des fosses qui ne bordent pas des routes. 

II reste plusieurs problemes a aborder, plus precisement : 1) i'elaboration de 

methodes rationelles d'assainissement des regions autrefoisdrainees que se sont 

engorge'es; 2) I'elaboration des parametres optimaux pour les resaux de drainage 

et la revision des normes actuelles de construction; 3) la surveillance des secteurs 

drained grace a la teledetection; 4) revaluation des effets environnementaux du 

drainage forestier; et 5) la diffusion de reformation afin de favoriser des attitudes 

plus objectives chez le public a I'egard de I'utilisation rationelle de tourbieres. 

INTRODUCTION 

The area of excessively moisi forests and pcatlands 

(Fig. 1) in the USSR accounts for about 21.8% of forest 

land, i.e., about 245,000,000 ha (Sabo el al. 1981). 

Although forest drainage in the USSR has been under 

taken since llic beginning of the 19th ccnlury, it is only in 

the second half of the present century, after World War II, 

with the introduction of excavator ditch digging, fiialthe 

process has assumed major importance. As can be seen 

in Figure 2, the rale of forest drainage in the USSR in 

creased sharply between 1960 and 1980. However, in the 

1980s, the area drained decreased annually, to a low of 

149,000 ha in 1988. Further decreases are expected in 

1989 and 1990. 

3n recent years we have experienced major economic 

difficulties in the USSR. This situation has affected 

forest drainage activities, partly because of the lack of 

special digging machinery and unsatisfactory main 

tenance and repair of equipment. In addition, commer 

cial machines for repairing ditches along which there are 

no roads are not available. Ditches dug some time ago 

require reconstruction. The areas close to equipment 

stations have been drained for the most p;trL, but refores 

tation of drained areas is insufficient. Economic incen 

tives for forest drainage development have not yet been 

introduced. In short, if forest drainage is to become a 

major silvicultural activity in the USSR, proper plan 

ning, adequate funding and suitable equipment are 

essential. 

EFFECTIVENESS OF DRAINAGE 

The drained forest area willi an active ditch network in 

l!ic USSR amounts to 5,500,000 ha. The effectiveness of 

drainage in different regions varies. In regions in which 

drainage has been effective and road networks have been 

properly placed for intensive forestry, overall benefits in 

terms of increased wood production have been high, as 

expected. For instance, in Latvia (Bush and Zalilis 

1983), maximum efficiency was achieved over 49% and 

minimum efficiency over 13% of the total area drained 

(4211 km2). In addition, 9.8 km of passways (simple 

roads) were constructed per 100 ha of drained area. This 

permitted intensive forestry activities and yielded an 

annual profit of 6,000,000 roubles, including 2,400,000 

roubles as a result of additional wood increment from the 

drained area. 

Forest drainage operations were less effective in the 

Russian Republic, where less intensive drainage was 

planned, and where drainage was not always carried out 

at the required rate. The per-hectarc drainage cost was 

low, half the cost of that in the Ukraine or in the Baltic 

area. According to eslimaics made by research and 

operational institutions, the benefit from drainage in the 

Russian Federation was only two thirds of what had been 

expected, and no increase in the current season's wood 

increment was observed over 19% of the drained area. 

The main reasons for this insufficient response were the 

inferior quality of llic initial operations, early failure of 

ditches, an insufficient degree of drainage, lack of roads. 
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Figure I. Some peatiand forests on which drainage has beers undertaken (Zapadnaia Dvina 

Experimental Station, central part ofllie USSR forest zone, 56°N, 32°!t): a) oUgotrophic 
Sphagnum cotton-grass dwarf-shrub pine bog; b) oligo-mesolrophic dwarf-shrub 
Sphagnum pine bog; c) mesoirophk grass-sedge hardwood-spruce-pine swamp ■ d) 
euirophic herb-rich black alder fen. 

and drainage of woodless pcatlands and hogs with un 

favorable stand composition. Striving to drain larger 

areas at lower cost often leads to a lower net benefit. 

Nevertheless, despite all the shortcomings of drainage 

practice, the value of drainage is recognized everywhere 

in the Russian Republic. 

SOME RESEARCH 

NEEDS 

In some cases, the in 

efficiency with which 

forest drainage is under 

taken in the USSR is due 

to inadequate research. 

Methods employed in re-

draining areas and recov 

ering old drainage net 

works, the equipment 

available for these activ 

ities, procedures for re 

constructing stands of 

iitile value, and improve 

ment cuttings in pcatland 

forests arc poorly devel 

oped. Our experience in 

drainage operations, ac 

companied by fertiliza 

tion, Cultivation or im 

provement cuttings, is 

very limiled. Remote 

sensing techniques for 

observation of drained 

areas and evaluation of 

llic efficiency of drain 

age over large areas have 

not been elaborated in 

the USSR. The typology 

and classification of ex 

cessively moist forests 

and pcatlands need to be 

improved. Forest drain 

age docs not seem to be 

beneficial in regions 

with deeply frozen peat 

soils, which are slow to 

melt in summer (i.e., in 

the northwest areas of 

me European part of the 

Russian Republic and in 

Siberia). The need to un 

derstand the ecological 

impact of forestry prac 

tice on pcailands, and to 

assess probable negative effects of peatiand drainage on 

the environment, has increased sharply. Finally, the need 

to monitor the dynamics of natural and drained forests in 

view of the probability of man-induced climatic changes 

has emerged. These and other problems are being ex 

amined in a number of countries, including the USSR. 
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Figure 2, Pjiamjes o/tfte average rales of forest drainage in ihe USSR-

ENVIRONMENTAL IMPACT 

In addition lo Ihe ecological situation, public opinion 

about forest drainage in the USSR plays an important 

role in its development. Environmental groups, includ 

ing those in the USSR, often oppose peatiand drainage. 

In the past mistakes were made in the use of pcatlands 

both in agriculture and in forestry. For instance, in the 

Karelian Autonomous Republic, there is a Fairly large 

area of poorly drained woodless pcatlands that has not 

hecti fertilized or cultivated. Sometimes peaUands that 

are a valuable source of cranberries or arc difficult lo 

develop in any economically beneficial way have been 

drained. Frequently the quality of drainage lias been un 

satisfactory. Consequently, there has been considerable 

opposition lo drainage. 

Figure 3 represents an attempt to systematize the 

cffccLs of forest drainage on the environment 

(Vompcrsky 1982). Feedback and trophic chains have 

been omiued for simplicity. A complete description of 

this model, with all the pathways, is presented elsewhere 

(ibid.). 

Unfortunately, the majority of me effects have been 

SLudied insufficiently from Ihe quantitative point of 

view, particularly the change in tola! evaporation, 

ground water flow to and from the drained area, peatland 

radiation balance, and carbon dioxide and oxygen 

balance in the air layer near the surface. 

In the USSR and elsewhere, the effect of forest drain 

age on water resources, river runoff, and the productivity 

of naiurallydraincd forest adjacent LoarlificiaHydraincd 

pciitlancte has bcun intensively studied (e.g., Heikuraincn 

1972, Sabo 1972, Tvanov 1977, Starr and Paivanen 

1981). The effect of drainage on river runoff will be dis 

cussed in another paper in these proceedings; it is based 
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Figure 3. The chains of direct impact of peatiand forest drainage on the environment and its consequences. The upper row = types 

of drainage operations: Roman numerals indicate successive levels of consequences, whereas the numbers of 

consequences are shown as Arabic numerals. The chains of impact extend from top lo bottom, with horizontal chains 

indicated by arrows. 

on research results obtained in collaboration with Dr. 

Sirin and Dr. Nazarov. As for liic assessment of the effect 

of peatiand drainage on adjoining dry-land forests, rele 

vant publications contain highly varying estimates— 

positive, negative, and neutral. The variation in esti 

mates of effects results from the variability of ibe differ 

ent geographic settings being judged—varying [and 

forms, soils, moisture balances, etc. However, as far as 

we know, if pcailand drainage has an effect on the 

surrounding dry-land forest, that effect is limited to a 

small area immediately adjacent to the peatiand. Never 

theless, this problem deserves more detailed analysis. 

SCALE OF DRAINAGE AND 

CONSERVATION 

The question of ihe optimum scale of peatiand drain 

age in individual river basins and regions is still being 

debated. Experts in the USSR believe that, if the water 

logged portion is less than 10% of the area, forest drain 

age should not be undertaken. Where the waterlogged 

portion accounts for 20-307c, one third of the peatlands 

may be drained; where it accounts for 40%, half to two-

thirds of the peatlands may be drained. Of course, when 

draining peatlands one should keep in mind the need to 

preserve the natural diversity of biogcococnoses, good 

berry patches, pharmaceutical plant grounds, and special 

planting areas. Dala on the negative effects of large-scale 

forest drainage are lacking and this problem should be 

sludicd further. Where forest drainage is undertaken in 

the USSR, the area that is being left undrained, for vari 

ous reasons, until the end of this century varies from 45 

to 80% of the excessively wet forest areas that are poten 

tially drainablc (including shallow peatlands and mineral 

hydromorphic lands). 

It is essential, also, to preserve the natural diversity of 

peadand forests and peatlands, and to establish priorities 

for the use of these lands. More intensive research into 

the effects of drainage on the environment and dissemi 

nation of objective information lo the public about this 

use of our natural resources arc needed. However, by the 

end of the 1970s only a little more than 1 % of the peat-
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land areas had been classified as reserves (Boch and 

Mazing 1979). The figure has probably doubled by now, 

but precise slatisticai data arc not available. 

Opponents of forest drainage do not distinguish 

between the use of drained peatland in agriculture and 

that in forestry. The loss of peat in agricultural use is due 

primarily to erosion by wind as a result of plowing. In 

addition, during intensive agricultural activities, large 

amounts of material arc removed annually by the crops, 

and their compensation by fertilization stimulates further 

the decomposition of peat and removal of its products. 

Pcatland use in forestry activities differs qualitatively 

from that in agricultural activities. 

LONG-TERM ECOSYSTEM CHANGES 

According to my observations and calculations, stem-

wood removed by cutting accounts for only 15-20% of 

the phytomass produced by the peatland forest over a 

100-year cycle, and 80-85% of the phylomass consists of 

liltcrfall and root components that remain on the site. 

The supply of matter to the ecosystem in the form of dust 

from the atmosphere and matter produced as a result of 

nitrogen-fixation is an order of magnitude higher than 

that removed in the stemwood during the 100-ycar cycle. 

Of course, in order to determine the total effect of for 

est drainage on peatland, it is necessary to know all the 

quantities of organic matter and inorganic elements in all 

components of the biocoenosis before, and for some time 

after, drainage. Then it is important to establish the rates 

and magnitude of change of ail these components, both 

within the system and as they enter and leave the system. 

My preliminary general conclusions about this prob 

lem are as follows. The iransformation of peatland eco 

systems into forest ecosystems proceeds for several 

decades. This transformation is accompanied by some 

organic matter loss resulting from peat mineralization 

and the loss of decomposition products. However, in 

drained forest, there is usually a net gain in organic 

matter because of the considerable increase in lillcrfall 

and its slow decomposition. 

In my opinion, the process of organic matter accretion 

and removal in an old drained forest will eventually 

become balanced, provided that environmental condi 

tions are constant. The net changes in the system become 

more or less balanced. Destabilization of organic matter 

exchange processes may result from subsequent, more 

intensive drainage or secondary waterlogging, and from 

other human activities. Of course, this problem, and a 

number of others touched upon in this paper, suggest the 

need to deepen our knowledge and develop concepts of 

the structure and function of peatland and forest bio-

gcocoenoses. 

CONCLUSION 

It should be stressed that I regard the current crisis of 

forest drainage in the USSR as a temporary phenome 

non. Many drawbacks of forest drainage result from its 

excessively rapid development in the 1970s. Further 

elaboration of the basic scientific principles of forest 

drainage, its methods and technology wil! undoubtedly 

increase its role in the rational use of excessively moist 

forest lands. 
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ABSTRACT 

The peatlands in Sweden are a major resource for forest production. In spite of a 

long tradition in forest drainage, this resource has been poorly utilized to date. 

About 8.4 million ha, one-fifth of the total land area of Sweden, consists of peat-

land and wet mineral-soil sites. Effective use of these wetlands for forest produc 

tion requires drainage. On poor peatland sites it is also necessary to add NPK 

(nitrogen, phosphorus, potassium) or PK fertilizer. Despite the fact that forest 

drainage has been carried out in Sweden for about 140 years, no more than one 

million hectares of the peatland area have been drained. Forest fertilization on 

peatlands is minimal. About 4% of the drained peatlands have been fertilized. 

The peatlands are classified into eight site types on the basis of forest productivity 

after drainage. Approximately half of the peatland area is regarded as suitable for 

forest production after drainage. More intensive use of this area could sustain for 

est production equal to more than a 15% increase in the total forest growth in the 

country. 

RESUME 

Les tourbieres de la Suede revetent une grande importance a regard de la produc 

tivity des forets. Elles ont ete peu utifisees jusqu'a maintenant, malgre une longue 

tradition de drainage forestier dans ce pays. Pres de 8,4 millions d'hectares, soit 

ie cinquieme de la superficie totale de la Suede, se composent de tourbieres et de 

stationsasol mineral mouille. llfaudradrainercesterres humidespourypermettre 

un amenagement forestier efficace. Les tourbieres pauvres devront etre egale-

mentfertiliseesaraided'engraisal'azote.auphosphoreetau potassium(N, Pet 

K) ou au PK. Meme si la pratique du drainage forestier en Suede date d'environ 

140 annees, un million d'hectares de tourbieres tout au plus ont ete draines et 

seulement 4 % de la superficie drainee a ete fertilisee. 

Les tourbieres sont classees selon Ie type de station (8 au total) etabli a partir de 

la productivity forestiere apres Ie drainage. Pres de la moitie de la superficie des 

tourbieres est jugee propre a ramenagement de forets apres leur drainage. Une 

utilisation plus intensive de ces terres pourrait se traduire par une augmentation 

d'au moins 15% de la superficie boisee productive du pays. 

INTRODUCTION latitude., and also because of the variation in altitude 

, . , ..,. (from 0 lo 2000 m above sea level), climatic conditions 
mspilcof itsnorilicrly location,between latitudes 55 . „ . ..„ , , r , , ,, . 

r J in Sweden diner a great deal lrom north to south and 
and 69°N (Fig. 1), Sweden hasa fairly mild climate. This {(Qm wcs[ lQ casI Thc ing ^^ {U _ ^ riod 

isaresult of the moderating effects of the Gulf Stream, ,. , , ... . , ,o~, 
,. , ., .. , ■ . . , dunnc which the mean daily temperature is above 5 L) 

which provides thc country with relatively warm winds . , ,, , . ~,n , .. ., ,, . . 
, , „ r , ■ - ■ is longest (about 240 days) in die southwest, and shortest 

from thc west and southwest. Because of this variation m " 
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(less than 120 days) in the northwest. In all regions, the 

mean temperature during the warmest month exceeds 

10°C, a basic condition for forests with elevated 

canopies. 

UNITED STATES 

Figure 1. Map of Sweden, superimposed on a section of eastern 

North America at the corresponding latitudes. 

Precipitation varies considerably in different p;irts of 

the country, but is sufficient for tree growth everywhere. 

In most regions it ranges from 600 to 900 mm/yr. It is 

higher in the southwest (about 1200 mm/yr) and in the 

Scandinavian mountains in the northwest {up to 1800 

mm/yr). Throughout the year, precipitation exceeds eva-

potranspi ration in all parts of the country. Consequently, 

the Swedish climate is humid and the conditions for peat 

formation arc favorable. 

Peatlands arc common in practically all parts of the 

country. In northern Sweden they are more extensive, but 

less deep, than in the southern regions, where sites with 

peal several metres deep arc common. The Swedish 

forests arc dominated by pure and mixed stands of 

Norway spruce (Picca abies) and Scots pine (Firms 

sylvesiris). These two species account for 85% of the 

total timber supply. The remaining 15% arc deciduous 

trees, mainly birch (Beiula pubescens and B. pendula), 

mixed with conifers. 

PEAT-COVERED AREAS 

The major part (57%) of the total land area of Sweden 

(40.9 million ha) is productive forest land. One fifth, or 

8.4 million ha, is covered by shallow or deep peat. Wet 

mineral soils have a shallow peat layer, less than 30 cm; 

on peatlands the peat depth is 30 cm or more. Wetlands 

arc classified, according to present forest productivity, as 

cither nonproductive (open or sparsely forested) (<1 

m3/ha/yr) or productive (>! m3/ha/yr). There arc areas of 

productive and nonproductive land on both wet mineral 

soils and pcatlands. The proportion of nonproductive 

wetland, in both the wet mineral soii and the peatland 

categories, increases with elevation (Fig. 2). Most of the 

peatland area is currently nonproductive, whereas the 

wet mineral-soil area is dominated by productive foresl 

land (Table 1). 

FOREST PRODUCTION ON PEATLANDS 

In the boreal coniferous forest zone, the most im 

portant method of improving forest production on peat 

lands is to lower and control the groundwater (able. The 

primary goal of forest drainage is to achieve better soil 

aeration so as to improve tree-root respiration. Swedish 

pcatlands have been used for forest production since the 

middle of the nineteenth century, although in the begin 

ning, production was minimal. It was not until the tum of 

the century, because of an increasing demand for in 

dustrial wood, that large-scale forest drainage was 

undertaken (Fig. 3). 

The period of most intensive drainage coincides with 

the economic depression in the 1920s and 1930s, when 

private landowners were given state subsidies to carry 

out forest drainage in order to reduce unemployment. A 

peak was reached in 1933, when almost 10,000 km of 

ditches, affecting an area of approximately 50,000 ha, 

were dug. (For comparison, it should br noted that almost 

300,000 ha/yr were drained during the period of most 

intensive drainage in Finland, where peatland resources 

and climatic conditions arc similar.) 

Until the 1950s, all ditches were dug by hand. Since 

then, drainage operations have been fully mechanized. 

Traditional forest drainage was aimed at increasing the 

productivity of the site. However, since the 1970s, the 

aim has increasingly been to prevent the water table from 

rising after clearculling by means of remedial drainage, 

mainly on mineral soils. In recent years, traditional forest 

drainage has been replaced by remedial ditching. 

It is estimated that 50% of Sweden's 8.4 million ha of 

peat-covcrcd wetlands could be used for forestry. To 

date, about one million ha of these wetlands have been 

drained (Fig. 4). 
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Figure 2. We! mineral-soil andpeatland area distributed according to elevation classes. 

As a result of weathering, mineral soils arc continu 

ously supplied with nutrients. Since this process docs not 

take place in peat soils, these arc characterized by small 

amounts of mineral nutrients, like phosphorus (P) and 

potassium (K). On the other hand, the amount of nitrogen 

(N) present is commonly large. However, the supply of N 

that is easily available to plants, [he ammonium and 

nitrate nitrogen, is most often small. As for the micro-

nutrients, boron (B) deficiencies are also observed on 

trees growing on peatland. Prolonged, good forest 

growth can be achieved after drainage only, provided 

that the supplies of P and K (from the soil surface and 20 

cm down) are at least 150 and 75 kg/ha, respectively. In 

well humified, herb-rich sedge peat ihe amounts are 

often twice as high. The total amounts of P and K. in 

weakly decomposed Sphagnum peat, however, are not 

more than about 50 kg/ha (Holmcn 1964). Accordingly, 

the addition of PK or NPK fertilizer promotes good tree 

growth on many peatland sites (Malmstrcim 1935, 

Holmen 1980). Nevertheless, forest fertilization on peat-

lands has been minimal in Sweden. In all, about 40,000 

ha of peatlands have been fertilized since this measure 

became common in the 1960s, and currently the level is 

less than 1000 ha/yr. 

Table 1. Area of peat-covered wetlands in Sweden, by region (values in '000 ha) 

Prod. ■ productive forest land with productivity > 1 nvVha/yr 

Non-prod. = nonproductive wedands, open or sparsely forested, with productivity < 1 m3/ha/yr 
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Ditch length 

1000 km 

Traditional 

forest drainage 

1873 1880 1890 1900 1910 1920 1930 1940 1950 1960 1970 1980 

Figure 3. Forest drainage in Sweden, 1873-1987. 

PRESENT SITUATION AND 

FUTURE POSSIBILITIES 

The main reason for the minimal use of peatlands for 

forest production up to this point has been the fact that, in 

the past, there has been a surplus of wood fiber and there 

fore no obvious need to expand the forest base. Another 

reason is that forest drainage conflicts with other forms 

of pcatland use. An extensive, national plan for forest 

drainage still needs to be worked out. 

At present, one-sixth of the current annual increment 

as well as the total wood volume from Swedish forests 

originates in pcal-covcrcd weilands. The opportunities 

to increase forest production by more intensive use of 

these wetlands are obvious. The size of such an addition 

depends on the quantity and quality of the sites selected 

for drainage. The expected increase from a certain selec 

tion of sites can be calculated from information on the 

areal extent of peat-covered wetlands in various parts of 

the country, and predictions of the forest productivity of 

peatlands after drainage (Fig. 5). The growth response 

from fertilization, over and above liic effect of drainage, 

has yet to be investigated thoroughly. At present, only 

preliminary predictions, based on results from practical 

experience, can be made (Table 2). 

Million ha 

A 

2 ■■ 

r 

Undroined 

Peal- Wet mi™ Peat- Wei min.i Peol- Wetmin.i 
land soil land soil land toil 

North Middle South 

Figure 4. Umirained and drained area of peaxiand and wet 

mineral soil. 
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Original 

site type 

Temperature sum, degrees 

600 700 800 900 1000 1100 ,200 1300 1400 ,500,600 

Post-drainage forest produclivity, m3/ha/yr 

1. Aconitum-FMpendula/ 

tall-herb type 

spruce hardwoods 3.2 4.2 5,2 6.3 7.4 8.4 9.3 ,0.2 ,08 11.2 ,1.4 

2. Maianthemum-Viola/ 
low-herb type 

spruce-t hardwoods 2.9 39 43 57 67 ?? 

pine+spruce+hardw. 2.4 2.8 3.3 3.8 4.4 4 9 

3. Vaccinium myrtillus/ 

bilberry-horsetail type 

spruce t-haidwcods 2.6 3.3 4., 4.9 5Q 57 

Pine 1.8 2., 2.5 2.9 3.6 4.2 

8.7 

5-6 

7.6 

48 

9.5 

6.3 

8.4 

5.4 

9.9 ,0.2 ,0.3 

6.9 7 3 7.5 

8.9 9.2 9.4 

5.9 6.4 6.8 

4. Carex rostraia/ 

lall-sedge type 

pine 

5. Ledum palustre/ 

dwarf-shrub typo 

pme+spruce+hardw. 

pine 

20 23 2.6 3.1 3.7 4.3 

'.1 1.3 1.5 1.7 2.0 2.4 

1.7 1.9 2.3 2 7 

1-5 1.7 2.0 2.4 

3.2 3.8 

2.9 3.4 

6. Carex globularis type 

pine+spruce+ha.-dw. 1.2 1.5 1.7 ,g 22 2 6 

Pine 0.9 1.1 1.2 1.4 1.6 2.0 

7. Eriophorum vaginarum' 

low-sedge iype 

pine+spruce-thardw. 0.9 1.1 1.2 1.4 16 

0.7 0.8 0.9 1.0 1.2 

1.9 

1.5 

4.3 

2.9 

4.4 

3.9 

3.1 

2.6 

2.3 

1.9 

5.4 

3.4 

4.8 

4.3 

5.9 

3.7 

5.2 

4.6 

2.7 

2.2 

3.1 

2.5 

3. Calluna vulgaris/ 

Marsh Andromeda-

cranberry type 

pine 

6.2 6.3 

3.8 3.9 

5.3 5.4 

4.7 4 8 

3.3 3.5 

2.8 3 0 

0.1 0.1 0 1 0.2 0.2 0.3 0.3 0.4 0.4 0.5 0.5 

Figure 5. Post-drainage forest productivity ofpeatlamis in Sweden (from Hanelt 1988). 
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Table 2. Expected growlh response from PK or NPK 
fertilization, over and above that resulting from 

drainage 

Site type 

Response 

m3/ha/yr 

The distribution of the wet mineral-soil and pcalland 

areas in relation to site types and regions, based upon the 
National Forest Survey (Hanell 1989), is shown in 
Figure 6. These area estimates, combined with the pre 

dictions in Figure 5 and Table 2, were the basis for calcu 

lations of potential growth response after drainage alone, 

and after drainage and fertilization. In these calculations, 

it was assumed that half of the pcalland and wet mineral-

soil areas (except for the least productive marsh-
Andromeda-crdnbcTiy site type, which is excluded) 
could be used for forestry, i.e., 50% of the area of each 

region. Furthermore, the North, Middle and South 
regions (of Sweden) were assigned average climatic con 

ditions corresponding to temperature sums of 900,1300 

and 1400 degree-days, respectively. 

The results of the calculations are summarized in 

Figure 7. The expected increase in forest growlh from 
drainage alone on selcclcd sites is 8.5 million m3. Almost 
twice that much can be attained after proper fertilization. 

These two levels of growth response correspond to 11 

and 20% increases in the country's total forest growlh. 

CONCLUSIONS 

The peat-covered wetlands in Sweden constiiutc a 

major but poorly used resource for forest production. 

More intensive use could make a substantial conlribulion 

to forcsi growth in the country. 

gits type 

1. Tall-herb 

2. Low-herb 

Wet mineral soil 
Peatlartd 

3. Bilberry-

horsetail 

4. Tall-sedge 

5. Dwarf-shrub 

G. Carex 1 

globularis 

7. Low-sedge 

8. Marsh A. -

cranberry 

1000 km 

North ' South 
Nonn Middle 

Tall-herb 

Low-herb 

Bilberry-

horsetail 

Tall-sedge 

Dwarf-shrub 

Carex 

globularis 

Low-sedge 

Marsh A. -

cranberry 
North Middle South 

Figure 6. Wet mineral-soil andpeattand area divided into forest-productivity classes and regions. 
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12.3 

8.5 

20 

Wot mineral soil 

10 

Pb all and 
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Figure 7. Increased forest growth from drainage and from 
drainage plus ferlilhaiion. 
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ABSTRACT 

The Da Hinggan, Xiao Hinggan and Changbai mountains are the most important 

areas for forestry in northeast China. About 6% of the forest land in these areas 

consists of swamp1. The environmental and forest conditions of swamp that is 

used for forestry vary considerably. Experience has shown that drainage of both 
treed and treeless swamp can be very profitable. In developing swamps for for 
estry, one must consider drainage, fertilization, selection of suitable tree species, 

and changes in environmental factors. 

RESUME 

Les zones montagneuses de Da Hinggan, Xiao Hinggan et Changbai sont ies 

regions les plus importantes pour laforesterie dans le nord-est de laChine. Environ 

6% des terres forestieres de ces regions sont des tourbieres. Les conditions envi-

ronnementales et forestieres des tourbieres utilisees pour la foresterie varient 

considerablement. (.'experience a demontre que le drainage des tourbieres 

boisees aussi bien que non-boisees peut etre tres profitable. Dans le developpe-
mentdes tourbieres adesfinsdeforesterie, ondoit considererle drainage, latertih-
sation,laselectiondesessencesforestieressouhaitables,etleschangementsdes 

facteurs environnementaux. 

INTRODUCTION 

In the past 20 years China has made considerable 

progress in forestry. About 12% of the total land area is 

previously unforcstcd land that has been reclaimed for 

forestry. However, the average forested area per person 

is still only 0.13 ha, and it is clear that the forest resources 

in China are very valuable. 

Conditions for peat accumulation are not uniform 

throughout China. Swamp is found primarily in the 

mountains in the northeast, but even mere, the proportion 

of swamp is not high. For example, swamp constitutes 

only 3.0% of the area controlled by the Yakesi Forest 

Control Bureau in Inner Mongolia, 11.3% of the area 

controlled by the Da Hinggan Mountains Forest Control 

Bureau in Hcilongjiang Province, and4.0% of the area in 

the Changbai Mountains. The proportion of forested 

swamp is very small at the present lime. Forested swamp 

land represents only 5.0% of the total area controlled by 

the Yichun Forest Control Bureau, 0.6% or the total area 

controlled by the Yakesi Bureau, and 0.3% of the total 

area controlled by the Da Hinggan Bureau. Many forest 

control bureaus have carried out drainage and other im 

provement work on swamp lands, and have obtained 

some good results. 

CHANGES CAUSED BY THE USE OF 

SWAMP LAND FOR FORESTRY 

Progress has been made in the use of swamp land for 

forestry in recent years. The work carried out by the 

Dailing Forest Experiment Bureau has attracted atten 

tion from researchers both in China and abroad. In 

addition, more than 20 forest bureaus have achieved 
successful results in the drainage of forested swamp land 

and afforestation of open swamp land (Table 1). Drain 

age in swamp land has caused changes in the soil 

environment, and influenced tree growth. 

1 In this paper, the term "swamp" is used in the sense of boih 
ireed and treeless wetlands, with both deep and shallow peat 

overburden. 
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X2 Dailing Forest Bureau 

X3 Hongxing Forest Bureau, Tanghongling Forest Farm 

X4 Keyihc Forest Bureau, Likcshi Forest Centre 

X5 Dashitou Forest Bureau 

b Y1 Drainage and afforestation 

Y2 Drainag 

Y3 Control 

c Zl Larix 

22 Larix, Betula 

Z3 Larix, small quantity of Betula 

Changes In Trees after Drainage 

Root systems 

Research has shown that, after drainage, the weight of 

the root system, the depth of the main root, the maximum 

diameter of side tools, the minima] distance from root to 

ground surface and the root angie arc all increased, 

whereas the maximum length of side roots is reduced. 

Root respiration is improved by drainage, and exchanges 
of materials increase. 

Stem, bark and branches 

After drainage, trees became larger, taller and 

straighten In the Xiao Hinggan Mountains after 15 years, 

mean tree height had increased by 2.8 m, DBH by 2.3 

cm; in the Da Hinggan Mountains after 18 years, in 

creases were 4.0 m and 3.5 cm, respectively. After drain 

age, branch growth spread laicrally, and crown coverage 

doubled. Twigs in the middle of the lower branches 

became heavier and were hanging down, and bark 

changed from rough and flaky to smooth. 

Cones 

The average number of cones on two-year-old live 

branches increased from 30 to 35.8. The average length 

of cone increased by 1.7 cm. 

Environmental Changes after Drainage 

Soil water content 

The specific gravity of the peat increased by 0.05 g 

enr3, and the porosity decreased by 11%. Water content 
of the peat soil before drainage ranged from 330 to 

606%, and two years after drainage from 113 to 218% (at 

Dailing). Hence, the water storage capacity has been 

improved. 

Soil temperature 

On the north slope of the Xiao Hinggan Mountains, 

the ground temperatures rose after drainage. Drainage in 

swamp land deepened the seasonal melting layer in per 

mafrost, and promoicd microbial activity. 

Soil nutrients 

After drainage there were decreases in pH and K2O, 

whereas for humic acid, N, and P2O5 there were in 

creases (Table 2). 

Vegetation 

After afforestation in non-forested swamp land the 

vegetation changed from open wetland, mainly with 

Spiuignum and Carex, inio forested wetland with larch 
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(Larix spp.), birch (Beru/a spp.) and poplar (Populus 

spp.). After drainage in forested swamp land, Sphagnum 

tended to decrease, and growth and canopy cover of pine 

(.Pinus spp.) and birch increased. Forests consisting of 

old, slow-growing trees were converted into forests with 

much better height and diameter growth. 

Table 2. Comparison of chemical properties of soil 

and after swamp improvement at Likcsi 

Centre (Keyihe Forest Bureau). 

before 

Forest 

Some Problems In Using Swamp Forest 

Sapling Selection 

In selecting saplings, we need to judge whaL is practi 

cal for each local situation. For example, the effects of 

drainage in the northern region of the Da Hinggan Moun 

tains are not very good; secondary paludification often 

follows. Hence, we should do experimental work first 

before undertaking large-scale reforestation with special 

seedling stock. 

The regional forests in the northern Da Hinggan 

Mountains are mainly Larix gmelini and Pinus sylvesiris 

var. mongolica, a mixed conifer forest characteristic of a 

frigid temperate zone (Table 3). The forests in the Xiao 

Hinggan and Changbai Mountains arc conifer and 

broadleaf mixedwoods characterized mainly by Pinus 

koraiensis. Larix gmelini is located only in low-lying 

lands, often mixed with Picea species. Saplings should 

be selected according to species distribution and swamp 

Table 3. Dominant tree species in the study area 

Species Ia "b 
Larix gmelini 

Pinus sylvesiris var. mongolica 

Picea obovala 

Pinus koraiensis 

Picea jezoensis 

Quercus mongolica 

x 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

a I Eastern Siberia area 

b II Da Hinggan Mountains 

c III Xiao Hinggan Mountains, Chang Bai Mountains 

characteristics. At present, L. pnelini is the main species 

selected in northern China. Some fast-growing, high-

yield species, such as Populus and Salix, are being 

planted experimentally in swamp land in the north. 

Drainage 

Drainage is the main method used in improving 

swamp land for forestry. Drainage provides numerous 

benefits, e.g., it lowers the groundwalcr level, reduces 

soil moisture, raises soil temperature, improves soil aera 

tion, and accelerates decomposition of organic matter. 

Drainage ditches are usually constructed perpendicu 

lar to contour lines. There arc also drainage systems with 

lateral ditches extending from the main ditches at angles 

Of45to60°. 

Length and Spacing of Drainage Ditches 

Ditches should be short in well forested swamp land, 

and longer in poorly forested or open conditions. It is 

suggested that a suitable distance between drainage 

ditches is 30 to 60 m in Care^-dominated flood land, 60 

to 70 m in flood land with mixed grass and Carex, and 

100 m in gently sloping mountain swamp cutovers. The 

density of the drainage network should be 150 m/ha in 

flood-land swamps and 100 m/ha in cutover swamps 

i gentle slopes. 

Ridging and Mounding 

In addition to the above-mentioned drainage systems, 

we use other systems of site preparation for afforestation. 

One such system involves the excavating ditches at rela 

tively close intervals and alternating them with ridges 

created from the excavated material. Dimensions for 

these systems are given in Table 4. The widths of the 

ridges are typically between 80 and 100 cm. 

Table 4. Dimensions for closely spaced drainage ditch 

and ridge systems . 

Ditch Ditch Ditch 

Location spacing width depth 

(m) (cm) (cm) 



Two other methods are used in northern China. The 

first involves the construction of high platforms. These 

may be shaped as equilateral triangles 30 cm high and 1 

m on a side, or as squares 50 cm high, and ranging from 

40 to 100 cm on a side. The distance between platforms 

ranges from 1 to 2 m. The second method involves the 

construction of earth dikes, with 3-m spacing between. 

Fertilization 

At present we do little fertilization on swamp land for 

forestry. Application of fertilizer must take into account 

the characteristics of ihc swamp soil. We have found that 

phosphate and potash fertilizers arc effective. The appli 

cation of trace elements (copper, boron and zinc) should 

be investigated more fully, and more attention should be 

paid to the effect of fertilization. 
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RESEARCH IN CHINA 

Several areas need to be addressed in research on 

swamp land forestry in China. We need to establish a 

classification system that is suitable for forestry; to pre 

dict forest changes and potential productivity after im 

provement; to strengthen research in drainage methods; 

io describe changes in drainage ditches, and determine 

how io maintain the ditches in good condition for differ 

ent soil conditions; to establish fertilization experiments 

and develop methods for afforestation; to determine nu 

trient requirements of major species; to conduct research 

on the function of microorganisms and their influence on 

nutrient release; to conduct research on soil temperature 

and freezing; to develop guidelines for the selection of 

saplings in swamp land; and to measure changes in soil 

properties after drainage and fertilization. 
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ABSTRACT 

Canada has an estimated 1.11 million km2 of peatland; however, precise figures 

for the area of productive and nonproductive forest on peat are not readily avail 

able. Owing to the size of the country and the resultant diversity in geography, 

soils, and climate, the peatland types and potential for forest production are highly 

variable. A province-by-province estimate of peatland area, and a summary of 

forestry activities on peatland, are presented. An accurate inventory of forest land 

on peat and on shallow-peated, wet mineral soils in Canada is urgently required. 

RESUME 

Selon les estimations, le Canada compte 1,11 million de km2 de tourbieres; toute-

fois, on ne possede pas de chiff res precis sur la superf icie des forets turf icoles pro-

ductives et non productives. En raison de la superiicie du pays et de la diversite 

resultante de lagSographie, des sols et du climat, les types de tourbiere et le poten-

tiel d'exploitationforestiere sont tres variables. Une estimation de la superiicie des 

tourbieres, par province, et un resume des activites forestieres dans les tourbieres 

sont pr^sentes. Un inventaire des terres forestieres a sols tourbeux et a sols 

mineraux humides a mince couche de tourbe doit etre effectue dans les plus brefs 

delais. 

INTRODUCTION 

The second largest country in the world, Canada has a 

total area of 9.98 million km2. Approximately 4.40 
million km2 arc considered forest land (Bonncr 1982), 

and of this area, about 61 % is considered productive, i.e., 

capable of producing a merchantable crop of trees in a 

reasonable length of time (Table 1). Almost half of this 

productive forest land is found in areas far removed from 

large-scale commercial forestry operations. Owing to its 

climate (summers are short and warm, winters arc long 

and cold, and precipitation can exceed cvapotrans-

piration), Canada abounds in pcatlands (Zoltai and 

Pollen 1983, Haavisto ct al. 1989). 

Peatiands are a predominant wetland lype, and very 

abundant in the Boreal Forest Region (Rowc 1972), 

which stretches from coast to coast in Canada (Fig. 1). In 

this region, black spruce (Picea mariana) is die predomi 

nant tree species on pcatlands (Fig. 1). In some parts of 

the country, tamarack (Larix laricina) and lodgcpole 

pine (Pimts comorla) are also harvested from pcailands. 

Several other species specific to west coast peatiands are 

of economic importance. 

The forests of the Boreal Forest Region are important 

for tlic economic well-being of many northern communi 

ties. In Ontario, and elsewhere in Canada, black spruce is 

the major source of fiber for die pulp and paper industry; 

a high proportion of the volume of this species comes 

from forested pcailands, and guidelines for the manage 

ment of black spruce ecosystems on peatiands arc being 

developed (Haavisto etal. 1988). 

The word "pcatland" has a different connotation 

depending on the purpose for which an inventory is 

being done. Usually, the primary focus of inventories is 

on the peal, and on open, treeless peatlands. Some of the 

invenlories include sparsely treed pcaOands, but not 

those on which good forests arc growing. Hence, esti 

mates of peatland areas can vary considerably. Radforth 
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Table 1. Distribution of various classes of hmri by province or territory in Can 

Province Land area (km2) 

°.r Total 
territory 

ida 

Yukon Territory 

Northwest Territories 

Briiish Columbia 

Alberta 

Saskatchewan 

Manitoba 

Ontario 

Quebec 

New Brunswick 

Nova Scotia 

Prince Edward Island 

Newfoundland 

Canada 

478,000 

3,246,000 

931,000 

644,000 

570.000 

548,000 

891,000 

1,357,000 

72,000 

53,000 

6,000 

371,000 

9,167,000 

3 Areas according to Bonner (1982) 

b Areas according to Tamocai (1984) 

(1968) stated that "Canada has an estimated 500,000 
square miles L1.295 million km2] of pcalland," but noted 

thai an accurate inventory is essential. He alluded to ihe 
Forest Resources Inventory in Ontario (Dixon 1963), 
according to which, in the Hudson Bay Lowlands alone,' 
there are more than 100,000 km2 of peatland. Rennie 
(1976), in his address to the Sixteenth Muskeg Research 

Conference, stated that thcestimateof 1.3 million km2 of 
peatland in Canada is conservative, and "an appreciable 
amount of this underlies areas of forest land, some of 

which is non-producing or marginally so". At the Sixth 
International Peat Congress, Kivinen and Pakarincn 
(1980) estimated that Canada has 1.7 million km2 of 

pcatland. According to Tarnocai (1984), there arc an 

estimated 1.11 million km2 of peailand in thecountry. 

A proportion of these peatland sites is forested or 
sparsely treed, and is, or could be, important to forestry 

m Canada. In addition, there are considerable areas of 
waterlogged mineral soil or shallow-peated sites that are 
important. Both pcatlands and forests on waterlogged 
mineral soils could be improved by forest drainage, poss 
ibly accompanied by fertilization, and made suitable for 
forest production. In this paper we attempt to summarize, 
on a provincial or territorial basis, the areal extent of 

peatlands in Canada. In addition, we briefly summarize 

current silvicultura! and forest drainage activities. 

4,364,000 2,641,000 

Area of 

pcaUandb 

12,980 

251,110 

12,890 

126,730 

93,090 

206,640 

225,550 

117,130 

1,200 

1,580 

80 

64,290 

1,113.270 

PEATLAND AREA ESTIMATES 
AND FORESTRY ACTIVITY 

Table 1 summarizes the areal extent of land, forest 
land, productive forest land (Bonner 1982), and pcatland 
(Tarnocai 1984) on a provincial or territorial basis for all 

ofCanada. The following information has been obtained 
from published material and personal communications. 
The figures presented are not necessarily accurate, but 
provide a first approximation of the areal extent and dis 
tribution of forest on peat and wet mineral substrates 
across Canada. 

Yukon Territory 

The Yukon Territory has a land area of 478,000 km2 

(Table 1), about 50% of it forest land (Bonner 1982). 
Only about 6.5% of the area is considered productive 

(Heartwcll 1988). Approximately 13,000 km2 of peat 
land arc found in the Yukon. The area of forested 

pcatland is not known. Because silvicultura] work in 

theYukon is minimal1, no silviculture! effort is put into 
peailands. Although there may be some potential for 

Increasing wood production on pcatland sites in the 
Yukon, mineral-soil uplands have greater potential for 
wood production. 

ran?*?™*1 DcParlmcnt of Indian and Northern Affairs 
Whilehorse, Yukon Terrilory (pers. comm.). 
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Figure I. Forest Regions of Canada (modifiedfrom Rowe.JS. 1972). 

Northwest Territories 

The Northwest Territories have a total land area of 

3.25 million km2, of which about 19% can be considered 

forest land (Table 1). Less than one quarter of the latter is 

productive (Bonner 1982), and yields are very low. The 

Territories contain an estimated 25.1 million ha of peal-

land, most of which is tundra-like and open. As in the 

Yukon Territory, silviculture! work is not done on any 

site type, and it is not anticipated that foresi improve 

ment work will be undertaken, especially on peatland 

siics. 

British Columbia 

Owing lo the mountainous lerrain and its effects on 

climate, both vegetation and site lypcs vary considerably 

in British Columbia. Of the total land area, 91 % is con 

sidered productive foresi iand (Table 1). Peallands com 

prise aboul 13,000 km2 (61%), an area similar in size to 

that of peallands in the Yukon (Tarnocai 1984). Very 

Hide commercial forest land is found on peat, and mosL 

of this is in ihe northeastern part of the province. Occa 

sional pockets of black spruce swamp occur in the In 

terior Region of the province, but these have not been 

exploited commercially to any extent.2 Organic soils 
over bedrock, common on Vancouver Island and the 

Queen Charlotte Islands, arc waterlogged owing to 

excessive amounts of precipitation and poor drainage. 

The potential for improving forest production on wet 

sites is considerable. However, because the better 

drained and highly productive sites are much more 

imporianl economically, there is little reason to manage 

true pcailand foresi Lypcs. 

Alberta 

According lo Hillman (1987), there is concern in ihc 

province of Alberta about me decrease in the productive 

land base. About 36% of the total land area of Alberta is 

producuvc forest land (Table 1). Tarnocai (1984) esti 

mated that there arc about 127,000 km2 of pcailand in the 

province. The area of productive and nonproductive for 

est on this peailand is not known. Considerable quan 

tities of black spruce, and some tamarack and loiigcpole 

2 G.D. Lloyd, Regional Silviculture) Officer, B.C. Ministry of 
Forests, Prince Rupert Furcst Region, Smithcrs. B.C. VOJ 

2N0 (pers. comm.). 



pine, are being harvested from peaLlands every year. 
Apart from conventional regeneration methods, such as 
site preparation and planting, silvicultura! work on peat-

lands is done on an operational trial basis. Il has been 
estimated that about 40,000 km2 could be drained to 

improve tree growth or to convert the area into produc 
tive forest land (Hillman 1987). Since 1975, eight 
systematic pcadand drainage trials, covering an area of 

1144 ha, have been established to ascertain the most suit 
able ditch depihs and spacings on a variety of peatland 

sites. Several research projects have been undertaken to 

evaluate hydrological processes, nutrient dynamics, and 
tree growth. 

Saskatchewan 

Of the total land area of Saskatchewan, about 27% is 
forest land (Table l),and 89,000 km2 areconsidercd pro 
ductive. Some of this land is situated in the central Aspen 

Woodlands Zone, but most is in the Boreal Forest Region 
in northern Saskatchewan. The province contains about 
93,000 km2 of peatland (Table 1). It is not known how 
much of this is forested and productive. Almost all of the 

northern half of the province is situated in the Contin 

ental High Boreal Wetland Region. It is characterized by 
peat plateau bogs, palsa bogs with collapse scars (Anon. 

1986). and veneer bogs, all of which have no commercial 
forestry value. On the other hand, a band of Continental 
Mid-Boreal Wetlands across the province to the north of 
the Prairie Zone has treed bogs and fens on broad flats 
and in confined basins. Because the average annual har 

vest for the whole province is only 146 km2 (Brace and 

Golcc 1982), forestry activity on pcatlands is insignifi 
cant. Furthermore, no interest has been shown in improv 

ing productivity on peatland sites. 

Manitoba 

Although half of the total area of the province of 

Manitoba is considered forest land, only about 21% is 

productive (Table 1). Much of the annual harvest (aver 

aging 8.5 million m3, 75% conifers) comes from the 
spruce working group (Brace and Golcc 1982). There arc 

207,000 km2 of pcatland in the province (Table l).The 
Forestry Branch of the Manitoba Department of Natural 
Resources has estimated that about 15,000 km2 of the 

province's black spruce forests arc in poorly drained 
peatland areas3. The tola! area of forest on pcatlands has 
not been calculated, and no effort has been made to drain 
or fertilize pcadand forests. 

Woons, F.J.M. Jr., 1988. The feasibility of draining slands of 
black spruce to increase growth rates in southeastern 
Manitoba. Univ. Man., Nat. Resour. fast, Winnipeg. M Sc 
Practicum. 103 p. 

Ontario 

More than 90% of the 891,000 km2 of land in the 

provinceof Ontario is forest land, about half of it produc 
tive (Table 1). Much of die nonproductive forest land is 
in the inaccessible northern areas. Using summaries 
from the Ontario Forest Resource Inventory, Kctcheson 

and Jcglum (1972) estimated the areas of various classes 
of land on peat substrates. They ascertained that almost 
half of the province (434,000 km2) could be categorized 

as pealland, 78% of it Ireed and 22% treeless (Table 2). 

Or the treed portion, only 80,000 km2 were considered 
productive peadand forest dominated by black spruce. 

The remainder was nonproductive "treed muskeg" 
{black spruce up to 3 m high and fewer than 1000 stems/ 

ha) and "stagnant stands" (black spruce primarily, up to 7 
m high, 10 cm DBH ai 150 years, and 2200-2500 stems/ 

ha). On the other hand, Tamocai (1984) estimated Lhe 
total wetlands of the province to be about 292,000 km2, 

and about 226,000 km2 of these lo be peatlands (Table 1).' 

Peatland forestry in Ontario has been described by 

Jcglum ct a]. (1983b). On average, an estimated 281 km2 

of black spruce-dominated pealland arc cut each year, 

and yield about 20% of all roundwood harvested in 
Ontario (Haavisto 1980). Harvesting techniques are 
changing so lliat less physical damage will be done to lhe 

sites, and well established stems of advance growth will 

be protected. Alternate strip clearcutting, block cutting, 

and seed tree groups have been used in an effort to regen 

erate these areas by natural seeding. Site preparation 

(e.g., winter shear-blading) is being carried out to 
remove excessive amounts of slash and competing vege 

tation, and to prepare spruce for planting and natural or 

direct seeding. The number of black spruce planted 

increased from 17-18 million seed!ings/year in the early 
1980s to about 64 million in 1987 (Anon. 1988). Some 

drainage trials have been established for research pur 
poses. Thecarlicstof these was established in 1929 in the 

Abitibi drainage area (Payandeh 1973) and the most 

recent in 1984 in the Wally Creek drainage area (Rosen 

1986). To date, about 1000 ha have been drained in the 
province for forestry purposes. On peatlands, fertiliza 

tion has been experimental only. A Silvicultural Guide 

for the Spruce Working Group in Ontario (Amupct 

al. 1988) summarizes management techniques for use 
with white spruce (Picea glauca) and black spruce, and 
describes the most up-to-date management methods 

within a framework of ecological site classification (see 

also Jcglum ctal. 1983a,Joncsctal. 1983).Roscn(1989) 
describes lhe installation of lhe Wally Creek Drainage 
Area, which was done according to Finnish standards. 
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Table 2. Inventory of different, classes of land in Ontario 

Class of land Area (km2) 

Total land area 

Nonforestcd area 

Forest land 

Nonproductive 

Productive 

Total pcatJand 

Treed pealland 

Productive black spruce 

Cedar- and larch-dominated 

Muskeg and stagnant stands 

Other treed pcatlands 

Treeless pcatlands 

Open muskeg 

Bogs 

884,780 

80,910 

804,790 

377,890 

425,980 

434,840 

340,360 

79,690 

2,450 

507,980 

18,720 

94,480 

31,080 

63,400 

Excerpted from Ketcheson and Jcglum (1972). 

Quebec 

Quebec isthelargcstprovincc in Canada (Fig. !)■ The 

area that is important for forestry is in the southern third 

of the province. About 61 % of the total land area is forest 

land (Table 1). Only about two thirds of the 850,000 km2 
of productive forest land have been inventoried. 

Tarnocai (1984) estimated that there were 117,000 km2 
of peatland in the province, but in view of the fact that the 

province is largely boreal, this may be a low estimate. 

Bolghari (1986) estimated thai, south of the 50th parallel 

of latitude, about 27,000 km2 of productive forest lands 

on peat soils are economically accessible. Furthermore, 

between the 50th and 60th parallels diere arc an addi 

tional 48,000 km2. Most of this area is dominated by 

black spruce, which is the primary source of raw material 

for a thriving pulp and paper industry. 

Silvicultural operations are similar to those in 

Ontario. Other than in the Clay Belt area of northwestern 

Quebec, only limited effort is expended on pcalland. 

Drainage has been attempted at the Valcariier Experi 

mental Station (Stanek 1970), and fertilization has been 

tried in conjunction with drainage (Sianck 1976). More 

recently, Nadeau and Parent (1982) showed that growth 

response to drainage was positive, and that a return on 

investment could be expected if drainage were under 

taken. On the basis of their results and of some field 

evaluations (Trollicr 1990a, 1990b), the province of 

Quebec provided a monetary incentive for private foresi 

land owners to undertake drainage on black spruce-

dominated peaUands.4 The intention was to increase 

wood production close to the mills. By the end of 1988, a 

1 F. Troltier, Minislcre dc l'Energie et des Rcssources, 

Direction de la Sylviculture, 200-B, Chemin Ste-Foy, 

Quebec, Que\ G1R4X7 (pers. comm.). 

total of 135 km2 had been drained. A forest drainage 

manual, summarizing operational drainage methods in 

Quebec, has been published (Trottier 1989). 

New Brunswick 

The province of New Brunswick encompasses both 

the Atlantic Boreal and the Eastern Temperate wctJand 

regions (Anon. 1986). Of the total area (72,000 km2), 
90% is considered foresi land, almost all of it productive 

(Table 1). About half of this is privately owned, largely 

by foresi industries. There are only about 1,200 km2 of 
peatland in the province (Table 1). Keycs et al. (1983) 

suggested that there are 1,400 km2 of pcatlands and 

stated further "The prevailing attitude in the Province is 

that there are many higher quality sites available for for 

estry use al present and there appears to be a low proba 

bility that pcalland forestry will be attempted in the near 

future." Some drainage work has been done to obtain 

basic information on response to drainage (e.g., Wet-

more 1972, Smissaert5). Because of the relatively wet 

climate in some parts of the province (105-115 cm 

annual precipitation), there are considerable areas of 

waterlogged mineral soils, but estimates of their size arc 

not available. Some drainage work has been attempted 

recently in these areas6, but more for the purpose of pro 

viding access to die wet sites for harvesting and silvicul-

lural work than for increasing the productivity of the 

trees. 

Nova Scotia 

Nova Scotia is completely surrounded by water (Fig. 

1), and except for a small part of Cape Breton Island, the 

entire province is in the Atlantic Boreal Wetland Region 

(Anon. 1986). Of a total land area of 53,000 km2, about 
41,000 km2 have been designated foresi land, over half 

of it productive (Table l).About75% of thelbresi land is 

privately owned. With an average annual precipitation 

ranging from 110 to 135 cm, there is much waterlogged 

mineral soil, and it has been estimated that 25% of the 

forest lands of the province are impcrfecUy or pooriy 

drained (Anon. 1989). Tarnocai (1984) estimated that 

there arc 1,580 km2 of pealland in the province. The 

Foresi Research Section of the Nova Scotia Department 

of Lands and Forests (Anon. 1989) estimated that only 

2.5% (102,500 ha) of the province's forest lands arc on 

peat substrates. No large-scale operational drainage is 

being undertaken, but some research trials have been 

established. To evaluate the effectiveness of water re 

moval and the grow ill performance of trees, about 9 km 

5 Smissaert, CD. 1984. A report on ihe installation of open-

diich drainage and its effects on groundwater fluciuations in 

a poorly drained forest soil. Univ. N.B., Fac. For., BScF 

Thesis. 51 p. 

6 P. Elhcridge, J.D. Irving Limited (pcrs. comm.). 
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Of ditches have been dug on a variety of sites ranging 
from waterlogged sands underlain by iron pans to well 
humified, deep organic soils7. 

Prince Edward Island 

This island province (Fig. 1) has a land area of only 
6,000 km2 (Table 1), half of it productive forest land. 
With an annual harvest of about 1,600 ha and regenera 

tion amounting to 108 ha (Brace and Golec 1982), for 
estry is not a major consideration in the province as a 

whole or on its estimated 80 km2 of pcatlands. 

Newfoundland 

The province or Newfoundland is made up of three 
bioclimatfc regions (Kg. I): the island of Newfoundland, 
having on its periphery an oceanic climale; accntral por 
tion of die island, which is colder and more continental; 
and a large peninsula (Labrador) connected to the main 
land, with much colder winters, considerably cooler 
summers and much less precipitation (95-100 cm annu 

ally). The total land area of the province is 371,000 km2, 
of which 38.3% is forest land and only 22.9% (85,000 
km2) is productive (Table 1). Tarnocai (1984) estimates 
that Newfoundland has about 64,000 km2 of peailand. 
PaivSnen and Wells (1978) calculated that insular New 
foundland has about 25,000 km2 of pcatland (22% of the 
iand area), about 7,000 km2 of it "scrub-forested" and an 

additions] 7,000 km2 treeless but reclaimable for for 
estry. According to Paivancn (1985), treed pcatlands 

have not been included in any inventory of pcatlands. Six 

experimental areas have bcendiichcd since 1966, mostly 
on treeless pcatlands; various species have been planted 

for Uic purpose ofevaliia ting their potential forafforcsta-
tion (Wells 1986). No trials have been established on 
treed peatiands. Considerable areas of waterlogged min 

eral soils would be good candidates for drainage 
(Paivancn 1985). 

DISCUSSION 

Of the 9.2 million km2 of iand area in Canada, almost 
half is considered forest land (Bonner 1982). Only about 

29% of the total land area is productive forest land. Some 
of this, especially the portion on peat soils, is producing 

wood at less than the optimum rate because of excessive 

moisture in the rooting layer. In the exploitable forest 
zone, severe waterlogging can result in forest land that is 

nonproductive. Much nonproductive forest land is found 

in the inaccessible and inhospitable north (Fig. 1). The 
foregoing account has shown that peatiands are impor 
tant for forest production in Canada. 

7 P. Neily, Nova Scntia Department of Lands and Forests (pers 
comm.). 

In none of the provinces has an intensive inventory 
been undertaken to ascertain the area and distribution of 
the various pcatland types. However, inventories have 
been undertaken and estimates specific to certain intcr-
csis, c.g., peat production, have been made. There is 

great variation in these inventories because each has 

been conducted for different purposes and according 10 
different criteria. For this reason, we question the valid 
ity of even the mosL recent estimates, such as those of 
Tamocai(1984). 

We previously alluded to the major differences in esti 
mates ofpeatiand in Ontario. Tarnocai (1984) stated that 

there arc 226,000 km2 of peaUand in this province. 
According to the published Forest Resource inventory 
data for the province of Ontario (Dixon 1963), there are 
94,000 km2 of treeless peatiands, 166,000 km2 of "treed 
muskeg'\and 73,000 km2of stagnant stands. In addition, 
Kctcheson and Jcglum (1972) estimated that there arc 

80,000 km2 of productive black spruce forest on peat-
land, and an additional 21,000 km2 of other treed pcat-
lands (a total of 340,000 km2 of treed pcatlands). Why 
the significant discrepancies? Might there be similar dis 
crepancies in the oilier provinces? 

As ihe area and distribution of the types of peailand 
economically treated for forestry purposes arc not 

readily available, we urge that a complete inventory be 
undertaken (cf. Paivancn 1985). The information is also 
essential for forest management planning. Harvesting is 

usually the first forestry activity carried out on pcatlands 
in Canada, and it can have the most far-reaching conse 
quences (Jcglum et al. 1983b, Haavisto et al. 1988). We 

need to know which harvesting methods, types of site 

preparation, and forest improvements should be under 

taken on different sites and under different stand condi 
tions to ensure regeneration success and improved forest 
growth. For example, under what site, stand, and cli 

matic conditions would drainage be biologically and 
economically effective? According to our survey, the 

diversity of forestry activities on peatiands across 
Canada indicates that drainage could be implemented 

effectively on many forested peatiands and wet mineral-
soil sites, especially in areas with climates similar to or 

wanner than those of the middie of the Boreal Forest 
Region. 

CONCLUSIONS 

Canada has much forest land on peat. An inventory 

carried out on a site-type basis is essential. According io 

experts from the Scandinavian countries, the potential 

for significantly increasing rales of Irce growth and 
bringing more area into production through the judicious 
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use of drainage and fertilization has not been recognized 

in Canada. To date, fewer than 25,000 ha have been 

drained in Canada for forestry purposes. Prescriptions 

based on biological principles have been prepared for 

similar sites in countries such as Finland, and we should 

test and modify some of these for use on our sites, under 

our stand conditions, and with our iree species. Num 

erous guidelines have been prepared (e.g., Paiviincn and 

Weils 1978; Hcikurainen 1980; Rosen 1986, 1989; 

Haavisto and Wcam 1988; Haavislo and Paiviincn 1987; 

and Trotticr 1989), but much more needs to be done. 
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ABSTRACT 

More information is required on the establishment, treatment and renewal of 
forests on wetlands in order to realize the full potential of these areas for forestry 
This paper points out some of the information deficiencies and introduces the 
reader to some of the issues involved in this research by outlining a program that 
has been initiated at the Swedish University of Agricultural Sciences. 

A series of experiments has been set up in different areas of the country to study 
stand harvesting and renewal on highly productive peatlands; stand establish 
ment on open wetlands, abandoned agricultural peatiands and excavated 

peatlands; intermediate treatment of stands with emphasis on suitable intensities 
of thinning; and wetland forest-regeneration techniques. Components and 
dynamics of the nutrient cycle in a developing forest ecosystem on wetlands are 
also being studied carefully and fundamental information on the supply of oxygen 
to trees and soil is being obtained for different types of wetland. 

RESUME 

II laut recueillir un pius grand nombre de donnees sur I'etablissement I'entretien 
et le renouvellement desforets occupant des tourbieres si Ton veut pleinement tirer 
profit du potentiel forestier de ces milieux. Le present article decrit certaines 
lacunes dans nos connaissances et familiarise le lecteur avec quelques-unes des 
questions visees par cette recherche en presentant les grandes lignes d'un pro 
gramme qui a ete entrepris a I'Universite des sciences agricoles de Suede. 

Uneseried'experiencesont eternises surpieddansdifferentsendroitsde la Suede 
afin d'etudier la recolte et ie renouvellement des forets occupant des tourbieres tres 
productives, I'etabiissement de peuplements dans des tourbieres ouvertes et des 
tourbieres agricoles abandonnees, le boisement des tourbieres qui ont ete 

exploitees (extraction de la tourbe), les soins a apporter dans Tintervalle aux 
peuplements, I'accent etanl mis sur un dosage convenable des eclaircies et les 
techniques de regeneration des forets occupant des terres humides Les compo-

santeset ladynamique du cycle des elements nutritifs dans un ecosysteme foresti 
er de terres humides en developpement font egalement I'objet d'etudes et des 
donnees fondamentales sur I'approvisionnement en oxygdne des arbres et du sol 
sont egalement compiles pour differents types de terres humides 
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INTRODUCTION 

Wetlands have been considered important areas for 

the conservation of delicate ecosystems; they have also 

been exploited for agriculture and as sources of peat for 
energy and soil conditioning. The terms "wetland" and 

"pcafland" arc often used interchangeably, but there are 

some important differences. Although it is true thai peat-

lands constitute a large portion of the welland area in 

northern boreal countries, peatlands have a minimum 

depth of peat, generally 0.3 m; wedands, on the oihcr 

hand, include not only ecosystems in which peat has 

accumulated, but also wet forests, shrublands and more 

open areas with a very shallow peal layer or no peat at all. 
In the context of this article and for the purpose of devel 

oping wedands for forestry, il is only diosc wetlands flat 
arc covered with peat that are under consideration. 

Wedands also constitute a potentially huge forest 

resource for northern boreal countries. Certain countries 

have already realized the importance of this resource 

because they have had to make use of available land for 
forestry. For example, wetlands constitute about 30% of 

the land area of Finland, where almost all potentially 
productive pcatlands have been developed for forestry. 

On ihc odicr hand, the economic viability and potential 

environmental effects of such development remain open 

questions with respect to the future expansion of wetland 

forestry in odicr countries. 

Sweden is pursuing a policy of developing welland 

forestry at a cautious pace. Silviculture on wetlands is a 

subject that has been given high priority in a long-range 

proposal for forest research that has recently been 

accepted by the government. Despite die fact that wet 

land drainage has been carried out in Sweden for well 
over a century, the emphasis on wetland forestry is rela 

tively recent. 

About 20% of die land area of Sweden is peat-covered 

wetland (HSnell 1989J, which is roughly equivalent, in 

proportional terms, to the situation in Canada. In a 

country with an area less than half that of Ontario, there 

is a need not only to increase timber production on pro 

ductive forest land but also to expand available land for 

forestry. Approximately half of the more than 8 million 

ha of wetland in Sweden have been deemed suitable for 

drainage. It has been estimated that these areas could sus 

tain 12 to 15 million m3/yr of forest production after 

drainage and proper forcstation. For the entire country 

this could eventually mean an increase in annual allow 

able harvest of no less than 10%. More than one million 

ha, or about one-third of the potentially drainable area, 

has been ditched and developed for forestry. However, 

this is a poor indication of the actual progress of wetland 

forestry: on a large portion of the drained area, perhaps as 

much as half, the results arc unsatisfactory on account of 
sparse or poorly located ditches and poor selection of 

areas. 

Research into forestry on peatlands in Sweden has, for 

the most part, dealt with methods of site classification 

and the importance of nutrients for tree development. 

Attempts to determine how forests should be established 

and treated after drainage have been minimal. Wetlands 

that have been ditched constitute unstable ecosystems, in 

which water and nutrient distribution arc in constant 

transition. The use of silvicultural techniques on such 

land requires knowledge about the unique qualities and 

processes of different site types. If the exploitation of 
wedands for forestry is to be increased, our knowledge 

of site conditions, stand development and appropriate 

stand treatments must be expanded. The potentially 

detrimental effects of wetland forest production on eco 

systems and the environment need to be considered care 

fully as well. 

The research program "Forest Production and Silvi 

culture on Wetlands" was established in 1985 to develop 

guidelines for initial establishment, stand treatment and 

forest renewal on wetlands so that a consistently high 

level of limber production could be maintained in diese 

areas. Parts of the program will be carried out over 

several decades diroughout the country. The seven 

projects that constitute the program arc outlined in the 

following sections. 

Components and Dynamics of Nutrition in a 

Forest Ecosystem on Peatlands 

This project is included in a joint Nordic effort to 

increase our knowledge of the supply, redistribution and 

losses of nutrients in typical Scandinavian pcatland eco 

systems. The project will be carried out in three exper 

imental areas, one in each of Sweden, Finland and 

Norway. The purpose of the investigation is to work out 

the nutrient budget for a typical pcatland ecosystem and 

thus acquire insight into the basis and need for fertiliza 

tion. There will be special emphasis on determining the 

amount of nutrition supplied by air pollution. 

A relatively large part of ihcse efforts will be concen 

trated on a scientific description of the ecosystem. This 

includes observations and nutrient analysis of tree, 

shrub, field and ground layers, litter from the trees and 
field layers, roots, peat, precipitation, groundwaier and 

runoff. In addition, the groundwatcr levels as well as the 

temperatures in and above the ground will be recorded. 

The ecosystem will be described before and after fer 

tilization. 
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A key question about the efficacy of fertilization and 

about cnvironmcnial impact concerns the destination of 

the added nutrients. The Swedish part of the investiga 

tion is being carried out on a bog that was ditched in the 

1940s and subsequently in 1986. It was originally an 

Eriophonim vaginalum/law sedge type and has since 

been overgrown by a 40-ycar-old pine (Pinus spp.) 

stand. The experimental area is situated in southwestern 

Sweden, where there are high levels of precipitation and 

air pollution. 

Subsurface Gas in Forest Wetlands 

The purpose of this project is to increase our know 

ledge of llic composition of and variation in soil gas. 

Oxygen supply and continuous access to water and nutri 

tion arc fundamental needs of all higher plants. The 

primary goal of forest drainage is not simply to eliminate 

too much water but rather to achieve better ground aera 

tion. Wetlands with moving groundwatcr, which do not 

accumulate peat, arc generally high in oxygen. In wet 

lands with stagnant groundwatcr or moderately to highly 

decomposed peat, there can at limes be a serious oxygen 

deficiency well above the groundwaler level. In addition 

to oxygen, nitrogen and carbon dioxide, the gases in soil 

may contain nitrogen oxides, methane and hydrogen sul-

fidc. The latter two gases occur only in anaerobic envi 

ronments. All of these gases influence tree survival and 

development. 

At present, we have very little information on oxygen 

supply to the tree and prevailing gas concentrations in 

the soil. The limes of year during which oxygen 

deficiency can occur, and the degree to which it affects 

trees and plants, are important issues that have no! 

received much attention. 

The main focus of this project is on analyzing the dis 

tribution of soil gases and the variation in gases during 

the vegetation period. The project is being conducted on 

certain productive peat-covered wetlands with well 

defined site conditions. The connection between the 

reduction in development of trees, tree mortality and 

oxygen deficiency in new stands established on wetlands 

is also being studied. The aboveground development of 

trees is monitored concurrently with gas concentrations 

in the soil near the roots. 

Foreslation of Open Wetlands 

The objective of this project is to develop site-specific 

methods for stand establishment both on open wetlands 

and on abandoned agricultural land located on peat. 

In the 1960s and 1970s some forcstation and fertiliza 

tion experiments were begun on open wetlands. In the 

present project, a scries of experiments dealing with 

optimal ditch spacing, tree species, planting methods and 

fertilization is being undertaken. These experiments arc 

being set up across die country. 

About 30 years ago, approximately 200,000 ha of 

peailand were used for agriculture. A large proportion Of 

this area has been or will be abandoned in the near future, 

because of a domestic surplus of agricultural products 

that has resulted from belter production mediods. 

Much of ihis land has a high production capacity and. 

if properly taken advantage of, it should be well suited to 

forest production. Forcstation efforts have often failed 

because of frost, competing vegetation, drainage diffi 

culties and, sometimes, nutrient deficiency. 

An experiment that employs different forcstation 

methods has therefore been initiated in nine areas located 

in ihrcc different regions of the country. Different tree 

species are being examined and, in the case of Norway 

spruce (Picea abies), different seedling sizes arc also 

being tested. The seedlings are planted in plowed soils or 

mounds, or without any site preparation. Weeding and 

fertilization are included in the experiments. 

Forestation of Excavated Peatland 

The project has been set up with the aim of deter 

mining the prerequisites for stand establishment on exca 

vated pcadands so that a system will be in place for the 

foreslation of areas after the peat has been stripmincd. 

As a result of efforts to find alternative sources of 

energy, peat is being excavated from a large peatland 

area. If areas that arc under protection are taken into 

account, about 300,000 ha of pcalland (areas >50 ha) are 

suitable for large-scale harvesting. In 1987, about 6,000 

ha of flammable peat were excavated and by 1990 the 

amount is expected to triple. 

The company dial is responsible for the excavation of 

a given area must also sec lo suitable restoration of the 

land when the work is finished. Foreslation is a desirable 

option; however, domestic experience in this area is very 

limited. 

In 1982 a forestation study with pine on excavated 

peatland was begun in central Sweden. A similar study is 

being established on a similar siie in the south. In addi 

tion, research results and practical experience gained 

from Finnish efforts are being examined. 
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Certain conditions for regeneration on excavated 

peadands arc significantly different from those that 

apply 10 normal peadand. The focus in this project will 

be on diree major differences. First, the surface peat 

iaycr, which contains more nutrients than the lower 

layers and consists of less decomposed material, no 

longer exists. What remains is a highly decomposed 

material that is low in nutrients and more difficult to 

drain. Second, the surface level has been lowered, which 

renders the outflow of water difficult and results in a 

poorer microclimate. Finally, on the positive side, com 

peting vegetation remains absent for some time after peat 

harvesting. 

Stand Harvesting and Forest Renewal 

The purpose of this project is to determine suitable 

methods for harvesting and renewing mature spmcc 

(Picea spp.) forests on highly productive peailands. 

There are at present about one million ha of good peat-

land sites that support more than 150 million m3 of trees, 

or about 5% of the national timber inventory. Areas that 

have been cut so far have had major regeneration prob 

lems, including unacceptable increases in the ground-

water levels, fast-growing competition, high degrees of 

frost and considerable damage to wildlife. 

The project includes research with different regenera 

tion methods in nine experimental areas in the country. 

Each location is divided so dial half the area is com 

pletely clcarcui, while the other half consists of seed 

trees atdcnsiticsof 140 and 200 trees/ha. Large bare-root 

Norway spruce seedlings are being used for planting. 

Stand Treatment and Forested Wetlands 

This project is intended to determine the effect of 

different thinning intensities on wood and total growth of 

stands on drained wetlands and also the effect of sub 

sequent ditching with high levels of thinning. 

Silviculture in stands on drained wetlands is often 

neglected. This is because of uncertainty about how a 

stand should be treated, and also because of poorly 

developed thinning techniques for wedands. The level of 

thinning influences factors such as the level of ground-

water after thinning, the risk of snow and wind damage, 

and the economic return. Intensive thinning may be 

desirable for release of birch (Bemla spp.) and sup 

pressed trees, and for highcreconomic returns, but it may 

create a need for ditch cleaning or complementary 

ditching. Low levels of thinning may Ik preferable to 

maintain a well balanced ecosystem in the stand and thus 

avoid an unacceptable increase in the groundwatcr level, 

and to reduce the risk of windlhrow. 

The experiment has been established ai six locations 

in southern Sweden in stands that have undergone single 

thinnings. All of the locations have old ditch systems; 

there are five sample plots (measuring 25 x 40 m) on 

each, with different thinning intensities. The degree of 

thinning varies from 20 lo 50% of the basal area. In the 

case of the most intensive thinning, complementary 

ditches are also being tested. The level of groundwater is 

regularly being measured on all sample plots. 

Silvlcultural Techniques 

This project deals with methods of ditching and forest 

regeneration on wctlands.Thc purpose is to develop a 

basis for improved techniques. 

Forest-regeneration techniques in Sweden arc based 

on analysis of the demands of rocky ground with slumps 

and slash. In the case of wetlands, forest-regeneration 

techniques arc influenced by other conditions, especially 

those related lo soil texture and ground strength. There 

should be better possibilities for the development of suit 

able planting spots on wetlands than there arc on most 

other types of land because peat and sedimem arc easier 

to manipulate. Since wetlands are typically flat and often 

lack impediments such as stumps and rocks, ihe condi 

tions for mechanical planting arc very favorable. 

The project will concentrate on an analysis of condi 

tions for ditching, site preparation and planting. The 

analysis will be expanded to include a description of how 

fores [-regeneration techniques should be carried out on 

different types of wetlands, and a discussion of how 

existing techniques in Sweden and other counirics meet 

these demands. 
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ABSTRACT 

In Nova Scotia, there has been no large-scale operational drainage of forest 

lands. Approximately 25% of these forest lands are classified as imperfectly or 

poorly drained, and a further 2.5% are classified as peatland. Trials are underway 

to evaluate the effect of drainage on site productivity in Nova Scotia. In the 
absence of results from these tests it is assumed that an average increase of 3 m3 
ha"1 yr1 could be achieved by draining imperfectly and poorly drained soils. This 

increases the potential forest production by approximately 3.0 million m3 yr1 (1.5 
million cords yr1). While the potential gain will never be achieved for a variety of 

reasons, substantial gains are nevertheless possible. 

RESUME 

lln'yaeuaucundrainageoperationnelimportantdeterresforestieresenNouvelle-

Ecosse. Environ 25%de ces sols sont classes comme etant mal draines, et 2.5% 

sont classes comme tourbieres. Des essais sont en cours pour evaluer I'effet du 

drainage sur la productivite en Nouvelle-Ecosse. Faute de resultats de ces essais, 

on suppose qu'il serait possible d'obtenir une augmentation moyenne de 3 m3/ha 
par annee en drainant les sols mal draines en Nouvelle-Ecosse. Cela permet 

d'augmenter la production possible des torets d'environ 3,0 millions de meires 

cubes par an (1,5 million de cordes par an). Bien qu'il soil impossible d'atteindre 

la production nominale pour diverses raisons, des gains importants sont nean-

moins possibles. 

INTRODUCTION 

Nova Scoiia is one of Canada's most heavily forcsicd 

provinces. Productive forests occupy 69% of the total 

area or 3.845 million ha. Non-productive forest land 

comprises only 3.5% of the total area, or 193,000 ha, of 

which 132,700 haare classified as peatland. Thcclimatc 

is strongly influenced by the Atlantic Ocean, which is no 

further than 60 km from any point of land. Nova Scotia 

receives 1300 mm of precipitation and accumulates 1700 

degree-days (> 5°C) annually. 

In many parts of the world, drainage of wetlands has 

long been recognized as a relatively economical means 

of increasing forest productivity. Finland alone has in 

creased the growth of ils forests by 7 to 8 million m3 per 
year by drainage of 5.7 million ha. Other countries in 

which significant forest areas have been drained include 

Sweden, Norway, the United Kingdom, and the USSR. 

Drainage of peatlands for forest use will never be a 

major silvicultural treatment in Nova Scotia because of 

the small area available. However, with almost 1 million 

haofpoorly drained mineral soils, drainage schemes can 

be designed to improve water movement in these soils. 

The strategic location of ditches can be prescribed to 

increase site productivity and improve early conifer 

establishment on harvested sites. Because most poorly 

drained areas already support mature forest stands, im 

provement of drainage could be a treatment prescribed 

after harvesting. Drainage may also be used as a remedial 

effort to counteract poor harvesting practices. Water 

ponding is caused by the deep rutting of harvesting 

machinery, but the water can be drained off site by 

ditching. 
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DRAINAGE STUDIES 

Since 1986, several forest drainage expcrimcnLs have 

been established on imperfectly and poorly drained 
mineral soils in Nova Scotia. A variety of mechanical 

equipment, including a tracked excavator (11,000 m of 
ditches) and Uic Liinnen ditching tractor (5,000 m of 

ditches), has been used. These experiments were under 

taken to: 1) determine ihemosieffeciiveditch spacing on 

wet, poorly drained mineral-soil sites, 2) determine the 

effectsof ditching on plantation survival and growth, and 

3) assess the capability of tracked excavators and the 

Lannen S-10 ditching tractor under Nova Scotia 
conditions. 

Four clear-cut sites were selected for study; three con 

tained imperfectly drained, fine-textured soils over a 

compacted subsurface layer. The other site was also 

imperfectly drained and underlain by a compacted layer, 

but had coarse-textured soils. Ditches were established at 

12-, 20-, 25-, 30- and 50-m spacings and were dug to a 

depth of 45-60 cm and a width of 1 m. Sediment ponds 

were established at the ends of all main ditches. A con 

trol or unseated area was reserved on each site. Wells to 

measure water level were placed throughout the drained 

and control areas. Permanent sample plots were estab 

lished at a!! sites to monitor the effect of drainage on 

crop-tree growth. 

The monitoring wells to measure water levels con 

sisted of plastic pipes 1.2 m long and 2 cm in diameter, 

placed in the ground to a depth of 1 m. Holes were drilled 

at I5-cm intervals along the pipe to allow easy water 

movement. Water Icvelsin these wells were measured by 

blowing air down a graduated copper pipe. When the 

pipe hit the water, bubbles were heard and the measure 

ments were recorded. 

RESULTS AND DISCUSSION 

After two seasons of measuring water levels on the 

drained and tindrained sites, preliminary analysis indi 

cated that ditching of imperfectly drained mineral soils 

affected water levels during the growing season. How 

ever, the effect of this lowering of the water level on tree 

seedling growth and survival has yet to be determined 

quantitatively. Data gathered from the permanent sample 

plots over the next five years may indicate the degree of 

increase to be expected from draining of wet mineral 

soils. 

Ditching specifications used in Quebec (Trotlier 

1986) may have similar application in Nova Scotia. It is 

recommended in the interim, until more information is 

available from trials in Nova Scotia, that a ditch spacing 

of 30-50 m and a ditch depth of 50-70 cm be adopted for 

draining imperfectly and poorly drained mineral soils. 

Ditches should be established with a V-shaped bucket on 

all sites. Sediment ponds should be established at the 

ends of all main ditches and consideration should be 

given lo establishing sediment ponds midway along 

ditches of extraordinary length or slope. Continued eval 
uation of ditching trials wili allow refinement of the 

ditching specifications to reduce losses caused by 

erosion and adverse effects on water quality. 

Drainage of peatlands can increase productiviiy from 

1 to 8 m3 ha'1 yr1 (Mikola 1967, Smissaert1, 
Kusnicrczyk2). Andrcason (1978) reported that drainage 
of poorly (imperfectly) drained mineral soils and pcal-

lands will raise the productivity of the site so that it 

equals that of surrounding well drained sites. Trollier 

(1986) expects an increase in productivity of 3-7 m3 ha"' 

yr1 by draining peatlands and paludified (poorly 
drained) mineral soils in Quebec. 

It is estimated that drainage could increase the pro 

ductivity of Nova Scotia's forests by 3.0 million m3 yr1. 

However, because of ownership patterns {small private 

holdings account for 50% of the productive forest lands, 

large industrial holdings account for 25%, and the 

remainder is publicly controlled), and for a variety of 

other reasons, it is unlikely thai this level of productiviiy 

increase will be achieved. 
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ABSTRACT 

The Wally Creek area has provided a focus for a major, multiagency, cooperative 

program of research into peatland forest drainage. The main contributors are the 

Ontario Ministry of Natural Resources and Forestry Canada, Ontario Region, but 

several other agencies are also participating. The project objectives are to 

demonstrate the installation and workings of a systematic drainage network, to 

provide an economic evaluation of forest growth response, to develop a set of 

operational prescriptions, and to supply scientific information for environmental 

assessment. Numerous studies have been initiated and some are already com 

pleted. This presentation provides an overview of the Wally Creek Area Forest 

Drainage Project, and a progress report on the results of the individual studies. 

RESUME 

Le secteur du ruisseau Wally a ete le siege d'un programme de recherche majeur 

conjoint entre plusieurs organismes sur le drainage des tourbieres arborees. Le 

ministere des Richesses naturelles de I'Ontario et Forets Canada, region de 

1'Ontario, en ont ete les principaux artisans mais plusieurs autres organismes y ont 

egalement participe. Le projet avait pour objectifs de demontrer la mise en place 

et le fonctionnement d'un reseau de drainage systematique, d'evaluer la crois-

sance obtenue en terme economique, d'eiaborer un ensemble de modalites de 

fonctionnement et d'obtenir des donnees scientifiques a des fins devaluation de 

I'etat de I'environnement. De nombreuses eludes ont ete entreprises et certaines 

sonl deja completees. Le present article donne un apercu du projet de drainage 

forestier du secteur du ruisseau Wally et rend compte de I'etat d'avancement des 

travaux des differentes etudes. 

INTRODUCTION 

In 1984, a cooperative forest drainage project was ini 

tiated by the Ontario Ministry of Natural Resources 

(OMNR) and Forestry Canada, Ontario Region (FCOR) 

(Haavisto 1984; Rosen 1985b, 1986a, 1986b; Wcam 

1984). Preliminary work by FCOR at Wally Creek in the 

early 1970s (Sib 1973) had provided a contour survey 

for part of the area. Since it is located on a provincial 

highway only 26 km from Cochrane, Ontario, the area is 

ideal for demonstration purposes for forest managers, 

researchers and the general public. 

The study area is in the Northern Clay Section of the 

Boreal Forest Region (Rowc 1972) of northeastern 

Ontario (Fig. 1). It consists of 1,099 ha of lowland black 

spruce (Picea mariana) forest. Part of this forest was cut 

over about 1930 by ground cullers using horses to skid to 

the roadside. This method left much advance growth, 

including saplings and small trees, and the area regener 

ated naturally lo a fully stocked forest. At the lime of 

drainage, in the fall of 1984, the forest had grown for 55 

years since cutting. Il was uneven-aged, some trees origi 

nating after the cutting, others being present at the time 
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of the cutting and hence more than 55 years old. Other 

parts of the area had not been cutover, and the forest here 

was 120+ years old. Part of this was stunted black spruce 

and/or tamarack (Larlx iaricina) in the wet, low depres 

sions, and part was productive black spruce that was not 

in the harvest allocation. 

Figure 1. The study area in the Northern Clay Section of ike 

Boreal Forest Region of northeastern Ontario. 

A Finnish drainage expert, Ilka Koivisto, was hired to 

design and oversee establishment of an operational 

drainage trial (Haavisto 1984). He also trained an 

OMNR Project Forester, M.R. Rosen, so that the know 

ledge and experience gained could be passed on to others 

in Canada. Two Finnish LUnnen S-10 digging machines 

were brought to Ontario, along with two experienced 

Finnish operators (HarkOnen 1986). Koivislo (1984, 

1985) has reported on his experiences in planning and 

implementing the drainage system. 

The overall project objectives were as follows: (1) to 

demonstrate die installau'on and workings of a sys 

tematic drainage network; (2) to provide an economic 

evaluation of forest growth response; (3) to develop a set 

of operational prescriptions; (4) to supply scientific in 

formation for an environmental assessment; and (5) to 

provide a land area, management and coordination for 

research on and development of peatland forestry (Rosen 

1986a). A summary of studies and projects up to 1986 

was included in a Management Plan developed by the 

Cochrane District office of the OMNR (ibid.) and in Lwo 

published papers (Rosen 1986b, 1986c), and a workshop 

was held at Wally Creek in 1986 (Jcgium 1986). The 

present paper updates the studies and activities, and sum 

marizes their results. A comprehensive list of all reports 

and articles published on Wally Creek is provided in the 

Literature Cited section. 

RATIONALE FOR DRAINAGE 

In Ontario, mere is not enough planting stock to re 

generate every hectare cut, and it is necessary to rely on 

less expensive methods such as direct seeding, or to hope 

for natural regeneration. It is commonly held that the 

best land, closest to the mill, should receive the highest 

level of investment and the most intensive treatment. If 

planting stock is not available, less expensive, more ex 

tensive methods of regeneration, such as direct seeding 

and modified harvesting, should be used. The poorest 

land and die land furthest from the mill should cither 

receive inexpensive treatments or be left after harvest to 

regenerate naturally. Since peatiand forests are in the 

category of poorer or poorest lands, many foresters do 

not think that drainage has much place in current forest 

management. 

However, there are certain forest industry timber 

limits with a high proportion of peatland or wetland 

forests, where the improvement of fiber production is 

very important for mill supply. As well, in certain situa 

tions, peatland forests may represent a good investment, 

e.g., where they are close to the mill so that transporta 

tion costs for the harvested wood will be low. The most 

attractive peatland forest sites for drainage are those that 

show moderately good growLh, are moderately rich in 

terms of soil nutrient regime, arc already well stocked 

with a usable species so mat no fill-in planting costs are 

involved, are in mid-rotation so mat only 15 to 20 years 

arc required to a final cut, and may require a rather low 

intensity of forest drainage ditches for effective 

drainage. 

From the above discussion, it appeared that drainage 

could be utilized in two ways (Koivisto 1986): (1) clear-

cut, drain and plant; (2) drain mid-rotation stands. These 

memods have been incorporated into the Wally Creek 

Area Forest Drainage Project. 

EXPERIMENTAL DESIGN 

In all, 306 ha of mid-rotation black spruce forest and 

69 ha of planted cutover, most of it on organic soil, have 

been drained. There arc 87 km of open ditches draining 

the area. The ditches are mosdy 90 cm deep and 1.2 m 

wide, but collector ditches are deeper and wider, and 

some ditches are shallower (about 70 cm) where the 

peats are shallow and close to mineral-soil uplands. 
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In the Clay Dell, a Forest Ecosystem Classification 

system has been developed (Jones el al. 1983) that has 

proved very useful to forest managers in a variety of situ 

ations {Jeglum 1985a). In the summer just before drain 

age, the Forest Ecosystem Classification Operational 

Groups (FEC-OGs) in (he Wally Creek area were sur 

veyed under contract (Amup 1985). This survey pro 

vided the basic stratification into site types that were 

used to locate experimental plots and lines. The main 

OGs were OG8, OGll, OG12 and OGI4; OG8 is a 

mineral-soil type, whereas OG11 to OG14 are on organic 

soils. (Small amounts of OG9 and OG5 were also 

present.) 

The drained forested area consisted primarily of 

OG 11, with some OG 12; ditches here were mainly 40 to 

45 m wide. Wider ditch spaciugs of 55 to 60 m were used 

in a predominantly upland block, consisting mostly of 

OG8, with some OG5 and OGll. Narrow spaciugs of 20 

to 25 m were used in OG14. For (he most common site 

type, OGll, it was possible to install a range of ditch 

spacings from about 20 to 75 m wide. For OGll, four 

modal widths for ditches were 26,39,45 and 56 m (Berry 

and Jeglum 1988). 

The clcarcut area consisted primarily of OG12, with 

lesser proportions of OGll andOG8. Indicclearcutarca 

for each of the four subcxpcrimcnLs, the main ditch spac-

ings were 30 m, but a few narrower (15 m) and wider (60 

m) strips were included. 

In the clearcul area four site-prcparation/rcgeneration 

treatments were applied: 

(1) tree-length logging, shearblading and planting; 

(2) tree-length logging, shcarblading and natural regen 

eration with seed-tree groups; 

(3) tree-length logging,prcscribcd burning, and planting; 

(4) full-tree logging, no site preparation and planting. 

STUDIES AND ACTIVITIES 

Numerous studies, trials and activities were under 

taken in the area, and a summary of these was provided at 

an early stage of the project (Rosen 1986d). Most of 

these were research studies, but others were less formal 

trials or demonstrations, or consisted of baseline data 

collection (the weather station), or public awareness 

activities (e.g., the self-guiding trail). The following is 

an updated list of studies and activities. Reports or publi 

cations are shown in bold type. 

Ontario Ministry of Natural Resources (OMNR) 

The studies arc being supervised by OMNR's 

Northern Technology Development Unit1, and con 
ducted by Project Foresters located al OMNR's 

Cochrane District Office2. 

1. Assessment of the economics of forest drainage. 

The cost ofpeatlandforest drainage in the ClaybeU 

of Ontario (Rosen I986e, 1987). 

Economic evaluation of forest drainage and fertil 

ization in northern Ontario peatlands with an 

investment decision model (Payandeh 1988). 

Cost-effectiveness of forest drainage and fertiliza 

tion in northern Ontario peatlands (Payandeh 

1990). 

2. Assessment of me growth and yield of untreated, 

uneven-aged, 55-ycar-okl cutovcrs of black spruce, 

naturally regenerated, and virgin forests more than 

120 years of age. 

3. Assessment of growth response of black spruce to 

drainage (including variation owing to ditch spac 

ing) and fertilization (total NPK). 

4. Foliarnutrient response todrainage and fertilization. 

5. The influence of drainage and fertilization on sur 

vival and growth of planted conifer seedlings, and 

ingress of natural regeneration in the group seed-tree 

area, in the pcatland cutover. 

Wally Creek area forest drainage project: A pre 

liminary analysis of the seedling assessment data 

(Abraham 1989). 

6. Assessment of natural regeneration in the group 

scetl-irccarca. 

1. A self-guided interpretive trail and accompanying 

pamphlet. 

The Watty Creek Project Trail (Rosen 1985a). 

8. The development of drainage prescriptions. 

Forest drainage manual (Rosen 1989). 

'For further information, contact the Ontario Ministry of 

Natural Resources, Northern Technology Development Unit, 

60 Wilson Avenue, Timmins, Ontario P4N 2S7. 

2For funhLT information, contact the Ontario Ministry of 

Natural Resources, Cochrane District Office, RO. Box 730, 

Cochrane. Ontario POL 1 CO. 
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Forestry Canada, Ontario Region 

The objectives of the work by Forcsuy Canada are (1) 

lo evaluate hydrological changes associated with forest 

drainage3, and (2) to elucidate ecological changes in 
drained forested and clcarcut areas and relate these to 

growth responses by trees and seedlings.4 

1. The influence of drainage on groundwatcr depths. 

Water table profiles of drained forested and clear-

cut peatlands in northern Ontario, Canada (Berry 

and Jeglttm 1988). 

A probe for measuring depth to water surface in 

wells (Bodley et al. 1990). 

2. The influence of drainage on groundwater nutrient 

content. 

3. The influence of drainage on sireamwatcr quality. 

Effects of forest drainage on surfacewater quality 

of black spruce peatlands (Berry 1990). 

4. The influence of the drainage system on strcaniflow. 

5. The influence of clearculling on groundwatcr 

depths. 

6. Vcgctational changes associaicd with drainage. 

Vegetation analysis of peatland drainage sites at 

Cochrane and Hearst (Browning 1986). 

I. Foliar nutrients before and after drainage. 

8. Weather data collection with an automatic data 

logger at an on-site weather station. 

9. Assessment of the influence of drainage and clear-

cutting on soil temperatures. 

Climate, water, and drainage in peatland (Ilaavisto 

etal.1989). 

10. Peat substrate environments on drained and un-

draincd peatlands. 

Substrate en vironments on drained and undrained 

peatlands, Wally Creek Experimental Drainage 

Area, Cochrane, Ontario (Rothwell 1990). 

II. Vcgetation-soil-site relationships for Die permanent 

growth plots. 

3 For further information, contact G.J. Berry, c/o Forestry 
Canada, Ontario Region, P.O. Box 490, Sault Stc. Marie 

Ontario P6A5M7. 

* For further information, contact J.K. Jeglum, Forestry 
Canada, Ontario Region, P.O. Box 490, Sault Ste. Marie, 

Ontario P6A5M7. 

12. Cellulose decomposition and oxidation rod studies 

in relation to drainage. 

13. Black spruce outplamings: survival and growth 

response todrainagc, seedbed, and alder (Atnusspp.) 

competition. 

14. Ectomycorrhizal colonization and root growth of 

outplantcd container seedlings. 

Root growth and ectomycorrhizal colonization of 

outplanted containerized Pinus banksiana 

(Browning and Whitney 1987).5 

Other agencies 

1. Supplementary aerial photography and ihermo-

graphy. Ontario Centre for Remote Sensing.6 

The use of airborne thermography in the design of 

ditch networks for forest drainage programs 

(Senese 1985). 

Detection of micro-drainage patterns for ditching 

in forest environments (Maclver and Senese 1985). 

2. Characterization of the microfauna of black spruce 

swamps, and influence of drainage. Agriculture 

Canada.7 

Soil microfaunal densities following drainage of 

peatlands (Tomtin 1988). 

3. Airborne detection of water vapor and CO; flux in 

drained peatlands. Agriculture Canada.8 

4. Cone and seed yields in mid-rotation black spruce 

stands.9 

'For further information, contact M.H.R. Browning, c/o 
Forestry Canada, Ontario Region, P.O. Box 490, Sault Ste. 

Marie, Ontario P6A 5M7. 

6 For further information, contact E.M. Senese, Ontario Centre 

for Remote Sensing. CIL House, 90 Sheppard Ave. E., 4th 
Floor, North York, Ontario M2N3A1. 

7For further information, contact Dr. A. Tomlin, Agriculture 

Canada, London Research Ccntic, University Sub Post 

Office, London, Ontario N6A 5B7. 

"For further information, contact Dr. R. Dcsjardins, Agricul 
ture Canada, Central Experimental Farm, Ottawa, Ontario 

K1A0C6 

'For further information, contact V.F. Haavisto, Forestry 
Canada, Ontario Region, P.O. Box 490, Sault Stc. Marie 

Ontario P6A5M7. 
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5. Evaluation or testate amoebae (Rhizopocla: Pro 

tozoa) for pcatland forestry as indicators of soil 

moisture andoxygenation in peal soils. University of 

Waterloo.10 

Distribution and abundance of testate amoebae: 

(Protozoa) in the Walty Creek watershed, Ontario 

(Warner 1990) 

6. Wildlife assessment of a pcatland drainage project. 

McGill University." 

Wildlife assessment of a peatland drainage project 

(Bcmbe 1988). 

CONCLUDING COMMENTS 

The status of peatland forestry in Ontario (Jcglum ct 

al. 1983, Rosen 1986f) and Canada (Paivancn 1985, 

Haavisto and Jeglum 1990) has been reviewed in several 

recent papers. Forest drainage has considerable potential 

in Ontario, especially in view of the need to manage the 

better lands closer to the mills more intensively. One of 

the main purposes of drainage is to shorten rotation of 

mid-rotation stands by accelerating growth. Seedling 

outplanlings on drained clcarculs can grow faster, and 

rotation age of the new forests can be reached con 

siderably earlier. This may help to bridge the age-class 

gap that is predicted in the next 20 to 30 years, when the 

old forests have been harvested and there arc not enough 

second-rotation forests available to meet the projected 

demand. Although growth response is the main goal of 

drainage, there are other potential benefits. Drainage 

before harvesting could reduce the amount of mucking-

up damage to the site, and improve accessibility for sub 

sequent planting activities and the next harvest. 

In Finland it is emphasized that the peatlands with the 

most potential arc those on shallower peats and those that 

arc richer, i.e., the herb-rich types (Jeglum 1985b). In the 

current program of identification of 'prime lands', it is 

quite possible that some of the pcatland sites and shallow 

pcated sites could be among the most productive lands if 

they were drained. On certain timber limits, drainage of 

some of the richer peatJands near the mill may be a very 

attractive choice, as it could yield the highest Teturns on 

investment. It is important to set up a number of oper 

ational trials in northern Ontario, in particular to deter 

mine the optimum spacing of ditches for different OGs, 

111 For further information, contact Dr. B.G. Warner, Depart 

ment of Earth Sciences, University of Waterloo, Waterloo, 

Ontario N2L3G1. 

11 For further information, contact Dr. J.R. Bider, Biology 
Department, MacDonald College of McGill University. Sle. 

Anne de Bcllcvue, Quebec. 

as choosing the spacing is the major question to be 
settled if we are to reach an acceptable compromise 

between biological effectiveness and the cost of 

drainage. 

The Wally Creek experiment is the first significant 

step towards the development of pcatland management 

prescriptions in Ontario. However, one trial will not 

answer all questions about forest drainage. More trials 

are required in Ontario to gain broader information on 

the optimum spacing of ditches for each of the main 

OGs. As well, trials are required to show how thinning of 

stands at the time of drainage can be used to improve the 

productivity of the stands, and the size of the stems at 

final harvest. Finally, more fertilization trials arc 

required with the full range ofcombinationsof N,P and 

K, and also micronutricnts. 

At this lime we should collect as much information as 

possible about drainage so that we arc prepared for a 

potentially rapid increase in drainage activity. Pcatland 

drainage in Finland grew rapidly in the 1950s, and unfor 

tunately, the necessary research had not yet been done. 

Consequently, many mistakes were made. In Ontario, we 

have the opportunity to provide information and guide 

lines before the big drainage push occurs, as I believe it 

will. This means capitalizing on the Wally Creek drain 

age project. It also means setting up other well designed 

trials lo gain more experience, especially in designing 

the drainage layouts. 

This project demonstrates how a well designed exper 

imental forest can provide the focus for a multitude of 

diffcrentacliviucsand research studies and thus multiply 

by many limes liic experience and information gained 

from that area. This project is unusual in thaL it is one of 

the few that is providing comprehensive information on 

management of a particular type of site, the peatland 

forest, in advance of the time when it will be needed. 
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ABSTRACT 

In 1986, 135 ha were ditched near Goose River, one of the three experimental 

drainage areas set up under the Canada-Alberta Wetlands Drainage and 

Improvement Program. The average depth to water table after ditching was 

between 38 and 53 cm. Ditching had little impact on the physical and chemical 

quality of stream water during periods of low How. The data were insufficient for 

determining the effects of ditching on water quality during periods of high flow. At 

a Fort McMurray site, which was drained between 1975 and 1980, drainage sig 

nificantly increased growth rates of young black spruce (Picea mariana). Average 
height, diameter at breast height and volume of trees in the drained area were 

respectively 1.8, 2.3 and 5.0 times greater than for Irees in the undrained control. 

For trees in the drained area, the average annual-ring width for the postdrainage 

period was 4.3 times that for the predrainage period. It was 3.3 times that of the 

average annual-ring width of trees in the undrained area for the corresponding 

post-drainage period. On portions of the drained area, a dense growth of decidu 

ous species, attaining the same height as the spruce, has grown up with the 

spruce. 

RESUME 

En 1986, des fosses ont ete amenage s sur 135 hectares pres de la riviere Goose, 

Tun des secieurs de drainage expe rimentaux crees dans le cadre du programme 

Canada-Alberta d'assainissement et d'ame lioration des terres humides. Une fois 

les travaux termines, la profondeur moyenne de la nappe phreatique variait de 38 

k 53 cm. Lamenagement de fosses a eu peu d'incidences sur les caracte ristiques 
physiques et chimiques de I'eau de la riviere en periodes de faible debit. Les 

donnees n'etaient pas suffisantes pour determiner les effets de I'amenagement de 

fosses sur la qualite de I'eau en periodes de debit 6!eve\ Le drainage du site de Fort 

McMurray, qui a eu lieu entre 1975 et 1980, a fait enormement augmenter le taux 

de croissance des jeunes epinettes noires (Picea mariana}. La hauteur moyenne, 

le diametre a hauteur de poitrine et le volume des arbres du secteurdraine etaient 

respectivement 1,8,2,3 et 5,0 fois superieurs a ceux des arbresde la station temoin 

non drainee. La largeur moyenne des cernes d'accroissement annue! apres les 

travaux etait 4,3 fois superieure a celle d'avant les travaux et 3,3 fois superieure 

a la largeur moyenne des cernes d'accroissement des arbres de la station temoin 

pendant la periodeposterieureaux travaux correspondante. Une vegetation dense 
composed d'essences feuillues qui ont atteint la meme hauteur que les epinettes 
est apparue dans certaines parties de ia station assainie. 



INTRODUCTION 

The Canada-Alberta Wetlands Drainage and Im 

provement Program is in its fifth year of operation. It was 

initialed by the Canadian Forestry Service (now Forestry 

Canada) and ihe Alberta Forest Service under the 

Canada-Albcria Forest Resource Development Agree 

ment (Anon. 1984). The reasons for implementing the 

program, its objectives, the research plan, and the meth 

odology were described earlier (Hillman 1987,1988a,b). 

In the summer of 1985, a Canadian Forestry Service-

Alberta Forest Service team selected Goose River, 

McLcnnan 28 and Wolf Creek wetland areas as exper 

imental drainage sites. Subsequently, instrumentation 

and permanent sample plots were installed on the sites to 

measure changes in the water-table levels of ground-

water, ground temperatures, stream-water quality, 

ground-vegetation composition anci tree growth. 

These and several other forested wedand drainage 

projects were recently implemented in Alberta (Hillman 

1987, Toth and Gillard 1988), but too little time has 

elapsed since drainage for meaningful data on tree 

growth response to be available. Consequently, data 

from a drainage project established by the Alberta Forest 

Service near Fort McMurray in 1975 were used in 

obtaining estimates of tree-growth response to drainage. 

The purpose of this paper is to outline some of the 

results obtained so far — namely, the effects of drainage 

on ground water levels and stream-water quality at Goose 

River, and on tree growth at Fort McMurray. 

SITE DESCRIPTIONS AND TREATMENTS 

The sites investigated arc located in the mixedwood 

boreal forest region of Alberta (Rowe 1972). In each 

case, existing vegetation grew in after fire. Legal de 

scriptions and other details for the Goose River and Fort 

McMurray sites arc provided in Table 1. 

The Goose River experimental drainage area is a 

swamp situated about 35 km southeast of Valleyview 

(54° 54'N, 116° 45'W) at an elevation of 850 m. The 

swamp supports ablack spruce {Picea mariana) stand 40 

to 50 years old and a shrub understory dominated by 

Labrador tea {Ledum groenlandicum). Peat depth is less 

than 1 m. Ditching at Goose River was started in June 

1986 and completed in September 1986. A more detailed 

description of the Goose River site and its treatment is 

given by Hillman (1988a). 

The 89-ha Fort McMurray project area is a coniferous 

swamp located 11 km south of Fort McMurray (56° 

34'N, lir 19'W), adjacent to Highway 63 in the 

Athabasca Forest at an elevation of 400 m. Vegetation, 

established after a wildfire in 1953, consists of a dense 

cover of black spruce and a Labrador tea, fcaihcnnoss 

(mainly Pleurozium schreberi) and sphagnum moss 

(Sphagnum spp.) association. 

Between 1975 and 1980 the Alberta Forest Service 

imposed a number of different treatments on the area to 

remove excess soil water and thereby enhance forest 

growth. Although different treatments were applied to 

separate portions of the area to test three drainage inten 

sities, data collected from only one of the drained areas 

was used in the tree growth analyses described in this 

paper — the 25-ha area th;il was most intensively scari 

fied1 and ditched, and cliat lies adjacent to the 16-ha 

control (undraincd) area. Preliminary analyses (Alberta 

Forest Service, unpublished reports) indicated that the 

effects of drainage were most pronounced on this site. 

Further information on site description and treatments is 

provided by Hillman (1987; unpublished report, 1989). 

The drainage took place over a six-year period, from 

1975 to 1980; hence, for the purpose of analysis, the 

postdrainagc period was arbitrarily defined as extending 

from 1979 to 1988. 

1 Scarification consisted of blading the vegetation and tippet 

layer of peal witli a bulldozer; this icsulted in bladed snips 7 

mwideallcmaiing with spoil rows and undisiurbed strips 3.5 

m wide. 

a Section 14, Township 68, Range 19, west of 5th meridian. 

b Data from only a portion of the drained area at Fort McMurray were used in this study. 
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METHODS 

Groundwater 

Water-lable configurations for groundwatcr at Goose 

River were monitored by means of between 7 and 12 

wells, each 5 cm in diameter, which were installed, 

before drainage in 1986, perpendicular to ditches at three 

different dilch spacings. Two welis were installed on the 

undrained control. Depth to water table was obtained 

with a carpenter's tape measure once or twice a month. 

Stream-water Quality 

At Goose River, sediment loads and inorganic chemi 

cals in water were monitored periodically at one location 

upstream and two locations downstream from points at 

which water from the drainage network's longest main 

ditch enters the creek. Sampling station Dl was located 

300 m downstream from the upstream station (U) and 

100 m from the nearest main ditch. Station D2 was 

located 1700 m downstream from station U and down 

stream from three main ditches. Sediment samples were 

collected in a DH-48 sediment sampler. The total sus 

pended sediment was determined by methods described 

in Anon. (1971). "Grab" samples of water containing 

inorganic chemicals were collected in 250-ml plastic 

bottles and analyzed for total concentrations of Ca, Mg, 

Na, K, Al, Ti, Pb, As, Cu, Fe, Mn, Zn, Ni, S, P and N, 

according to the methods described by Hillman 

(1988a,b). 

Tree Growth 

Predrainage tree growth data were obtained from 

three transects established on the Fort McMurray site in 

the spring of 1976. Leader growth for 1975, total tree 

height and age were recorded for each tree sampled. 

Four 0.25-ha plots were installed in the undrained area 

and in each of the drained areas in 1980. In 1981, one plot 

in each area was thinned to 1730 stems ha-1, one plot was 

fertilized widi nitrogen, another was fertilized with 

phosphorus and the fourth plot served as a control. In 

each plot, about 30 trees were measured for total height 

and leader growth each spring from 1981 through 1985. 

Leader-growth data for the 4-ycar period were analyzed 

by 2 x 4 (two site and four treatment conditions) factorial 

analyses of variance2. Duncan's multiple-range test (P = 

0.05) was used lo compare the means. 

2 The Iwo primary treatments were 'drained' and 'undrained'. 
To facilitate the analyses of variance, thinning and nitrogen/ 

phosphorus fertilization were considered secondary treat 

ments. 

In August 1988, 42 trees were randomly sampled 

along transects crossing the drained and undrained areas. 

Twenty-two trees in the drained area and 20 in the un 

drained area were sectioned and measured. Disks were 

cut from the top of each tree section and were later used 

for age and ring-width determinations. 

The disks were measured with a Holman Digimi-

crometcr tree-ring increment measuring system and tele 

vision camera. The resulting data sets were processed by 

means of the DUFFNO and STEM computer programs 

developed by Kavanagh (1983). The STEM program 

carried out slem analyses and provided tables showing 

mean annual increment and periodic annual increment 

for height (pahi), DBH, basal area and volume (pavi). 

Paired and nonpaired t-tcsts were run on data from the 

destructively sampled trees to test the hypothesis that 

there were no differences between means for the drained 

and undraincd areas, or between the means for the pre 

drainage and post-drainage periods. Age and ring widths 

at 0.3 m height were compared, together with total 

height, leader length, DBH, volume per tree, pahi and 

pavi. 

RESULTS 

Groundwater 

Data on the Goose River groundwater table arc for 

May through October, from 1986 to 1988. The 1986data 

constitute the predrainagc measurements and the 

remainder arc post-drainage data. The updated average 

water-table profiles of the prc- and post-drainage periods 

for the 30-, 40- and 50-m spacings (Fig. la, 2a and 3a, 

respectively) arc not very different from previously pres 

ented profiles (Hillman 1988a) for 1986-1987. The aver 

age drops in water-table levels across the profiles after 

ditching were 27,24 and 18 cm, respectively (Fig. 4). In 

contrast, on the undrained control, the average depth to 

groundwater table for the postdrainage period was 13 cm 

greater than that for the predrainage period. The average 

drops in water-table levels are greater than those 

reported previously (Hillman 1988b). 

At Goose River, precipitation from May to October 

was 396, 337 and 392 mm, respectively, in 1986, 1987 

and 1988. The corresponding total annual precipitation 

was 561,439 and 540 mm. Of the three years, 1987 was 

the driest; during that year, lower average levels of 

groundwatcr table could be expected. At a lookout lower 

at Sweathousc, located adjacent to the Goose River ex 

perimental area, the 30-year (1951 to 1980) average pre 

cipitation for May to October was 444 mm (Anon. 1987). 
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Disl.ince from Nofih Dilch Cm) 
Distance from-NoMh Ditch (m) 

Water Table -Control 1cm) 
to Water Table - Corstiol (cm) 

/. Goose River, 1986-1988, 30-m spacing. Depth to 

mineral soil is 93 cm. A) Average water-table pro 

files before (+) and after (♦) drainage. B) Regression 

lines before ( ■ ) (y m 038x + 953, r2 a 0.77/ and 

after (0)[y = 0.95x + 14.84, r2 = 0.92} drainage. 

Figure 2. Goose River, 1986-1988. 40-m spacing. Depth to 

mineral soil ix 96 cm. A) Average water-table profiles 

before (+) and after (♦) drainage. B) Regression 

lines before (M}[y<s 0.36x + 1154, r2 = 0.79} and 

after (Q)[y = 120x+ 836, r2 - 0.87] drainage. 

To minimize the confounding effects of dry years on 

levels of groundwater table, regression analyses were 

carried out on values for depth to groundwater tables for 

the undraincd control and for each ditch spacing. The 

results {Fig. lb, 2b and 3b) indicate that, in each case, the 

post-drainage relation is distinct from the prcdrainage 

one; consequently, the drainage treatment had a greater 

impact on average levels of groundwaler table dian did 

ihc drier climatic conditions of 1987. The slopes of the 

post-drainage graphs are about three times those of the 

prcdrainage graphs. 

Streamwater Quality 

In 1986, concentrations of Cu, Ni, As and P in down 

stream water samples were always below detection lim 

its for these elements. Concentrations of Ti, Pb, and Zn at 

these locations were also frequently below the detection 

limits. The highest concentrations of Ti, Ph andZn de 

tected in the downstream samples were 0.01, 0.04 and 

0.04 mg kg"1, respectively. The large number of /.cro val 

ues did not allow for statistical analysis of data for these 

elements. 

Analyses of the 1986 data on suspended sediment and 

chemicals in water (Table 2} showed that diere were no 

significant differences between upstream and down 

stream Concentrations for suspended sediment, total N, 

Ca, Mg, Na, Mn, S and specific conductance. The differ 

ences were significant for K and Fc. In the case of alumi 

num (Al), differences between the upstream mean and 

the mean for the first downstream station (Dl) were sig 

nificant, bul differences between the upstream mean and 

the mean for tlic second downstream station (D2) were 

not. The upstream means were significantly greater for K 

and Al. Both downstream means were significantly 

greater for Fe. 
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Average Dentil to Water Table 

S -

Dislanco from North DitCli (m) 
Control 

Pre-Orainaqe Post-drainage 

Deptri lo Water Table - Control (cm) 

Figure 3. Goose River, 1986-1988, 50-m spacing. Depth to 

mineral soilis80 cm. A) Average water-table profiles 

before (+) and after ft) drainage. B) Regression 

lines before (M)[y = 033x + 3.95, r2 « 0.91] and 

after (O)[y = 0.98x + /43, r2 = 0.93j drainage. 

Tree Growth 

The results cited here are treated more fully in an un 

published report3. The pretreatment data indicated that, 
before drainage, the height growrti of black spruce in 

both the treated and the untreated areas was poor. There 

were no significant differences in age, total tree height 

and leader length between the two sites. The average age 

for all trees measured in 1976 was 15.4 years. The 

clearing and scarification treatment greatly reduced 

stocking in the drained area. 

Table2. Specific conductance and mean concentrations of post-drainage suspended sediment and chemical elements for 
the creek at Goose River, 1986 

Figure 4. Goose River, 1986-1988. Average depth to water 

table before and after drainage for the control and 

for the 30-, 40- and 50-m ditch spacings. 

The average annual leader growth for black spruce in 

the drained area, 6-9 years after treatment began, was 3.8 

limes thai for black spruce in the undraincd area. Neither 

the fertilizers nor the thinning had a significant effect on 

tree leader growth in the drained area but nitrogen did 

have a significant effect on leader growth in the un-

drainedarea; leader growth on the nitrogen-treated plots 

was nearly three times that on the control plots. 

The 1988 data from the 42 destructively sampled 

black spruce trees verified thai drainage had a significant 

effect on leader growth. They also showed that the ratio 

of drained to undraincd leader growfh was being main 

tained at the same ratio as for the 1981-1985 period 

(3.8:1). The average leader growth on the drained area 

was 45 cm. Mean tree height, DBH and volume per tree 

were, respectively, 3.89 m, 4.1 cm and 0.0034885 m3 in 

the drained area in comparison with 2.13 m, 1.8 cm and 

0.0006947 m3 in the undraincd area. The difference was 

highly significant in each case. 

3 Hillman, G.R. 1989. Tree growth on drained forested pcal-

land near Fort McMurray, Alberta. (Unpublished report). 

U = Upstream, Dl = Downstream 1, D2 = Downstream 2 



In the undrained area, there were no significant differ 

ences in average ring width at a height of 0.3 m or in pahi 

between the two periods investigated, 1969 to 1978 and 

1979 to 1988. The pavi was significantly greater (2.6 

times) during the latter period. In the drained area, ring 

width, pahi and pavi were all signi ficantly higher for the 

later, post-drainage period than for die 1969 to 1978 in 

terval. During the 1979 to 1988 period, ring width, pahi 

and pavi were respectively 4,3 and 39 limes greater than 

the corresponding averages for the earlier period. 

Ring width, pahi and pavi for trees on the undrained 

site were compared with those for trees in the drained 

area for the same period. There were no significant dif 

ferences in ring width or pahi during the prcdrainage 

period. During this period, the pavi of trees in the un 

drained area was more than twice that of trees in the 

drained area. (The difference was significant.) A similar 

comparison for the 1979 to 1988 post-drainage period 

showed that tree ring width, pahi and pavi in the drained 

area were 3.3, 3.8 and 7.2 limes greater, respectively, 

than the corresponding values for the undrained area; 

these differences were significant. 

Drainage also had a significant effect on growth of 

deciduous species. No attempt was made to quantify the 

growlh of alder (Alnus crispa), willow (Salix spp.), 

aspen (Populus tremuioides), balsam poplar (P. bal-

samifera) or birch (Betuta pumila), but it was evident 

that a dense growth of these species filled the space 

between the spruce and had attained approximately the 

same height as the spruce canopy. In contrast, in the un 

drained area, growth of willow, birch and black spruce 

was suppressed. 

DISCUSSION 

Groundwater 

Results from Goose River so far indicate that drainage 

has increased the average depth (across the drained pro 

file from ditch to ditch) to the saturated /.one by between 

18 and 27 cm, with theaveragc water table lying between 

depths of 38 and 53 cm. These depths are comparable to 

the range of optimum depths recommended for diffcrem 

tree species that are found in forest-drainage literature 

(Heikuraincn 1964). 

It appears that acceptable depths to water table can be 

achieved with 50-m ditch spacings, but it is not known 

whether this spacing will result in the best growth of 

black spruce. This will be determined when the pcrma-

neni sample plots on Goose River are rcmcasurcd. 

Economics and considerations of environmental preser 

vation dictate that ditch spacings be as wide as possible, 

but they must also be narrow enough to promote accept 

able improvement in tree growth rates. 

The results tell us nothing abouL the residual water 

content in the unsaturatcd zone. Because trees must have 

an adequate water supply, it is important to know the 

water content in the rooting zone after drainage. An arid 

rooting zone is as undesirable as an excessively wet one. 

Preliminary results from McLennan and Wolf Creek 

indicate that drainage has caused water tables there to 

drop as low as, or even lower than, those at Goose River. 

Because of this and because of the complete lack of in 

formation on soil moisture conditions on these sites, soil-

water sampling programs were begun in drained and 

undrained areas on all three experimental sites in 1989. 

This part of the program is a cooperative effort between 

Forestry Canada, the Alberta Forest Service, and the 

Forest Science Department at the University of Alberta. 

Drainage reduces the capacity of peal to store water by 

introducing numerous hydraulic gradients into the 

natural system. Peat depth is between 80 and 100 cm in 

the ditch-spacing evaluation area at Goose river. It was 

previously reported (Hillman 1988a) that most of the 

water running into the lateral ditches came from the 

interface between the peat and mineral (clay) soils and 

that the ditch depth need not extend much below that 

level. Measurements from pressure transducers installed 

atGoose River before drainage have indicaied that water 

table levels fell more rapidly after drainage than before 

drainage (Hillman 1988a). This change reflects the in 

crease in hydraulic gradients as a result of drainage. The 

foregoing observations are related to a reduction in the 

water-storage capacity of the peat. 

The strips between ditches may be considered a scries 

of isolated hydrodynamic systems, and so long as the 

water levels in the adjacent ditches are lower than the 

water lablc level in the strips, Darcy's Law dictates that 

groundwatcr will move out of the strips into the open 

ditches. One aspect of conventional forest-drainage-

ditch network design (used on Goose River) that 

enhances water movement out of llic strips is the require 

ment that lateral ditches be oriented at a sharp angle to 

the contours. As a result, the strips arc oriented almost 

perpendicularly to the slope, and the water flux through 

the strips has a strong downslopc component. 

There are two ways in which the water-storage 

capacity of peat in a drained area can be increased, and 

conversely, drainage effectively curtailed. Either the 

hydraulic gradients can be reduced or eliminated, or the 

saturated hydraulic conductivity can be reduced. The 

first will occur when water is backed up in the ditches 

and [he second may occur over time with peat settlement 

and decomposition. 
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Streamwater Quality 

It would appear from the results that, except for pro 

ducing an increase in the concentration of iron and a 

reduction in the concentrations of potassium and alumi 

num, ditching had no effect on the chemical quality of 

water or suspended-sediment concentrations in the 

stream. An inspection of Ihe sediment ponds and stream 

channel on 24 July 1986, however, revealed that sedi 

ment filled the sediment ponds and also covered the 

banks of the stream channel near each main ditch. This 

was the result of the 99 mm of rain that fell in a 9-day 

period during ditching earlier in July. It was evident that 

the sediment ponds were functioning well but needed to 

be cleaned out after a storm of that magnitude. Perhaps 

several larger ponds are needed to control sediment 
movement. 

The sediment ponds at Goose River were cleaned out 

and enlarged in October 1988, but by mid-June, 1989 

they were filled again. Once more, there was ample evi 

dence of sediment along the banks of the stream channel. 

The sediment pond at Wolf Creek was also filled during 

the first year after drainage but, so far, sediment there 

appears not to have reached [he stream channel. 

It is clear that sampling only during me monthly ser 

vice visits to each experimental area is inadequate for a 

proper assessment of changes in the physical and chemi 

cal quality of stream water that resulL from drainage. The 

results so far arc probably indicative only of water-

quality conditions that prevail during periods of low 

flow. Theoretically, sampling should also be timed to 

coincide with the spring runoff and with storms that 

occur during the remainder of the monitoring period — 

events during which high concentrations of sediment and 

chemical elements are most likely to be flushed inio the 

stream channel. Future plans include the use of auto 

matic water sampling devices linked to siage-mcasuring 

recorders that activate the samplers during storm-flow 

periods. 

One of the main ditches at Goose River is degrading 

and is a major source of sediment. It is deeper than when 

first constructed and its banks have been undercut. It was 

dug in a natural, vegetated draw with a relatively steep 

slope of 0.007. The need to minimize this kind of erosion 

problem suggests that, for the purposes of ditch network 

design, a limit should be imposed on the degree of slope 

that can be tolerated in ditch construction. 

Tree Growth 

It is evident that lowering the water table in ihe study 

area near Fort McMurray affected tree growth. Trees 

were larger as a rcsul!, showing increases in height, 

diameter and volume. Although no measurements of 

groundwater table were taken, it is speculated that drain 

age caused the average water-table level to drop 50 cm. 

After drainage, periodic annual volume increment per 

tree in the drained area was more than seven times that in 

the undraincd area. 

Two important facts should be kept in mind when one 

is assessing the results from the Fort McMurray study. 

First, ihe ditch spacing (10 m) is unusually narrow for 

forest drainage; second, the trees are 30 years old or less. 

The additional value of the Fort McMurray drainage 

study is the young age of the stand. If the study area is 

protected from further disturbance, growth measure 

ments can be taken as the trees pass through different age 

classes. Such measurements will enable us to learn to 

what extent the improved growth rates can be sustained. 

CONCLUSIONS 

Preliminary results from Goose River indicated that 

the average depth to groundwatcr table after drainage 

was between 38 and 53 cm. Additional knowledge about 

water content in the unsaturated zone is required to relate 

ditch spacings to tree growth. 

Data on stream water quality showed that drainage had 

little effect on the physical and chemical quality of water 

during periods of low flow. Automatic sampling devices 

and procedures are needed to monitor water quality 

during spring runoff and storm-flow periods. Degrada 

tion of some main ditches indicated the need to specify in 

future ditch network design [he maximum permissible 

slope for use in ditch construction. 

At Fort McMurray, where the ditch spacing was about 

10 m, young Irccs responded positively to drainage. Tree 

height, DBH and volume were greater in the drained area 

than in the undrained control. Deciduous species also 

grew vigorously in the drained area; if they should 

adversely affect black spruce growth, some form of weed 

control will be necessary. 
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THE STATUS OF PEATLAND FORESTS IN FINLAND, 

BASED UPON THE NATIONAL FOREST INVENTORY 
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ABSTRACT 

A total of 5.8 million ha of peatlands and paludif ied mineral soils, corresponding to 

one-fourth of the total area of forest land, has been drained for forestry in Finland. 

From the 3rd (1951-1953) to the 7th (1977-1984) National Forest Inventory, the 

total volume of peatland stands increased from 252 to 291 million m3 (15%). The 

corresponding estimates for annual increment are about 10 and 15 million m3 (an 

increase of 51%). At present, it is estimated that drainage and fertilization of peat 

lands account for at least 7 million m3 of tree growth annually. Most of the drain 

age areas are still at an early stage of development, but a considerable increase 

in annual production is to be expected by the end of the century. In the near future, 

problems connected with ditch maintenance and first thinnings have to be solved. 

RESUME 

En Finlande, 5,8 millions d'hectares de tourbieres et de sols mineraux turbidities, 

soil (Equivalent du quari de la superficie totale des terrains torestiers, ont ete 

draines a des fins d'amenagement forestier. Entre la tenue du troisieme (1951-

1953) et du septieme (1977-1984} inventaire forestier national, le total du materiel 

surpied des tourbieres a augments, passantde 252 a 291 millionsde metres cubes 

(15%). Les estimations correspondantesdel'accroissementannuelsontd'environ 

10 et 15 millionsde metres cubes (une augmentation de 51%). On evalue ('aug 

mentation de la croissance des arbres attribuable aux activites de drainage et de 

fertilisation des tourbieres a au moins 7 millions de metres cubes par annee. Les 

peuplements de la plupart des secteurs assainis en sont toujours a leur premier 

stadede developpement, mais leur production annuelle devrait connaltre une aug 

mentation considerable d'ici la fin du siecle. II faudra bientot re"soudre des 

problemes relatifs a I'entretien des fosses et aux premieres eclaircies. 

INTRODUCTION 

At present, about 5.8 million ha ofpeatlands and palu-

dified mineral soils have been drained for forestry in 

Finland (Anon. 1988). The aim is to reach a total of 6.5 

million ha. 

Information about Finnish pealland forests is based 

mainly on the material gathered in connection with the 

national forest inventories. The results presented in this 

paper about the possibilities of using drained peadands 

for timber production are based mainly on the 7lh 

National Forest Inventory (NFI) (1977-1984). Calcula 

tions were made separately for soudicrn and northern 

Finland (Fig. I). 

LAND CLASSES 

One of the main purposes of forest drainage is to con 

vert unproductive pealland into forest land. At the time 

of the 7th NFI the ca. 9.0 million ha of peatlands in 

Finland consisted of 53% forest land (i.e., mean annual 

increment, with bark, during a rotation of 100 years is ai 

least 1 m3/ha), 24% scrubland (mean annual increment 

0.1 to 1.0 m3/ha), and 23% wasteland (mean annual in 

crement less than 0.1 m3/ha). A considerable part of the 

scrubland and wasteland was still undrained (Table 1), 
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Figure I. Research area. 

Table 1. Division of ihe total peatland area into different 

land classes 

Land class Southern 

Finland 

Northern 

Finland 

Total 

1000 ha % 1000 ha % 1000 ha % 

Forest land 

Scrubland 

Wasteland 

2687 

455 

312 

78 

13 

9 

2075 

1708 

1791 

37 

31 

32 

4762 53 

2163 24 

2103 23 

It should also be mentioned that some of the sites orig 

inally classified as shallow mires were reclassificd in the 

7th NFI in the group of drained mineral-soil sites, and arc 

therefore not included in Table 1. 

The proportion of forest land on peat soils was consid 

erably higher in southern than in northern Finland (Table 

1). This is because of the extensive peatlands (especially 

open mires) that arc, for biological and economic rea 

sons, unsuiiable for draining in the climatic conditions of 

northern Finland. 

Peatlands are divided in the Finnish classification sys 

tem into three groups: open mires, spruce (Picca abies 

spp.) mires and pine (Pinus sylvestris spp.) mires. Each 

group is further divided into a number of different peat 

land site types. In the 7th NFI some of the spruce mires 

were included in the class of virgin peatlands (Table 2). 

Most of these sites, as well as some of the pine mires, are 

nutrient-rich swamps in which the water is constantly 

moving. Of the spruce mires, 14 and 32% in northern and 

southern Finland, respectivcly, were classified as trans 

formed pcatland that has reached full productivity as a 

result of drainage and contains ground flora similar to 

that of mineral sites. For the pine mires, the respective 

figures for transformed mires were only 3 and 11%. 

TREES SPECIES AND DEVELOPMENT 

CLASSES 

The dominant tree species on 51% of the area of 

spruce mires on forest land in southern Finland is 

Norway spruce (Picea abies) (Table 3). Birch {Betula 

pubescens) and other hardwoods arc also quite common 

on spruce mires, especially in northern Finland. Scots 

pine {Pinus sylvesiris) is the dominant tree species on 

93-95% of the pine mires. 

On average, 10 to 11% of the stands on spruce mires 

arc classified as mature. On me pine mires, (he propor 

tion of "young thinning" stands is higher, and that of 

"advanced thinning" stands lower, than on spruce mires. 

Only 2 to 3% of liie pine mires are mature stands. 

The proportion of low-yielding stands (class 8) is 

rather high on spruce mires, especially in northern 

Finland (Tablc4). The proportion of low-yielding stands 

on pine mires is only 2 to 4%. 

VOLUME AND GROWTH 

The volume of peaLland forest stands is clearly depen 

dent on the climatic region and the peatland site type 

(Fig. 2). For example, the stand volume on fertile spruce 

mires in southern Finland is more than 100 m3/lia, 

whereas the volume of pine stands on poor sites in north 

ern Finland is less than 20 m3/ha. 



67 

Table 2. Distribution of the area of forest land classified as spruce and pine mires according to the stale of drainage 

Spruce mires Pine mires 

State of drainage Southern Finland Northern Finland. Southern Finland Northern Finland 

1000 ha 1000 ha 1000 ha 1000 ha 

Virgin pcadand 299 25 

Newly ditched peatlanda 80 7 

Transforming pcatlandb 423 36 

Transformed pcatlandc 381 32 

233 

47 

303 

98 

34 

7 

45 

14 

211 

184 

950 

159 

14 

12 

63 

11 

308 

140 

904 

42 

10 

65 

3 

Tot; 1183 100 681 100 1504 100 1394 100 

' These can be cither rccenlly drained or older drainage areas in which the trees and ground vcgetalion show no or little 

response to drainage. 

b An intermediate stage after drainage. The effect of drainage is percepuble in the growing stock and ground vegeta 

tion. 

cThesc have reached full productivity as a result of drainage. Ground nora is comparable with that ofmineral-soil sites. 

Table 3. The dominant tree species on forest land {% of 

area) 

Pine mires 

Dominant 

tree species 

Spruce mires 

Southern Northern Southern Northern 
Finland Finland Finland Finland 

Treeless 3 6 12 

Piceaabies 51 39 1 

Pinus sylveslris 24 14 95 93 

Betuta and other 

deciduous spp. 22 41 3 3 

Table 4. Development classes on forest land (% of area) 

Spruce mires Pine mires 

Development Southern Northern Southern Northern 

class3 Finland Finland Finland Finland 

1 

2 

3 

4 

5 

6 

7 

8 

2 

5 

13 

31 

28 

10 

1 

10 

3 

3 

12 

29 

17 

11 

0 

25 

1 

6 

31 

42 

14 

3 

1 

2 

1 

4 

41 

39 

8 

2 

1 

4 

a 1 ■ Open area or seed-tree stand 

2 = Small seedling stand 

3 = Advanced seedling stand 

4 = Young thinning stand 

5 = Advanced thinning stand 

6 = Mature stand 

7 = Sheitcrwood stand 

8 = Low-yielding stand 

in t lia 

100-

50-

m'/ha 

100-

50-

Spruce mires 

Snath 

Finti nd 

A B C 

Pine mires 

1 
A B C D E 

Figure 2, Mean stand volume on different peatland site types. 

A = peatland with eutrophic vegetation, B - herb-

rich peatland, C = la H-sedgeandMyniW us peatland, 

D = Small-sedge and Vaccinium peatland, E = 

cottongrass and dwarf-xhrub peatland 

The total volume of pcatland forests, according to the 

3rd and 7th NFIs, is as follows: 

Stand volume, million m3 

Region 3rd NFI 7th NFI 

(1951-1953) (1977-1984) 

Southern Finland 161 194 

Northern Finland _91 

Total 252 291 
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The total volume has increased by 15% over a period 

of about 30 years. The increase is even higher if we take 

into account the fact that some of the sites originally clas 

sified as shallow-peatcd were assigned in the 3rd NFI to 

the pcailands category, but were included as mineral-soil 
sites in the 7th NFL 

The effect of climate and site type is very clearly re 

flected in the mean annual stand increment (Fig. 3). The 

highest annual increment under the best conditions was, 

on average, about 6 m3/ha, and in poor cottongrass pine 
stands in northern Finland, only about 1 m3/ha. 

mVha/yr Spruce ni ires 

m c-

A-

2-

Smlh 

Finland 

Horlli 

Finland 

m3/ha/yi 
Pine mires 

A B 

Figure 3. Mean annual increment on different peailand site 
types. A = peatland with eutrophic vegetation, B = 

herb-rich peailand, C = tall-sedge and Mynillus 

peatland, D = small-sedge andVaccimum peatland, 
E - cottongrass and dwarf-shrub peatland 

The estimated total volume growth of all peatland 

forests according to the two different inventories was as 
follows: 

Region 

Southern Finland 6.49 

Northern Finland 3.37 

Total 9^6 

Annual increment, million in3 

3rd NFI 7th NFI 

(1951-1953) (1977-1984) 

10.65 

4.21 

14.86 

The effect of drainage and fertilization on peatlands 

and the improved silvicultural condition of peatland fo 

rests arc clearly evident in the difference between the 

two inventories. The increase in total volume growth 

over a period of about 30 years is 51%. 

QUALITY OF STANDS AND 

THE NEED FOR CUTTING 

As was mentioned earlier, some of the peatland forests 

were low-yielding and therefore under-productive. This 

can also be seen in Table 5, in which the stands are di 

vided into different classes according to their silvlcultur-
a! quality. 

Table 5. The quality of stands on forest land (% of area) 

The quality of the stands was good to satisfactory on 

Che majority of Uic pine and spruce mires in southern 

Finland. Stands of good quality were not common on 

spruce mires in northern Finland, where only three-

fourths of all the stands had sufficient development po 
tential. 

On average, 21 to 23% of the peatland forest stands 

were in need of cutting during the next 5-year period 

(Table 6). The proportion of stands in need of cutting 

during the second 5-ycar period was greater in the south 
ern part of the country than in the north. The need for 

cutting was more urgent on spruce than on pine mires, 

primarily because of the high proportion of hardwoods 
on the former sites. 

CONCLUSIONS 

The results of the NFIs presented here, as well as some 

other recently published results (Kellikangas et al. 1986, 

Mattila and Pcnttiia 1988), clearly show that peatlands in 
Finland have great potential for timber production. Even 

now, when most of the drainage areas are still at an early 

stage of development, a considerable increase in the vol 

ume and growth of pcatland forests has been achieved. 

Forest improvement work (drainage and fertilization of 

pcatlands) and silvicultural measures arc estimated to 

have resulted in an additional 7 million tn3 peatland 
forests annually. 
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Table 6. The need for cutting in pcatland forests, expressed by development class (% of area) 

a 1 = Open area or sced-iree stand 

2 = Small seedling sland 

3 = Advanced seedling stand 

4 = Young thinning stand 

5 = Advanced thinning stand 

6 h Mature stand 

7 = Shclterwood stand 

8 = Low-yielding stand 

However, before we can effectively utilize the poten 

tial of Finnish peatlands For limber production, problems 

in several areas will have to be solved. Suitable methods 

for the maintenance of drainage networks, which involve 

the repair of ditches and construction of new ditching 

systems to supplement existing ones, are not yet fully de 

veloped. The environmental effects of drainage will also 

have to be considered in this connection. Furthermore, 

there is not enough lightweight machinery suitable for 

first thinnings or for future harvesting on peatlands. 

Finally, the quality and quantity of silvicultural measures 

carried out on peatlands arc not yet adequate. Special 

attention should be paid to first thinnings and the in 

creased utilization of birch, and to the economical use of 

fertilizers in pcadand forests. 
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ABSTRACT 

The effects of drainage on the growth of peatland forests and especially on post-

drainage timber volume are estimated for Finnish Lapland. The study area covers 

32% of the land portion and 38% (34 000 km2) of the peatland portion of Finland. 

In Lapland, the area of peatland drained for forestry is about 8,000 kma. The 

distribution of the peatland area into land classes is based on data from the 

National Forest inventories. The area of land in the categories "spruce mire", 

"pine mire" and "treeless mire\ and the distribution of peatland area into trophic 

levels, are shown. The main stand characteristics, taken from the 7th National 

Forest Inventory, are examined, Estimates of mean annual increment (or Pinus 

sylvestris, Picea abi&s and Betula pubescens on drained and undrained peatland 

sites are compared. The effect of site trophic level on growth response of conifer 

stands is examined with the aid of data obtained from permanent sample plots. 

The relative growth rates for coniferous stands on different peatland sites are 

compared with those on upland sites. The need for a modeling approach to the 

growth of peatland forests is emphasized. 

RESUME 

Les efiets du drainage des tourbieres sur la croissance des forets qui y poussent, 

notamment sur Je volume de bois produit apres tes travaux, sont esiimes pour la 

Laponie finlandaise. La region etudiee couvre 32% de la superficie emerges et 

38% (34 000 km2) de !a partie couverte de tourbieres de la Finlande. En Laponie, 

la superficie des tourbieres drainees pour la production foresiiere est d'environ 

8 000 km2. La repartition des tourbieres dans les diverges categories de terrains 

se Jonde sur les donnees collectees a la faveur des inventaires forestiers natfon-

aux. La superficie classee dans les categories «marecage a epinettes», 

«marecage a pins» et «marecages sans arbres» alnsi que la repartition 

trophique des marecages sont montrees. Les principales caracteristiques des 

peuplements, tirees tfu septieme inventaire forestier national, sont examinees. On 

compare I'accroissement annuel moyen estimatif de Pinus sylvestris, de Picea 

abies et de Betuia pubescens dans les stations de tourbieres drainees et nan 

drainees. L'effet du niveau trophique stationnel sur I'accroissement des peuple 

ments de coniferes est examine a I'aide de donnees obtenues dans des placettes 

d'echantillonnage permanentes. La Vitesse relative de I'accroissement des 

peupfements de coniferes dans les differentes stations de tourbiere est comparee 

a la vitesse observes en terrain sec. Le besoin d'une moderation de 

I'accroissement des forets de tourbiere est souligne. 
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INTRODUCTION 

Climatic factors greatly affect the growth rate of 

forests in Finland. Hence, climate also affects the effi 

ciency of treatments intended to increase tree growth, 

such as drainage of peatland forests. In ihc Finnish drain 

age directives, the climatic limit for profitable forest 

drainage is defined as a certain temperature sum for each 

peailand site type. Under the climatic conditions indi 

cated by this critical temperature sum, drainage should, 

on average, result in future benefits equal to the costs of 

drainage at a certain rate of interest. 

For most open bog and fen types, and for the ombro-

[rophicpine mires, the climatic limit for profitable drain 

age is found in the southern part of Finland. Most of the 

forested mire types, however, are considered suitable for 

drainage far into the north. The rationale for forest drain 

age - especially in northern Finland - has been continu 

ally discussed and criticized. The drainage directives in 

Finland arc based mainly on research concerning post-

drainage productivity on different mire site types (e.g., 

Heikuraincn 1959, Hcikurainen and Seppala 1973). 

However, there is a lack of quantitative knowledge about 

the response of peatland stands to drainage. 

This paper examines the effects of forest drainage on 

forest growth and stand characteristics for different peat-

land site types in northern Finland. A review of recent 

research reports and preliminary results of a continuing 

research project are presented. The aim of the paper is to 

give an estimate of the response of peailand stands to 

drainage in terms of mean annual increment and relative 

growth rates at different stages of stand development. 

MATERIAL AND METHODS 

The mean temperature-sum curves for northern 

Finland for the period 1941 -1970 are shown in Figure 1 a. 

Characteristics of peatland areas in northernmost 

Lapland (north of sub-region 2, see Fig. 1) were included 

in the results, whereas forest stand characteristics were 

excluded. This was done because of the marginal impor 

tance of peatland forests in northern Lapland. 

The characteristics of peailands and peatland forests 

in northern Finland discussed here arc based mainly on 

the results of the Finnish National Forest Inventories 

(NF1) published by Manila and Penitila (1987) and by 

Paavilainen and Tiihonen (1988). The results of field 

surveys of peailands drained for forestry between 1930 

a 

700 

North 

Finland 

Figure 1. Sub-regions of the study area, the temperature sum (at a5°C threshold) for the period 1941-1970, and the location of the 

SINK/i permanent sample plots used inthe study (a = stands dominated by Norway spruce, b = stands dominated by Scots 

pine) 
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and 1978 (Kcltikangas et al. 1986) were used to describe 

the site-type distribution of drained peailands in the 

study area. 

The responses of pcatland stunds to drainage were 

examined in two different ways. Drained and undraincd 

peailands on forest land were compared in terms of mean 

annual volume increment (MAI), which was computed 

from the data of the 7th NFI (carried out from 1982 to 

1984). MAI was calculated separately for Scots pine 

(Pinussylvesiris), Norway spruce {Picea abies), decidu 

ous tree species (mainly birch, Betula pubescens), and 

for all tree species together. The growth responses were 

also examined by analyzing volume increment data from 

a network of permanent sample plots, the so-called 

'SINKA'-plots (Penttila and Honkancn 1986), on peat-

lands. Relative growth rates of SINK A stands, defined as 

stand volume increment divided by the initial stand vol 

ume, were compared with the results of growth and yield 

models for upland conifer stands. 

The SINKA network was setup from 1984 lo 1989 by 

the Peailand Forestry Department of the Finnish Forest 

Research Institute. It includes both drained and un 

draincd peatlands in all land classes. Permanent sample 

ploLs were selected from the field sample of the 7lh NFI, 

stratified by slate of drainage, dominant tree species, and 

trophic level. Stands in which the height of dominants 

was less than 5 m, or in which the proportion of hard 

woods was >5Q% of the stand volume, were excluded 

from the data. Volume increments of the stands were 

computed by a standard growth-analysis method 

(Heinonen 1981) based on DBH and height-growth mea 

surements from the past 5-ycar period. 

RESULTS 

Peatland Area and Site Quality 

Northern Finland covers 10 million ha, one third of 

the land area of Finland. The pcailand area in northern 

Finland is 3.4 million ha, or 34% of Hie total peatland 

area in the country. The distribution of drained and un 

draincd pcatlands is shown in Table 1. According \a the 

7th NFI, 70% of the drained peatlands were classified as 

forest land, 24% as scrub land and 6% as waste land. 

Drained peatlands Louiled 800,000 ha, 17% of the total 

drained peatlands in the country. Since the 1950s, some 

200,000 ha of peatlands have been converted from waste 

land or scrub land to productive forest land. This trend is 

likely continuing, at least on recendy drained areas. 

Table 2 summarizes drainage conditions oCpcatlands 

classed as forest land according to the 7th NFI. Only 8% 

of these drained peatlands had reached the final 'trans 

formed' state, in which the ground flora resembles that 

of mineral sites. Transforming pcatlands accounted for 

78% of these drained peailands. 

Table 1. Area of drained and undrained pcallands in 

northern Finland, by land class (from the 3rd, 

5lh, and 7th National Forest Inventories |NFI]) 

Area (1000 ha) 

Pcatland type3 

NFI 3 

(1952-54) 

NFI 5 

(1969-70) 

NFI7 

(1982-84) 

a For forest land, scrub land, and waste land, mean annual 

increment (over bark, under optimal silvicultural condi 

tions) was >1 m3ha"1,0.1-lm3ha"1and<0.1 m3ha-', 

respectively. 

Table 2. Area of spruce mires and pine mires on forest 

land in northern Finland, by drainage condition 

a Newly ditched land comprises recently drained land or 

older areas on which trees and ground vegetation have 

shown no response to drainage; transforming land is an 

intermediate stage, in which the effects of drainage are 

perceptible in the growing slock; transformed land has 

reached its full potential production as a result of drain 

age, and ground flora resembles that of mineral-soil 

sites. 

The area of drained spruce mires was rather evenly 

distributed among four trophic classes (Table 3). How 

ever, drained pine mires are primarily oligotrophic sites. 

The drained waste land and scrub land classes are mainly 

open mires, open fens and bogs; this class totals 100,000 

ha (Table 3). 
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Table 3. Area of drained peatlands, by trophic class, in 

northern Finland (derived from Kcllikangas el 

al. [19861) 

Area 

Spruce mires Pine mires Open mires 

TrophiccSass lOOOha % lOOOha % lOOOha % 

Eutrophic 

Mesotrophic 

Oligo-

mesotrophic 

Oligoirophic 

Poor 

oligoirophic 

Ombrotrophic 

47 

56 

49 

44 

24 

28 

25 

23 

80 

49 

59 

273 

6 

4 

17 

10 

13 

58 

1 

1 

21 

23 

42 

13 

21 

23 

41 

13 

All 196 100 471 100 101 100 

Stand Characteristics 

On average, drained stands were less well stocked 

than undraincd ones (Table 4). Tliis results from Die cut 

ting of trees connected with drainage and the conversion 

of sparsely treed scrub land and waste land to forest land 

after drainage (Matlila and Penttila 1987). On spruce 

mires, the proportion of hardwoods has increased after 

drainage whereas pine mires continue to be dominated 

by pine in all drainage-condition classes (Table 4). 

The response of volume increment of peaUand stands 

to drainage was first examined by using the estimates of 

MAI computed from the dam of the 7th NFI (Table 5). 

Comparison of drained and undraincd peatlands indi 

cated a clear response in pine mires and hardwood-

spruce mires in southern Lapland. There was no response 

in the northern sub-rcgion.The responses of birch and 

Scots pine to drainage were better than diat of Norway 

spruce. 

Table 4. Mean volume and its distribution, by tree 

species, on peatlands on forest land in northern 

Finland 

Drainage 

condition8 

Tree spccicsb 

(mean volume, m3 ha"1 

S B All 

Spruce mires 

Undrained 

Newly ditched 

Transforming 

Transformed 

Pine mires 

Undraincd 

Newly ditched 

Transforming 

Transformed 

4.5 

3.8 

2.2 

3.5 

21.1 

8.5 

16.7 

16.9 

28.3 

12.8 

14.8 

18.8 

3.5 

1.4 

1.6 

0.8 

21.5 

13.5 

22.0 

41.1 

4.1 

2.4 

2.6 

4.5 

54.3 

30.1 

39.0 

63.4 

28.7 

12.3 

20.9 

22.2 

a Newly ditched land comprises recently drained land or 

older areas in which trees and ground vegetation have 

shown no response to drainage; transforming land is an 

intermediate stage, in which the effects of drainage arc 

perceptible in the growing stock; transformed land has 

reached its full potential production as a result of drain 

age, and ground flora resembles that of mineral-soil 

sites. 

b P = Scots pine, S = Norway spruce, B = birch and other 

deciduous spp. 

Table 5. Mean annual increment on undrained and drained pcatlands on forest land in northern Finland, by tree species 

(derived from Mattiia and Pcntlilil [1987]) 

Mean annual increment (m3 ha'1 yr'1) 

Site typea 

Pine mires 

sub-region 1 

sub-region 2 

Hard wood-spruce mires 

sub-region 1 

sub-region 2 

All mires 

sub-region 1 

sub-region 2 

northern Finland 

1 Sub-regions 1 and 2 arc shown in Figure 1. 

P = Scots pine, S = Norway spruce, B = birch and other deciduous spp. 
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The inventory method of the 7th NFI used in northern 

Finland {Manila 1985) does not permit reliable estimates 

of MAI for different tree species on different site types. 

Preliminary stand growth results from the SINKA plots 

arc presented in Figures 2 and 3 to show the effect of site 

type and inferred trophic level on growth responses. 

Since the SINKA study was aimed mainly at tree growth 

models, data from the undraincd strata arc inadequate for 

relevant analysis of stand increment, especially on hard 

wood-spruce mires. Therefore, observations in un-

drained stands were first compared with the stand growdi 

models for undraincd pcadand stands on forest land 

(Gustavsen and Piiiviinen 1986). The equations for the 

correlation between the annual volume increment over 

the past 5 years and the stand volume seemed to fit die 

SINKA data on the corresponding site types fairly well 

(Fig. 2). As reported by Gustavsen and Paiva'nen (1986), 

the variation in stand growth on undrained pine mire 

stands that appeared in the SINKA data did not seem to 

depend on the pcatland site type (Fig. 2a). Hence, the 

equation for paludificd pine forests (KgR) in nordiem 

Finland was chosen to represent the stand increment on 

all undrained pine mire sites. Similarly, the equations for 

undraincd hardwood-spruce mires were used to repre 

sent growth for the site types represented in the SINKA 

data {Fig. 2b). 

On pine mires, ihc relationship between stand volume 

and stand volume increment (i.e., relative growlh) over 

the past 5 years indicated a clear growth response at all 

trophic levels (Fig. 3a-d). After drainage, relative growth 

rale was highest on mcsolrophic and oligo-mcsotrophic 

pine sites. The variation in relative growlh rate was 

rather large, especially on mcsolrophic and oligotrophic 

pine mires. 

For hardwood-spruce mires, only the stands dom 

inated by Norway spruce were included in the study 

material. According to Manila and Pcntlilii (1987), 41% 

of ihc area of hardwood-spruce mires was dominated by 

Norway spruce. The relative growth rate of the suinds 

indicated a clear growth response to drainage only on 

eulrophic and mcsolrophic sites with a high stocking. On 

the oligo-mcsotrophic sites, practically no response was 

shown (Fig. 3e,f). 

a 

Stand increment,(m /ha/yr) 
8 
Stand increment,(m /ha/yr) 

KgK 

0 

20 40 60 80 100 120 140 160 0 

Stand volume,(m 3/haJ 
50 100 150 200 

3 

Stand volume,(m /ha) 

250 

Figure 2, MAI over ihe past 5 years as a function ofstanilvotumcon(a) undrained pine mires and(b) undrained hardwood-spruce 

mires in norihern Finland. Plotted observations indicate the SINKA stands (see text); curves were derived from data 

in Gustavsen and Pdwanen (1986) 

LR - eulrophic pine mire KgR - paludified pine forest 

RhR - mesotrophic pine mire KgK - paludified Vaccinium mynillus spruce forest 

SsR - oligo-inesotrophic pine mire VK - V. niyrtillus or V. vilis-idaea spruce swamp 

PsR - oiigotrophia pine mire 
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Figure 3. MAI observalions for the drained SINKA Stands compared with the curves for undrained peatland stands in northern 
Finland (Gustavsen and Pdivdnen 1986) and upland conifer cultures of different dominant height indices {Vuokila and 

Valiaho 1980). LhK indicates undrained eutrophic paludified hardwood-spruce forest; for KgR, KgK, and VK, see Fig. 2. 
a - eutrophic pine mire (LR) d - oligolrophk pine mire (PsR) 

b - mesotrophic pine mire (RhR) e - eutrophic and mesotrophic harwood-spruce mire (LK, LhK, RhK) 

c - oligo-mesotrophic pine mire (SsR) f- oligo-mesotrophic hardwood-spruce mire (VK, KgK) 
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The relative growih rates of stands on drained eulro-

phic, mesoirophic, oligo-mesotrophic and oligotrophic 

pine mires appeared to correspond, on average, to those 

of upland pine stands with dominant site indices of 15, 

18,18 and 15 m, respectively at an age of 100 years, (Fig. 

3a-d). An applicable model for the relative growih rale of 

undrained pine mires is not found in the growih yield 

tables for conifers (Vuokila and Viiliaho 1980). From an 

extrapolation of the growth and yield tables, the cor 

responding dominant site index would be no more than 

12 m. This is confirmed by the stand characteristics of 

the virgin forested pine mires in northern Finland studied 

by Gustavsen and PSivilncn (1986, p.ll). According to 

Vuokila and Valiaho (1980), the difference between the 

stands with dominant-height site indices of 15 and 18 m, 

as well as between [hose with indices of 18 and 21, is 

about 1 m3 ha~! yr1 in MAI during the rotation period. 

Hence, it can be estimated (hat the average increase in 

MAI as a result of drainage of pine mire stands in 

Lapland would be at least 1 m3 ha'1 yr1 on oligotropliic 

and cuLrophic pine mires and 2 m3 ha'1 yr1 on oiigo-

mesotrophic and mesoirophic pine mires during the 

whole rotation period. 

The relative growih rates of sprucc-dominaicd stands 

on drained eutrophic and mesoirophic hardwood-spruce 

mire sites were generally lower than those of Norway 

spruce stands with a dominant height site index of 21 at 

100 years (Fig. 3e), i.e., the lowest index given in the 

growth and yield tables by Vuokila and Valiaho (1980). 

The relative growth rates of stands on drained oligo-

mesotrophic sites did not appear to differ from those in 

the model for corresponding undrained sites (Fig. 3f). In 

the early 1950s, the average dominant height on virgin 

forested spruce mires on productive forest land in north-

em Finland was from 11 to 14 m at ages of 109 to 135 

years (Gustavsen and Pitiviinen 1986, p. 11). This pro 

vides a reference for the dominant height indices of 

undrained hardwood-spruce mire stands. Because of 

inadequate data and the lack of a reference point, it was 

not possible to estimate the magnitude of the response of 

hardwood-spruce mire stands lo drainage during the 

rotation period. 

DISCUSSION AND CONCLUSIONS 

In northern Finland, forest drainage is not as common 

a practice as in the southern parts of the country. This is a 

natural consequence of the climatic conditions and the 

large proportion of open fens and bogs. Recent results of 

field surveys indicate that not all of the drainage activi 

ties in northern Finland have been undertaken on the 

optimal sites in terms of cost-efficiency. Large areas of 

treeless peailands and poor pine mires have been ditched. 

in addition, because of the cold climate, a relatively 

small proportion of the total area of drained pcatlands 

consists of transformed pcatlands. However, the area of 

productive forest land on pcatlands has increased signifi 

cantly since the 1950s, when large-scale drainage began 

in northern Finland. 

In the early 1980s the average growth response (MAI) 

to drainage in northern Finland was about 0.5 m3 ha"' 

yr"1 on the basis of estimates for all drained and un 

drained peatlands on forest land. The estimated MAI on 

drained pcatlands, computed from the data of the 7th 

NFI, was very close to that reported by Kcltikangas et al. 

(1986) for the same area. As well, the estimated MAI of 

undraincd peatlands on forest land was quite close to that 

calculated from the data of the 3rd NFI (carried out in the 

early 1950s) (Mattila and Pentlilii 1987). 

From the results of the 7th NFI, the response of peat-

land stands to drainage in southern Lapland was superior 

to that in central Lapland. As well, the hardwood-spruce 

mire stands responded better than pine mire stands. In 

terms of MAI, birch responded better man Scots pine and 

Scots pine better than Norway spruce. 

Data from a continuing growth and yield research 

project, SINKA, were used to show the effect of site 

trophic level on the relative growth rate and on the 

response to drainage of pcatland stands dominated by 

conifers. In stands dominated by Norway spruce, there 

was a clear response to drainage on eutrophic and meso 

irophic sites but none at all on more oligotrophic sites. 

The contribution of hardwoods to the growih response of 

mixed hardwood-spruce mire stands will remain 

unknown unti! more data are obtained from repeated 

measurements of the SINKA plots. 

There was a lack of correspondence between pcatland 

classification, when based on trophic levels, and the 

post-drainage productivity of stands on pine mires. On 

eutrophic pine mires, the post-drainage relative growth 

rates were clearly inferior to those of mesotrophic sites, 

as Kcllikangas et al. (1986) had found. This is somewhat 

unexpected in view of the results of earlier studies 

(Heikuraincn 1959, Heikurainen and Scppitla 1973), 

although it has long been known that the factors deter 

mining the trophic level of a site are not necessarily 

those that'have the greatest impact on tree growth. This 

may contribute to the great variability of relative growth 

rates within trophic classes after drainage. 

In general, drainage appears to increase tree growih 

on forested peatlands in northern Finland. The magni 

tude of the growth response to drainage evidently 
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depends on the climate and nutritional status of the site, 

and also on tree species composition and stocking of the 

stand. In Finland, few quantitative studies have been car 

ried out on the effects of all these factors. Although the 

drainage program in Finland is almost finished, model 

ing to estimate the growth rate of trees on peat is still 

essential as a planning tool for use in the management of 

peailand forests. This will be a major element of Finnish 

peatland forestry research in the near future. 
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ABSTRACT 

A forest drainage trial was carried out in 1983 in the Beausejour forest, 25 km 

southwest of Quebec City. The peatland type is a tall-sedge/larch [Larix spp.) 

swamp, in the sapling stage of development. Permanent sample plots were 

measured in 1983 and 1988 al 20-, 40-, 60- and 80-m ditch spacings, and in con 

trols. The increase in diameter and height growth was proportional to drainage 

intensity. Diameters have increased 85% in the plots with 20-m spacing, in com 

parison with 15% in the control. The increase in height growth was 64% and 10%, 

respectively, in plots with 20-m spacing and in the control. After 5 years of obser 

vation, the results indicate a fast and strong reaction to drainage for eastern larch 

(Larix laricina). 

RESUME 

Un reseau de drainage a ete Stabli en 1983 dans une tourbiere de la Foret de 

Beausejour, a 25 kilometres au sud-ouest de la ville de Quebec. Le site, une tour 

biere a sphaignes et a carex, est peuple d'un melezin (Larix spp.) au stade de 

gaulis. Desparcelles-echantillonsonte't6mesure'esen1983eten 1988 dans des 

ecartements de 20 m, 40 m, 60 m, 80 m et dans des secteurs temoins. Les resultats 

d6 monirent que les accroissements en hauteur et en diametre sont proportionnels 

& I'intensit6 du drainage. Les diametres se sont accrus de 24% dans les 

Ecartements de 20 m alors que I'augmentation ne fut que de 15% dans les secteurs 

temoins. La hauteur des arbres a augmente de 64% dans I'espacement de 20 m 

et de 10% dans les secteurs temoins. Malgre seulement cinq annees 

d'observation, les resultats tSmoignent d'une reaction rapide du meleze [Larix lari 

cina) au drainage. 

INTRODUCTION 

In many European countries, forcsulrainagc is recog 

nized as an effective means of increasing the productiv 

ity of wooded pcatlands (Hcikurainen 1983). As a rule, a 

network of drainage diichcs is established to collect sur 

face and infiltration waters. Tree roots can thus draw the 

nutrients they require from a larger volume of better 

aerated soil. This improvement is translated into stem 

growth. Best results are obtained where the peadand is 

fertile, and where the site is covered with preferred 

species that have reached the development stage (as sap 

lings or young trees) (Hcikurainen and Kuuscla 1962). 

At the beginning of me 1980s, nearly 0.5 million ha of 

peatland in Europe were drained each year for silvicul-

tural purposes. Half of this work was carried out in the 

Soviet Union (Hcikuraincn 1983). During this same 

period, silviculture developed rapidly in Quebec. Nevcr-

dieless, the first forest-drainage tests were conducted 

only recently. At present, 4000 to 5000 ha Lire drained 

each year. A drainage system is often established after 

clcarcutling on mineral sites. This work is done to keep 

the soil productive and to make the site easier to manage 

and more accessible for reforestation. Other projects are 

undertaken to improve the growth rate of existing stands. 
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In Quebec, as in the rest of Canada, few studies have 

dealt with the growth rate of wooded pcailands after 

drainage (Hillman 1987). All silvicultural ircatmcnis 

carried out in Quebec's public forests -including drain 

age - are monitored for tree growth response. Dozens of 

sample plots are therefore set up each year in the regions 

in which drainage work is carried out, to assess the effect 

of drainage on the growth of wooded peadands. 

The findings presented herein arc taken from a drain 

age system established in 1983 and rcmcasured in 1988, 

after 5 full years of growth. 

SITE AND METHOD 

The project was carried out in the Beauscjour forest, 

approximately 25 km southwest of Quebec City. 

Villcneuvc (1948) describes ihc climate of the region as 

"temperate-continental". There are 1,230 mm of rainfall 

annually and the mean annual temperature is 9°C. The 

number of degree-days above the 5.0°C threshold is 

1625. According to Grandlncr (1960), who bases his 

claim on floristic similarities between the wooded peat-

lands here and those of the Abitibi region, the climate of 

the Bcausejour pcailands is harsher dian die general 

climate. The Beausejour forest is located on a plateau at 

an altitude of 100 m. The invasion of the Cliamplain Sea 

left clayey deposits in die depressions dial were favor 

able to peal accumulation. This clay is covered locally 

with sands that have shifted, and other deposits such as 

schist debris from Sillery. 

The soil of the pcatland consists of a moderately de 

composed, wood-rich organic deposit between 50 and 

100 cm deep. The bulk density of the peat at a depth of 30 

cm is 0.15 g/cm3. At diat same depth, the hydraulic con 

ductivity measured with a steady-head permeameter is 

0.43 m/day. Hydraulic-conductivity tests conducted 

according to the auger-hole method (Van Beers 1970) 

yield values between 0.005 and 0.021 m/day where the 

water table is between 35 and 50 cm deep. 

The vegetation type belongs to the Sphagnum and 

Carex peadand (Grandtncr 1960). it is characterized by 

an abundance of herbaceous plants typical of oligo-

trophic peadands. According to Schneider (1985), this 

peatland, which is classified as tall-scdgc/castcrn larch 

{Larix laricina), can react favorably to drainage. 

In 1983, a drainage system was developed in an area 

regenerated with larch. The network consists of six 

parallel ditches 120 m long, which discharge into a road 

ditch (Fig. 1). When the project began, the age of the 

stand (measured at breast height) was about 20 years. 

lal Ab I Ac 

Figure I. Drainage network and location of the sample plots. 

Because of lateral drainage from the center of the 

peadand, the ditches were linked on the upslopc side by a 

protection ditch. The ditches were 20,40, 60, and 80 m 

apart (Fig. 1). Two sample plots were setup in each space 

between the ditches, and in a control area located outside 

the zone of influence of the ditches. Work was carried out 

with a 69-kW hydraulic excavator equipped with a para 

bolic bucket. The ditches were approximately 90 cm 

deep and the excavated material was deposited in discon 

tinuous piles so as to keep blockage of surface runoff to a 

minimum. 

Each sample plot measured 0.12 ha and covered the 

whole strip. The dimensions of the plots were as follows: 

Plot dimensions (m) 

17x70.7 

37 x 32.4 

57x21.1 

77 x 15.6 

34.6 x 34.6 

Ditch spacing (m) 

20 

40 

60 

80 

Control 

In each plot, all trees > 9 cm DBH were grouped into 

2-cm DBH classes. Those from 1 to 9 cm were measured 

in a 0.01 -ha circular plot located in the center of the main 

plot. Approximately 36 trees were selected in each plot. 

Height and DBH values were measured in 1983 and in 

1988, after 5 full years of growth. 

RESULTS 

The trees that were damaged during the observation 

period were excluded from the present analysis. The 

trees from the two plots in each spacing have been 

regrouped for the analysis, which was based on 340 trees 

(Table 1). 
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Table 1. Measurements taken before and 5 years after the drainage project. Means and standard deviations (in paren 
theses) 

The trees within the 80-m plot in the southeastern part 

of the drainage area were generally larger when drainage 

began. The organic deposit is probably not as deep here 

because there is a s;indy hill nearby, and the cdaphic con 

ditions are probably better for tree growth. Nonetheless, 

there were higher growth rales for narrower ditch 

spacings(Fig.2and3). 

The variations in both diameter and height within 

each group were greater after 5 years of growth than at 

the time of drainage. This phenomenon was particularly 

obvious in the 60-m and 80-m plots. The trees reacted 

differently, depending on their distance from the drain 

age ditches. The data have therefore been regrouped by 

distance classes (determined according Lo distance from 

the closest ditch) without the plots in which the trees 

were found being taken into account (Table 2). 

The averages obtained for die groupings according to 

distance classes of 24, 30 and 37 m are not very precise 

since the sample size was small. All ihese trees were in 

the 60-m and 80-m plots. Nevertheless, the growth 

measures were related to distance from me ditch (Fig. 4 

and 5). 

CONCLUSION 

Although the period studied was only 5 years, the 

results showed a relationship between intensity of drain 

age and growdi rate (diameter and height). Trees diat 

were more than 20 m from a ditch responded less well 

but still showed superior growth in comparison with 

those in the control. 

The averages obtained for the groupings according to 

distance classes of 24, 30 and 37 m are not very precise 

since the sample size was small. All these trees were in 

the 60-m and 80-m plots. Nevertheless, the growth 

measures were related to distance from die diich (Fig. 4 

and 5). 

BO BO JO 

DITCH SPACING fm) 

eier 1963 EZZI '983-I9BS Olfl 

Figure 2. Diameter of trees before drainage was undertaken, Figure 3. Height of trees before drainage was undertaken, and 

and growth during the next five years. growth during the next 5 years. 
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Table 2. Measurements before drainage began and 5 years later, related to distance (midpoint) from the ditch. Means 

and standard deviations (in parentheses) 

Periodic Periodic 

Spacing Diameter (cm) increment Increase Height_(m)_ increment Increase 

ID 17 11 30 

DISTANCE CLASS 10 A DITCH (m) 

L.-J Diametei 1983 CZ] I9S3-1938 Diameter IncrL'r^L^I 

Figure 4. Diameter of trees before drainage began and growth 

during the nexl 5 years, related to distance (mid 

point) from the ditch. 

If this trend continues over the years, the forest will 

develop multiple "stories" in the wider strips (60 m and 

80 m), and this will make silvicultural choices more dif 

ficult. Moreover, even if growth is better where there arc 

20-m spacings, such intensive drainage is not necessarily 

preferable since the cost of the work is then much higher, 

and much more land is used for ditches. The 40-m spac 

ing seems to be an acceptable compromise. 

Analysis of a few tree sections showed that, in the first 

year after drainage work, there was virtually no increase 

in diameter. The average annual growth rate over years 2 

10 17 2* 30 37 CONTROL 

DISTANCE CLOSS tfOm Ihe DITCH ta) 

[1 Height I9B3 CZJ 1333-1333 HergM Inclement 

Figure 5. Height of trees before drainage began and growth 

during the next five years, related to distance (mid 

point) from the ditch. 

to 5 was therefore higher than the average for all 5 years 

shown in the results. The second rcmeasurement, 

planned for 1993, will provide more precise data on 

periodic growth. 
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ABSTRACT 

Prescription drainage systems have been used to improve site operability, facili 

tate regeneration, and increase site productivity. Two studies on tree-growth 

response to that drainage system are summarized. Assessment of site quality, 

regeneration stocking, and height growth reveals that aspen {Populus tremu-

ioides) productivity on a northern Michigan site has been increased from an origi 

nal site index of 11.6-17.7 m to a predicted range of 18.3-24.4 m (at 100 years). 

Plantation trials of jack pine (Pinus banksiana) and tamarack {Larix laricina) show 

that these species can be successfully regenerated by means of either bedding or 

disking for site preparation on a sandy Aquod site. Establishment of red pine 

{Pinus resinosa) and aspen on that site after site preparation was not adequate. 

A third study is summarized in which species richness was used as an index to 

evaluate the potential effects of a pattern ditch system and subsequent stand 

management on wildlife. Total species richness was predicted to increase after 

drainage, harvesting, and stand establishment. Managing for specific habitats is 

essential to sustain species richness. 

RESUME 

Des systemes de drainage topographique ont ete utilises pour ameliorer la capa-

cite d'une station, faciliter la regeneration et accroitre la productivity de la station. 

Deux 6tudes sur la croissance des arbres apres I'amenagement d'un let systeme 

de drainage sont resume'es ci-apres. Dans une station du nord du Michigan, la 

productivity du peuplier faux-tremble (Populus tremuloides) a augmente, passant 

d'un indice de qualite de station originel de 11,6-17,7 m a des valeurs predites 

variant entre 18,3 et 24,4 m. Les plantations comparatives etabiies sur une station 

sableuse Aquod preparee par billonnage ou scarifiage ont montre que le pin gris 

(Pinus banksiana) et le meleze laricin (Larix laricina) avaient un taux de survie et 

de croissance supe rieur au pin rouge {Pinus resinosa) et au peuplier faux-tremble. 

Une troisieme 6tude s'est servie de la diversite des especes comme indice pour 

eVatuer les effets potentiels d'un reseau de fosses et de I'amenagement ulterieur 

des peuplements sur la faune. II avait ete predit que la diversite generale des 

especes augmenterait apres le drainage, I'exploitation et ('implantation du peuple-

ment. II est essentiel de pratiquer une gestion axee sur des habitats particuliers 

pour conserver la diversite des especes. 
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INTRODUCTION 

Forest drainage systems arc used to ameliorate poor 

soil drainage conditions and improve site productivity. A 

pattern ditch system is the most common drainage tech 

nique used in peatland forestry. Productivity response in 

ihe pattern system has been extensively documented 

{Hcikuraincn 1964, Terry and Hughes 1975, Hcikuraincn 

and Lainc 1985, Allen and Campbell 1988, HSncII 1988). 

Prescription drainage systems are applied to accentuate 

the natural drainage patterns of ihe landscape (Terry and 

Hughes 1978). They are effective in ameliorating high 

water table conditions (Trettin ct a!. 1990); however, no 

studies have been reported on tree growth response to 

prescription drainage systems. The effects of forcstdrain-

age systems on hydrology (Starr and Paiviincn 1986, 

Gregory 1988) and water quality (Askew and Williams 

1986, Will iams and Askew 1988) have been documented 

but those on wildlife have not been reported. 

Our research on operational prescription drainage 

focused on hydrologic and tree-growth responses after 

drainage. Subsequent to our initial operational trials, it 

was apparent that wildlife considerations needed to be in 

cluded in the overall silvicultural prescriptions in inten 

sively managed lowlands. Accordingly, we broadened 

the focus to include an assessment of the effects of drain 

age on wildlife. The purpose of diis paper is to present 

results from three studies, two dial evaluate tree-growth 

response after prescription drainage, and one that 

assesses the potential effects of drainage on wildlife. The 

first productivity study deals with aspen (Populus spp.) 

regeneration and growth; die second summarizes results 

from a plantation and site-preparation trial. The wildlife 

study was conducted as part of a baseline assessment of 

the effects of drainage. Information presented here is 

summarized from the project report by Prcmo and 

Premo'. 

METHODS 

Aspen Regeneration and Growth 

The aspen regeneration and growdi study was con 

ducted in Chcboygan and Presquc Isle counties, in the 

nordicastcm part of die Lower Peninsula of Michigan. 

The climate is characterized by a mean annual air tem 

perature of 6.7°C, and a mean annual precipitation of708 

mm. An operational prescription drainage system was 

installed on a 12,000-ha tract owned by Abiubi-Price, 

1 Premo, D.B. and Premo, B.J. 1986. Water management on 
poorly drained soils as a silvicuhural practice: predicted posi 

tive and negative impacts on wildlife of tile Annheim study 

site, Houghton Co., Ml. Mich. Tech. Univ., Sch. of For. and 

Wood Prod., Houghton, Mich. Unpubl. Rep. 40 p. 

Inc. Approximately 80 km of prescription ditch were 

used to drain 6250 ha of lowland forest types within the 

tract. Drainage of the tract began in 1975 and was com 

pleted in 1988. Prior to drainage the stands in the study 

areas were composcdof poor-quality, over-mature as pen, 
balsam poplar (Populus balsainifera), and red maple 

(Acer rubrum). The shrub vegetation was primarily tag 

alder {Alnus rugosa). Harvesting followed drainage by 1 

to 3 years; conventional shortwood harvests were con 

ducted throughout the year except during high-water 

periods in the spring. The soils within the tract are domi 

nated by Aquods and Aqucpts; they are characterized by a 

sandy solum underlain by lacustrine sediments, and a 

histic cpipedon is common. Specifics of the site proper 

ties and drainage systems are described by Trettin et al. 

(1982). 

Total stocking, percentage of aspen composition, and 

height growth were measured on 12 transects that were 

distributed among five watersheds wifhin die tract. Each 

transect was perpendicular to a drainage ditch; sample 

plots were located at 20-, 80-, 140-, 200-, 300- and 

400-m intervals or until the upland was reached. Each 

plot consisted of three subplots. Each subplot was 0.5 m 

wide, and had a variable length to obtain a minimum of 

40 stems per subplot; the minimum subplot length was 

10 m. There was a 2-m spacing between subplots. Data 

recorded on each subplot consisted of tree species and 

diameter at 30.5 cm above the ground surface on every 

live stem. Total height of every fifth stem and age of 

three dominant/codominant stems were also recorded on 

each subplot. 

Four of die sampled watersheds had adjoining uncut, 

original stands. Twelve aspen trees were selected from 

these watersheds for stem analysts. Each tree was felled, 

total height was measured, and disks were removed at 

30.5 cm, 1.3 m, and every additional 1.2 m up die stem; 

total age was determined for each disk. Height-age 

curves were developed for each tree according to 

Prodan's (1968) height-growtli model: 

Equation 1 Y = a tb e'cl 

where: Y = total height (m); t = age; a.b.c = constants. 

Annual height increment was computed according to the 

first derivative of Equation 1, on an individual tree basis. 

Each regression model was significant (P = .05) and had 

a correlation coefficient of more than 0.89. 

Site Preparation and Plantation Trials 

This study was conducted in the Upper Peninsula of 

Michigan. The site is characterized by a Typic haplaquod 

soil dial is sandy throughout the solum. The forest floor 



B5 

is composed primarily of Sphagnum spp. The prcharvest 

vegetation consisted of black spruce {Picea mariana), 

jack pine (Pinus banhiana) and tamarack (Larix tari-

cina). A prescription drainage system was installed on 

the site in July, 1984. A description of the site and drain 

age system is provided by Treitin et al. (1990). 

Survival and growth of jack pine, red pine (Pinus resi-

nosa), tamarack and aspen were evaluated on sites that 

had undergone three site-preparation treatments after 

drainage and harvesting: disking, bedding, and trench 

ing. The TTS disk trencher was pulled with a JD 740 740 

skiddcr, and the bedding plow and forestry disk were 

pulled with a D-7 Caterpillar tractor. The regeneration 

study was installed according to a replicated, complete 

block design on a 12.5-ha clearcut. The clcarcul was pre 

pared mechanically in November, 1985. Containerized 

seedlings were planted in May, 1986 in 10-mx 10-nitrce 

plots, with a spacing of 2 m x 3 m. Survival was 

evaluated in August, 1986 and dead trees were replaced. 

Survival of each plot was subsequently measured in July, 

1987 and July, 1989; total height (cm) of each live seed 

ling was also measured in July, 1989. 

Effects on Wildlife Populations 

A study was conducted by Premo and Premo1 in the 

Upper Peninsula of Michigan to evaluate the potential 

effects of drainage on wildlife. The soil on the study site 

was characterized as a Typic borosaprist "basic". The 

forest oversiory vegetation was composed primarily of 

tamarack. The forest management plan [hat was 

evaluated included the installation of a pattern ditch 

system, followed by harvesting and regeneration. The 

potential effects of drainage on wildlife were considered 

on the basis of species richness for the vertebrate classes 

of Aves, Mammalia, Rcptilia, and Amphibia. The mea 

sure of species richness was developed on the basis of 

regional vcrtcbraLc species lists, season of occurrence for 

the species, species habitat requirements for feeding and 

breeding, and special status (whether the species was 

threatened, endangered, rare, game, fur, or an indicator). 

The assembled species data base provided a basis for 

predicting change in the vertebrate populations in 

response to habiiat conditions created by drainage and 

stand management. Four successional stages after drain 

age and harvesting were considered: I. shrub-sampling 

open stage, II. young coniferous stage, III. mature conif 

erous stage, and IV. old coniferous siagc. Analyses were 

also conducted for the existing stand conditions. Lists of 

species that were expected to be found in the four verte 

brate classes were compiled for each successional stage. 

Species were considered pan of the community if they 

fed and/or bred there. Selected species lists and habitat 

assessments are presented here. More detailed lists and 

assessments arc provided by Premo and Premo1. 

It should be noted that this wildlife study was con 

ducted as a prelude to field studies that were intended to 

document wildlife population responses to drainage. 

Neither the drainage project nor the follow-up wildlife 

studies were implemented. However, the approach taken 

by Prcmo and Premo' is unique with respect to the 

assessment of drainage practices, and it affords an 

important perspective on wildlife population movements 

that arc affected by forest management practices, 

including drainage. 

RESULTS 

Aspen Regeneration 

Analysis of stocking and total height data within the 

sampled transects showed that two of the 12 transects 

were not uniform throughout their lengths, as a result of 

stand-age differences within the transect. Accordingly, 

overall transect means are reported only for those trans 

ects that were uniform, and means for the dominant age 

class were used for the two transects that showed signifi 

cant within-lransect variability. 

In all transects, aspen constitutes 49% of the live 

stems, with red maple and red-osier dogwood (Cornus 

stolonifera) comprising 19% each; other minor compo 

nents include balsam fir (Abies baisamea) (6%), tag 

alder (3%), and white ash (Fraxinus americana) (1%). 

The regeneration slocking level necessary to achieve full 

stocking for a site index 20 (m) site, at age 3 with 20% 

mortality, is approximately 27,000 stems ha"1 (Perala 

1977). Figure 1 shows that nine of the sample transects 

(based on age 3) had adequate stem counts to achieve full 

stocking. Transects 9 and 11 were also adequately 

stocked according to the measurement age (ibid.). Trans 

ect 6 was the only transect that was not adequately 

stocked according to Perala's nomogram (ibid.). It 

should be noted that the 20% mortality figure was not 

based on actual measurements, but was used as a conser 

vative estimator. Lower mortality rates would reduce the 

number of stems required to achieve full stocking at 

maturity. 

Site parameters reported to affect aspen productivity 

include: depth to water table, moisture regime, surface 

soil texture, and topography (Stocckclcr 1960; Graham 

et al. 1963). On the basis of these parameters, the pre 

dicted site index for aspen could be expected to range 

from 18.3 to 24.4 m at 100 years (Table 1). Previous 

studies (Trcttin et al. 1982) on this site showed that the 

water table was lowered by the drainage ditch, and this 

effectively improved the moisture regime. 
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Figure I. Average slocking of aspen stems presented by transect. Embedded number indicates stand age. Line at 27,000 steins ha' 
represents suggested level required for full stocking on die basis of she class 20 m, age 3, and 20% mortality, after Perala 

(1977), 

Table 1. Predicted site index (m ai 100 years) based on 

site-quality parameters after drainage 

Predicted 

site index Parameters Reference 

19.8-24.4 

18.3-24.4 

soil moisture 

surface-text lire 

water table 

Stoeckclcr(1960) 

Graham (1963) 

Comparison of height development of the regenerated 

stems with that of die original stems provided a more 

direct approach than sile parameters. Data from four 

transects (Fig. 2) show that me increase in total height 

after drainage, at the measurement age, ranged from 

approximately 15% lo 160% more than in the original 

stand. Annual height increment provided another per 

spective on growth, and an indication of die patiem of 

future stem elongation. Comparison of three-year height 

increment for transect 10 demonstrated a large increase 

in comparison with ihc original stand (Fig. 3). Future 

growth cannot be predicted accurately from ihese data. 

However, increased early growth should result in in 

creased height throughout stand development. An exam 

ple of this is provided by measured regeneration from 

transcet 12, which was 12 years old at the time of sam 

pling. In comparison with published site index curves, 

height development of the regenerated trees is equivalent 

to site index 24 m {Fig. 4). 

2-

1.5-

1-

0.5-

0 

Original stand 

Regeneration 

7 3 

Transect 

Figure 2. Average total heigh development of regenerated 

aspen stems after drainage lit comparison with 

heigh development of trees from the original stand 

before drainage. Embedded numbers imticate age of 

comparison. 

Site Preparation - Regeneration Trials 

Survival of jack pine, red pine, tamarack, and aspen 

after 4 years and after different site-preparation treat 

ments is presented in Figure 5, Jack pine had the best 

overall performance after each of the site-preparation 

treatments. The survival of tamarack was nearly equiva 

lent to that of jack pine except for the bedding treatment. 
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Figure 3. Three-year height increment curves for original aspen stems and regenerated aspen. 
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Figure 4. Mean heighl-age development of 12-year-old aspen regeneration, after drainage, in comparison wilh aspen site curves 

(Lundgren and Dolid 1970). 



In general, survival on the beds is ihoughl to be reduced 
as a result of seedlings being planted in loose organic 
clumps wiihin the beds. The poor survival of red pine 
and tamarack is also reflected in the low average height 
development of those species (Fig. 6). Jack pine ex 
hibited the best height growth after all treatments; tam 
arack was next. Height development was poorer on the 
bed plots than after other treatments. 

120 

Wildlife Population Response to Drainage 

There are, potentially, 90 species in the existing study 
area. After drainage, harvesting and stand establishment, 
the lotal number of species is predicted to increase to 
121. A subsequent decline in total population numbers 
occurs during the pole-size phase of stand development, 
and is followed by a slight increase in species richness in 

□ Bedding 
Disking 

Trenching 

Jack pine Tamarack Red pine Aspen 

Figure 5. Average survival of planted jack pine, twnarack. red pine, and aspen after 4 years, by site-preparation treatment. 

120 

Bedding 

Disking 

Trenching 

Jack pine Tamarack Red pine Aspen 

Figure 6. Average total height growth of planted jack pine, tamarack, red pine, and aspen after 4 years, by site-preparation treatment. 
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in the mature and old-growth phases of stand develop 

ment (Fig. 7). It is predicted that 16 species will be dis 

possessed from the existing stand as a result of intensive 

management activities. 

Existing Sapling Young Mature Old 

Succassional stage 

Changes in specific habitats are largely responsible 

for species fluctuations during stand development {Fig. 

8). There was an increase in species numbers in the har 

vested, drained stand in comparison with the original, 

undrained forests because of an increase in edge habitats. 

Subsequent reductions in edge, snag, and log habitat 

result in reduced species richness in the pole-size phase. 

The increase in species richness in the mature suind is 

largely a result of increased snag and log habitat. The 

importance of snag and log habiiat lo species richness is 

exemplified by excluding that habiiat from the assess 

ment and determining total population sizes. Figure 9 

demonstrates that individual elimination of snags or logs 

reduces total species numbers and the combined elimina 

tion results in population reductions ranging from 30% 

lo 50%. Water habiiat is also important in sustaining 

species richness; Figure 10 presents a summary of the 

potential number of species that arc specific to ponds, or 

that frequent either pond or stream habitats. 

Figure 7. Predicted species richness in ihe existing stand and 
four successions! stages aflcr drainage and regen 

eration. 

200-

175-

Bank 

Was! 

Log 

Edge 

D Snag 

□ Water 

Existing Sapling Young Mature 

Successional stage 

Old 

Figure 8. Potential number of species requiring special habitat; "water" includes ponds or Streams; "snag" includes dead or dying 
trees; "edge" indicates an ecotone habitat; "log" includes decaying steins on the ground; "mast" includes pine seed or 

other mast fruit; "bank" is associated with bare ground on slopes. Totals exceed ihose on the species list because of the 

multiple habitat requirements of several species. 
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Successions! stage 

ichness insuccessionai communities after drainage and regeneration, when snags and logs are present 
individually absent, and entirely absent, * y ' 

20 

■ Pond or stream 

11 Pond 

Existing Sapling Young Mature 

Successional stage 
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Figure 10. Potemial species richness in successional communilies after drainage and regeneration specific to ponds, or ponds and 
streams. 

DISCUSSION 

Tree-growth Response 

The site-quality approach is an indirect method of 

assessing potential productivity response. The predicted 

increase in productivity is attributable to the increase in 

water-table depth and improved moisture regimes. 

Although growth response may not be predicted 

accurately from these site factors, they are recognized as 

being important for aspen productivity (Stoeckeler 1960, 

Graham el al. 1963, Brinkman and Roc 1975). Popovich 
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(1982) reported that bottomland sites with high fertility 
and good moisture conditions were the best sites for pop 
lar cultivation. With the amelioration of the high walcr 
table it is expected that the level of extrsctable bases in 
the soils on me Abiubi study site (TrcttineUl. 1982) will 

increase and will contribute to growth increase. Regen 

eration slocking and site-quality parameters are impor 

tant for achieving productive aspen stands (Pcrala 1977). 
Stocking measurements on the Abilibi tract (Fig. 1) dem 

onstrate that levels arc sufficient to achieve commer 

cially productive stands (ibid.). The measured stocking 

levels arc rcflecUve of stands with high site quality and 

productivity potential (Ek and Brodie 1975, Perala 

1977). 

Comparison of current growth incrcmcntwilh growth 

on adjoining stands, which developed in poor drainage 

conditions, provides direct evidence of the change in 

productivity associated with drainage. For each of the 

sampled sites that had both regenerated and mature 

stands, height growth of the regenerated stands 
increased. Although future height growth cannot be pre 

dicted accurately from the limited observations reported 

here, the initial pattern of height accumulation suggests 

overall increases in comparison with trees in the original 

stand. The analysis of the single site with 12-year-old 

regeneration demonstrates that the pattern of height 

accumulation is equivalent to a silc class of 24 m(Fig. 4). 

Although thcovcrall interpretation of growth response to 

prescription drainage is hindered by a lack of experimen 

tal controls, the combined evidence of improved silc-
qualily factors and stocking levels suggests improve 

ments in site class in comparison with what was 

measured for the original stand before drainage and har 

vest. Direct observau'on of current height accumulation 

supports that evidence. 

The regeneration trial after drainage, harvesting, and 

site preparation demonstrates that jack pine and tam 

arack are suited to the acid, infertile haplaquod soil and 

that the response is generally good regardless of site-

preparation treatment. Lower survival after the trenching 

treatment is attributable to temporary inundation of the 

seedlings subsequent to snowmclt. The planting micro-

sites for both the disk and the bed treatments were higher 

than those for the trench treatment, and this reduced the 

effect of spring flooding. 

Effects on Wildlife 

The increase in species richness after drainage and 

harvesting is a response to the habitat created by the sil-

vicultural prescriptions. Clearly, edge habitat is respon 

sible for the predicted population increase after har 

vesting. Subsequent changes in stand structure during 

stand maturation arc accompanied by changes in species 

richness. Specific habitats are essential to Sustain species 

richness (Fig. 8). The important implication of these 

findings is that habitat niches are the result of the silvi-
cultural prescriptions. For example, leaving snags and 
logs on the site is essential to sustain species richness 
(Fig. 9). Similarly, creation of drainage ditches and sedi 
mentation ponds can be expected to provide important 

water habitat. Although the predictions by Prcmo and 
Prcmo1 are based on recognized habitat and species 

ranges, it is evident that species richness can be sustained 
in association with drainage if special habitat objectives 

are included as part of the silvicultural prescription. 
Drainage docs dispossess individual species requiring 

specific wetland habitat, and overall richness is in 

creased as a result of the enhanced stand and habitat con 
ditions. This initial assessment by Fremo and Prcmo 

suggests thai there is considerable opportunity for 

sustaining wildlife values of the wetland in association 

with intensive management practices. 

SUMMARY 

Prescription drainage has improved silc quality for the 
growth ofaspen,primarily by ameliorating ihe soil mois 

ture regime. Measures of stocking and height growth 
provide further evidence thai the site class has been in 

creased from a range of 11.6-17.7 m to a predicted range 

of 18.3-24.4 m. Direct measures of heigh I growth from a 

single 12-year-old stand yielded a site class of 24 m after 

drainage. Plantation trials on an Enlic haplaquod in 
which trenching, bedding, and disking were employed 

demonstrated that bolh jack pine and tamarack are well 
suiicd to the site and regeneration treatments, whereas 

red pine and aspen exhibit poor .survival and growth. 

Wildlife species richness can be influenced by bolh 

drainage and stand management practices through the 

achievement of special habitats. There is a potential 

increase in species richness of 32% in the shrub sapling 

stage after drainage, harvesting, and regeneration; al 

stand maturity the overall increase in species richness 

was estimated to be 8%. Providing special habitats is 

essential to sustaining wildlife diversity; especially 

important are water, snags, logs, and edge. Drainage and 

intensive stand management will result in the disposses 

sion of select wetland species, but will enhance overall 

species diversity. 

The information presented here is based on opera 

tional drainage studies and should be followed by studies 

to quantify long-term stand and habitat development. 

These initial findings, however, demonstrate important 

improvements in site potential after prescription drain-
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age. Sustaining wildlife values is often an important 
objects in managing lowland types, and ihesc pilot 
studies demonstrate opportunities for managers to 
enhance wildlife values through water-management 
practices, 
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ABSTRACT 

Nonproductive open peatland covers one tenth of Sweden (4.9 million ha). About 
30% of this land is suitable for afforestation, if it is properly treated. A large part ot 
the nonproductive open peatiand in Sweden has a comparatively high production 
capacity The project described in this paper is focused on developing site-

specific methods of forest establishment both on open bogs and on abandoned 

agricultural peatland. 

in Sweden 200 000 ha of peatland have been used for agriculture. Approximately 
half of this land has been abandoned, and in the near future this figure will prob 
ably increase. Many earlier afforestation efforts have failed because of frost, com 

peting vegetation, poor drainage or field mice. 

If these problems can be dealt with, this type of land should be well suited to for 
est production. An experiment with different afforestation methods, including dif 

ferent tree species, has therefore been initiated. 

Intne 1960s and 1970s some afforestation experiments, dealing with ditching and 

fertilization, were started on nonproductive open peatlands. Five experimental 
areas were located throughout the country. The objectives of the experiment were 

to determine optimal ditch spacing and the right mixture and quantity of fertilizers. 

Some results of a first inventory of these experiments are presented. 

RESUME 

Le dixieme des terres de la Suede {4,9 millions d'hectares) sont des tourbieres 

ouvertes non productives dont environ 30 % pourraient etre boisees grace a des 

interventions adequates. Un pourcentage important de ces terres a une capacite 
de production relativement elevee. Nous tentons done de mettre au point des 

methodes adaptees aux stations en vue de I'etablissement de forets dans des 

marais ouverts et sur des terres agricoles abandonnees situees surdes tourbieres. 

En Suede, 200,000 hectares de tourbieres ont ete utilises a des fins agricoles. De 

nos jours,'pres de la moitie de cette superficie est abandonnee, proportion qui 
devrait augmenter au cours des annees a venir. Bon nombre des tentatives 
anterieuresde boisement ont echoue en raisondu gel, de la competition vegetale. 

d'un drainage insuff isant ou de I'activite des rats des champs (campagnols). Si Ton 

reussit a reglerces probiemes, ces terres pourront se preter a un amenagement 

forestier. On a done entrepris une experience avec differentes methodes de boise 

ment, y compris I'utilisation de differentes essences d'arbres. 

Pendant les annees 60 et 70, certaines experiences de boisement, comprenant 

Tamenagement de fosses et la fertilisation, ont ete entreprises dans des tourbieres 

ouvertes non productives. Cinq secteurs experimentaux etaient situes dans une 
vastegammede stations. Lesobiectifsconsistaientadeterminerrecartementopti-

mal des fosses et les doses et les types d'engrais appropries. Un premier bilan de 

ces experiences a ete dresse et le present rapport expose certains resultats. 
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INTRODUCTION 

In the early 1980s, the government of Sweden 
accepted a plan for future forest research in which silvi 

culture on wetlands was given high priority. One result 
of that plan was die initiation of a research program in 
1985 entitled "Forest production and silviculture on wet 
lands". This program consists of seven separate research 
projects, one of which is "Afforestation of open peat-
lamls". The purpose of this project is to develop site-
specific methods of forest establishment and forest 
production both on open bogs and on abandoned agricul 
tural peatland. 

The total land area of Sweden is about 41 million ha, 
of which 57% is forest land. Forest land is denned as 
land with forest productivity exceeding 1 mWyr1 
calculated as mean production over a rotation period of 
100 years. Bogs, fens, mires and other treeless, peat-
covered land covcr4.9 million ha or 12% of die total land 
area. This land, which will be referred to henceforth as 
mire, is by the previous definition nonproductive in 
terms of forestry, mainly because it is nutrient-poor and 
the water table is too high. 

About one quarter {28%) of the total peatland area in 
Sweden consists of productive forest land and tlic 
remaining 72% is mire. Because of climate conditions, 
most of the mire is found in the north, whereas in die 
south productive forest land dominates. 

Not all of the mire area is treeless. Either trees or seed 
lings grow on 50% of it, but tree productivity is less than 

1 m ha-'yr1. Climate also affects site-class distribution 
on mires. More than half of the mire area consists of 

nutrient-poor sites characterized by low sedge and marsh 
Andromeda-cranberry. Sites dominated by low sedge 
constitute 48% of the mire area. Tall sedge is found on 

23% of the area, while the very rich sites with tall herbs 
constitutes about 2% (Fig. 1). 

Although Sweden has the potential for increased for 
est production, very little is done to utilize diis potential. 
Drainage of mires for agricultural purposes began in the 
the mid-nincteendi century and reached a peak in the 
1930s. Mires have been drained for afforestation on a 
very small scale, mostly at the beginning of the present 
century. 

Today, as the demand for pulpwood increases, affor 
estation of pcadands may be a means of satisfying that 

demand. Two current experiments with afforestation, 
one on abandoned agricultural land and the other on 

mires, arc discussed in [his paper. 

I Marsh Andromeda-cranberrv 
Low sedge 

HIUI Dwarf shrub 

ED Tall sedge 

LJ Billberry-horsetail 

[lid Low herb 

Tall herb 

Figure !. Vegetation types in mires (open bogs, fens and 
marshes) in Sweden. Types are arranged in order 
from poor to rich flop to boiiom). 

AFFORESTATION OF ABANDONED 
AGRICULTURAL PEATLAND 

As the population of Sweden increased at the end of 
the last century, there was a growing demand for more 

land to cultivate. It is estimated that, at the most, 200,000 
ha of open peatland were converted to agricultural land. 
This was done mostly in southern Sweden, where the 

population was densestand conditions for growing were 
best. About half of this area (mostly in the north) is aban 
doned today, and die trend continues. This type of land 
has a comparatively high capacity for forest production, 
but after many years it is still treeless. There arc many 

reasons for this but some of the major problems are 

competing vegetation, frost, disturbed nutrient balance, 
poor drainage, field mice and other herbivores such as 
moose and roc-deer. 
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Nine experimental areas were established in 1987 for 

ihe purpose of managing these areas and developing 

practical afforestation methods (Fig. 2). The areas are 

located in ihc northern, central and southern portions of 

the country, and the experimental design is similar in all 

of them. 

The abandoned agricultural peadand considered here, 

including die control areas, had been drained by ditch 

ing. In the experiment, two soil-preparation techniques 

(Fig. 2), furrowing by plow and mounding, were used to 

achieve better aeration, higher soil temperature, faster 

mineralization and reduced competition from other 

vegetation. There is also less risk of frost damage lo 

seedlings planted on ridges or mounds, because of the 

higher minimum temperature and faster wanning of the 

soil in spring. 

Two thirds of the seedlings were fertilized with 50 g 

PK 7-13 each (% by weight) at lime of planting (Fig. 2). 

Fertilization at die outseL, especially with potassium, has 

a positive effect on survival and increases height growth. 

Mechanical weed control was carried out on two of three 

plois (Fig. 2). Herbicides were not used because they 

have negative effects on seedlings when used on organic 

soils. 

Four different species, black spruce (Picea mariana), 

Norway spruce (Picea abies, two sizes), lodgepole pine 

{firms contorla) and birch (Belula pendula) were 

planted in the spring of 1988 (Fig. 2). In southern 

Sweden no lodgepole pine was planted, while in central 

Sweden no birch was planted. Minimum temperatures 

and depths to water table were measured regularly. 

Preliminary Results 

It is our intention to follow these experiments for 3 to 

4 years, taking inventory twice a year (every spring and 

autumn). Results of the first inveniory in September 

1988 show that competing vegetation has caused the 

death of many seedlings, especially in the north. On plots 

with no site preparation, 95% of the birch and 80% of the 

black spruce and small Norway spruce have not sur 

vived. For mounded plots comparable figures were 35%, 

25% and 22%. For lodgepole pine and large Norway 

spruce the results were much belter. 

Block 

Block 3N 

Ind. 

seedling 

T3 •••••••••• 

T4 AAAiAfiAAAA 

T5■■■■■■■■■■ 

T2 

T3 

T4 

T5 

T1 

T2 

T3 

T4 

T5 

Weed i ng 

Fertil. 

Weeding 

No Fertil. 

No weeding 

Fertil. 

Figure 2. Experimental areas (9) and design for afforestation of abandoned agricultural peatland. Species planted were black 
spruce, Nonvay spruce (two sizes), lodgepole pine and birch. 
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On mounded areas only 1% of large Norway spruce 

and 6% of lodgepolc pine were dead; on plois with no 

site preparation the figures were 20 and 35%, 
respectively. 

In central Sweden there were some problems with late 

summer frost, especially among black spruce. Large 

Norway spruce grew belter on unprepared plots than on 

mounded ones. Some of the mounds may have been too 

large and consequently didn't hold enough water for the 
big seedlings. In the south, roc-deer caused severe dam 
age during the first season. In one area 95% of the seed 

lings were browsed, regardless of tree species. The seed 

lings used were rooted in containers. Local experience 
indicates that container seedlings are much more attrac 

tive to moose and roe-deer than are bare-rool seedlings. 
Birch have done very poorly in the south. Minimum tem 
perature and groundwalcr measurements indicate that it 

is 2-3°C warmer 20 cm above mounds than above unpre 
pared surfaces (Fig. 3). This difference in minimum tem-

-2 _ 

-6 

n... n a 

v//a Nosiie prep. 

I I Plow 

Mound 

Daw 

Figure 3. Minimum temperature (°C) in one area in central 
Sweden during the summer of 1988. Temperatures 
are for 20 cm above mounded, plowed and unpre 
pared surfaces. 

pcraturc can be very important to the seedling in relation 

to frost damage. 

In addition to ihe normal ditching done for all these 

agricultural peaUands, site preparation has a minor 
impact on the water table. On most mounded plots the 

depth to water table was greater than it was on unpre 

pared sites. The depth to water table was measured 

between the mounds, so the mounding itself may have 

had the effect of lowering the water table. There were no 

clear differences between the furrowed areas and the 

unprepared sites. It is hoped that observations over the 

next three years will yield information lhal can be used in 

developing practical guidelines for forest owners in 

Sweden who want to regenerate their abandoned agricul 
tural peaUands. 

AFFORESTATION OF NONPRODUCTIVE 

OPEN PEATLAND (MIRE) 

Conditions for afforestation and forest production on 
treeless nonproductive pcatland were studied in five 

experimental areas that were established in 1971. The 

areas are situated from the west coast in the south to 50 

km north of the Arctic Circle (Fig. 4). The altitude varies 

between 100 and 325 m and the peat layer is more than 1 

m deep in all areas. Low sedge and marsh Andromeda-

cranberry site types, which arc both relatively infertile, 
dominate in all die areas. 

One of the main purposes of the experiments was to 
study variation in forest production on peatland owing to 

climate. The identical experimental design was used in 

each area. Three questions were posed at die ouisct: (1) Is 

there an optima! ditch spacing? (2) Which fertilizers arc 
needed on these sites and in what amounts? (3) Which 

tree species are the most suitable in each region? 

Four ditch spacings (7.5, 15, 30 and 60 m) were sys 

tematically combined with four different doses of fer 

tilizers; there was also an unfertilized control. The ferti 
lizers used were P from basic slag1, K from potassium 

chloride and N from urea in the following doses: 

1. control = no ferUlizer 

2. NP2K2 = nitrogen 120 kg/ha phosphorus 40 kg/ha 

potassium 80 kg/ha 

3. P2K2 = phosphorus 40 kg/ha potassium 80 kg/ha 

4. P2K4 = phosphorus 40 kg/ha potassium 160 kg/ha 

5. P4K4 =. phosphorus 80 kg/ha potassium 160 kg/ha 

Basic slag is also known as Thomas phosphate. This waste 

product from iron mills supplies P in a slow-release form. 
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Tot i a rimy ran- Norsjo —. 

Lat 64° 52' Alt 320 Vi' 

Stormyran. Nedansio 

Lai 62° 27'Alt 325 

Myckelmossan, 

Vaster I a me bo 

Lai Alt 100 

lillesjo-mossen-

TdnnersjoJ/' 

56" 43 Alt 155 
7 

Figure 4. Afforestation of nonproductive openpeatland (mire) 

in Sweden. Experimenlai areas. 

The year after draining, seedlings were planted and 

fertilized. The fertilizers were applied in two different 

ways, spot and broadcast. Scots pine (Pinus silvestris) 

and birch were planted in all areas. In ihe northern and 

southern areas Norway spruce was added; elsewhere, 

lodgcpole pine was used instead of Norway spruce. Half 

of the seedlings were planted in a 30- x 30-cm piece of 

inverted peat, the remainder in unmodified natural peat. 

The seedlings were planted at a spacing of 2 x 2 m. 

Preliminary Results 

Since we are interested in forest production over an 

entire rotation period, we plan to follow these experi 

ments for a long time. In 1988, the 18-year-old stands 

were inventoried. Height, diameter and different kinds of 

damage were registered. Nutrient conditions in needles 

and chemical contents of runoff water were analyzed. 

Volume per hectare was calculated and, as expected, 

tree growth was much better in the south than in the north 

(Fig. 5). Today, the total standing volume per hectare for 

Scots pine is four times grcaier in the south than in the 

BouSh 
Norlh 

Figure 5. The effect of ditch spacing and climate on standing 

volume in four experimental areas in Sweden. The 
results refer 10 Scots pine, except for one area planted 

withlodgepolepine.The averages include thevalues 

for fertilized and unfertilized plots. 

north. This is an average of all stands; neither ditch spac 

ing nor fertilization has been taken into consideration. 

Decreasing the distance between ditches from 60 to 7.5 

m increases volume production by about 150%. The 

basal area in control plots for the two rows of trees 

nearest the ditch was three times higher than for those 

rows between the ditches. In fertilized plots this differ 

ence was not as great — about 1.5 times higher than for 

the rows between the ditches. (The most northerly area 

was not included, as data were unavailable at time of 

writing.) 

Fertilization evoked a much higher growth response 

than did drainage alone (Fig. 6). Volume production was 

6-10 times higher in fertilized plots than in the control. 

This holds true for the southern and central parts of the 

country, while in the north, growth response to fertiliza 

tion was minimal. 

The differences in volume resulting from different 

combinations and quantities of fertilizer are small, but it 

seems that doubling the dose of P (P4K4) has given the 

best response, at least in the south. This was supported by 

the nutrient analysis of the needles which, however, indi 

cated a current shortage of K. In the near future potas 

sium must be added to prevent a decline in growth. 

The volume values refer to Scots pine, with one ex 

ception. That is in central Sweden, in Stormyran, where 

lodgepolepine was much superior to ScoLs pine. Here the 

volume values for lodgepoie pine were four umes higher 
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Figure 6. The effect of fertilization and climate on volume 
growth in four experimental areas in Sweden. The 

results refer to Scots pine, except for one area 

planted with lodgepole pine. 

The decline in the length of the leading shoots may 
therefore be due to cooler conditions in the last few 
years. In the control plots, where no fertilizer is added, 

there seems to have been a slow decline over the last 

eight years; this may indicate that the drainage system is 
becoming less effective. 

Soil Preparation 

The seedlings that were planted in inverted peat had a 

better survival rate than did those on unprepared plots, 
and the volume was 30% higher on plots with inverted 

peat (Fig. 8). Mean height and diameter were cor 

respondingly greater. Soil preparation seems to affect 

local drainage by ensuring belter aeration and mineral 
ization, since differences in growth are greatest at a ditch 

spacing of 60 m. On control plots (drained, but not fer 
tilized) there was no difference in growth among seed 

lings planted on plots that underwent different soil 
preparation. 

than those for Scots pine, partly, perhaps, because of 
a very successful provenance of lodgepole pine and 

partly because Scots pine has suffered from severe 

browsing by moose. Elsewhere, there were no large 

differences between species except in the most 

northerly area, Suoluvuoma, where Norway spruce, 

after a slow siart because of frost problems, is now 

growing better than Scots pine. Also, many natural 

ly regenerated birch (Betula pubescens) have be 

come established in this area. Planted birch {Betula 

vermcosa) have been unsuccessful in all areas, and 

almost 100% of the seedlings have died. 

Height 

In the south, mean height of stands on fertilized 

plots was comparable to a site index for Scots pine 

of 24 m (at 100 yr) on mineral soils. For control 

plots the mean height was comparable to a site 

index for Scots pine of 14 m (at 100 yr) on mineral 
soils. 

The growth increment of the leading shoots in 

creased steadily until 1984, bui declined thereafter 

(Fig. 7). It is ioo early to state whether this decline 

indicates that drainage and/or fertilization are not as 
effective as they had been. The length of the lea-

dingshoots is very much influenced by temperature 
in August and September of the previous year. The 

deviation from the previous year's normal tempera 
ture is included in Figure 7. 

P-1K4 

P2K2 

P2K2 

N2P2K2 

NtP2K2 

Control 

Deviation 

in temp. C 

72 75 84 

Figure 7. The length of the leading shoots in differeni years and for 
different fertilizers, as a mean value for all ditch spacing*. 
I he deviation of the previous year's mean temperature in 
August and September from a 30-year mean value is 
included (e.g., the deviation shown for 1986 is actually for 
the preceding year, 1985). 



99 

m3/ha 

50_ 

45. 

4Q 

35 

30J 

25 

20_ 

15 

19 

5-

0 

D 

Turned ouorpeat 

Mo soil prep. 

7.5 15 30 60 

Ditch .-pacing (m) 

Figure 8. The effect of soil preparation and ditch spacing on 
volume growth. Means include both fertilized and 

unfertilized phis. 

Damage 

Many different types of damage have occurred, some 

specific lo peaiiands, oihcrs on both mineral soils and 

peat. As peat is not the best rooting substrate, basal 

sweep and windllirown trees are common. Lodgcpole 

pine, especially, whh its superficial root system, has a 

high proportion of basal sweep, up to 50% in some areas. 

This also occurs widi Scots pine, but not as commonly as 

with lodgepole pine. On the other hand, Scots pine has 

been browsed severely by moose, and this has resulted in 

high proportions of spike knots and forks. In the north, 

80% of Scots pine has been destroyed by moose. Brows 

ing is not a typical pcatland problem, however. PcaUands 

arc often very susceptible lo frost l>ecause they are in 

low-lying areas. Frost has been particularly hard on 

Norway spruce seedlings in the north, but many of these 

seedlings have readied a height at which they arc less 

exposed to frost. 

CONCLUSIONS 

The two experiments discussed above have not yet 

been fully analyzed, but at this time we may draw some 

tentative conclusions. 

The recently established experiment on afforestation 

of abandoned agricultural pcadand shows that some type 

of soil preparation is necessary. The survival rate has so 

far been highest on mounded plots, especially for lodge-

pole pine and large Norway spruce seedlings. Competi 

tion from other vegetation, which seems to be the major 

problem, is less intense on mounded sites. There is also 

less risk of frost-damaged seedlings on mounds because 

the minimum temperature on top of the mounds is higher 

than that on an unprepared surface. However, if the 

mounds arc loo large they may not hold enough water for 

large seedlings. Birch, black spruce and small Norway 

spruce seedlings have had high mortality rates. Black 

spruce was expected to be very frost hardy, but this did 

not, in fact, happen. Browsing, especially by roe-deer, 

has been severe in some areas. In one area 95% of the 

seedlings were browsed, regardless of species. 

The second experiment, established in 1971, deals 

with afforestation of nonproductive open pcatland. The 

best condidons for forest production were found in the 

Southern and central portions of the country. Volume pro 

duction for Scots pine is four times higher in the south 

than in the north. Afforestation of nutrient-poor sites 

requires fertilization in addition to drainage. On plots 

treated with the highest doses of P and K, volume pro 

duction was 6 to 10 limes higher than on unfertilized 

plots. Results of needle analyses suggested diat there 

may soon bcashortageofK. Adding N has had no effect 

on growth. Fertilization has led to significant improve 

ments in silc index, from 14 to 24 m (at 100 yr). Optimal 

ditch spacing was not determined, but the closer the 

spacing the better the growth. It is loo early to say if 

growth has reached a maximum, or if ditch cleaning and 

rcfcrtilization are necessary. Soil preparation still has a 

positive effect on growth after 18 years. 

The main problems observed in afforcstalkm of open 

pcadand are caused by wind, snow, frost and mammalian 

herbivores, primarily moose. One way to handle these 

problems is to choose the right tree species, but different 

species have different problems. Basal sweep, which is 

caused by wind and snow, is a common phenomenon in 

lodgepole pine. For Norway spruce, frost is the main 

problem in some regions, and Scots pine seems to be 

very attractive to moose. 
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m
e
 h
y
p
o
t
h
e
s
e
 q
u
e
 l
es
 m
il

ie
ux

 d
u
 s
u
b
s
t
r
a
t
u
m
 v
ar

ie
nt

 s
el

on
 l

a 
h
a
u
 

te
ur

 d
e
 l
a 
n
a
p
p
e
 p
h
r
e
a
t
i
q
u
e
 d
a
n
s
 l
es
 s
e
c
t
e
u
r
s
 a
ss

ai
ni

s.
 L
a
 t
e
m
p
e
r
a
t
u
r
e
 d
u
 s
ol
 e
t 

la
 t
e
n
e
u
r
e
n
 e
a
u
 o
n
t
e
t
e
e
c
h
a
n
t
i
l
l
o
n
n
e
e
s
d
a
n
s
d
i
v
e
r
s
 t
y
p
e
s
 t
o
r
e
s
t
i
e
r
s
d
r
a
i
n
e
s
e
t
 n
o
n
 

dr
ai

ne
s.

 
L
e
s
 r
es

ul
ta

ts
 c
o
r
r
o
b
o
r
e
n
t
 n
ot
re
 h
y
p
o
t
h
e
s
e
.
 L
e
s
 s
ta

ti
on

s 
a
s
s
a
i
n
i
e
s
 e
ta

ie
nt

 

d
e
 1

 
&
 2
°
C
 p
lu

s 
c
h
a
u
d
e
s
 q
u
e
 l
es
 s
ta

ti
on

s 
n
o
n
 d
r
a
i
n
e
e
s
 a
 d
e
s
 p
r
o
f
o
n
d
e
u
r
s
 d
e
 0
 a
 

6
0
 c
m
.
 L
a
 t
e
m
p
e
r
a
t
u
r
e
 e
n
 b
o
r
d
u
r
e
 d
e
s
 f
o
s
s
e
s
 e

ta
it

 e
n
 m
o
y
e
n
n
e
 2
°
C
 p
lu

s 
e
l
e
v
e
e
 

q
u
e
 c
ei

le
 a
 m
i
-
c
h
e
m
i
n
 e
nt

re
 d
e
u
x
 f
os

se
s.

 L
a
 t
e
n
e
u
r
 e
n
 e
a
u
 e

ta
it

 d
e
 8
 a
 9
%
 p
lu

s 

e
l
e
v
e
e
 d
a
n
s
 l
es
 3
0
 
c
m
 s
up
er
ii
ci

el
s 
d
e
s
 p
ar
te
rr
es
 d
e
 c
o
u
p
e
 r
a
s
e
 d
r
a
i
n
e
s
 q
u
e
 d
a
n
s
 

c
e
u
x
 n
o
n
 d
ra

in
es

. 
L
e
s
 p
lu

s 
fo

rt
es

 d
if

fe
re

nc
es

 d
e
 t
e
n
e
u
r
 e
n
 e
a
u
 s
e
 r
et
ro
uv
ai
en
t 
a
 

d
e
s
 
p
r
o
f
o
n
d
e
u
r
s
 d
e
 
2
0
 
a
 3
0
 
c
m
 q
ui

 c
o
r
r
e
s
p
o
n
d
a
i
e
n
t
 
a
 
la
 
h
a
u
t
e
u
r
 d
e
 
la
 
n
a
p
p
e
 

p
h
r
e
a
t
i
q
u
e
 d
a
n
s
 l
a 
st
at
io
n 
n
o
n
 d
r
a
i
n
e
e
.
 A
u
c
u
n
e
 d
i
f
f
e
r
e
n
c
e
 s
ig
ni
fi
ca
ti
ve
 d
e
 l
a 
t
e
n
e
u
r
 

e
n
 e
a
u
 n
'a

 e
te

 d
e
c
e
l
e
e
 e
n
 b
o
r
d
u
r
e
 d
e
s
 f
o
s
s
e
s
 e
t 
a
 m
i
-
c
h
e
m
i
n
 e
nt
re
 l
es
 f
o
s
s
e
s
 d
a
n
s
 

le
 
p
a
r
t
e
r
r
e
 d
e
 c
o
u
p
e
 
r
a
s
e
 
a
s
s
a
i
n
i
.
 

I
N
T
R
O
D
U
C
T
I
O
N
 

Pe
at

la
nd

 d
ra

in
ag
e 

is
 b
ei

ng
 c
o
n
s
i
d
e
r
e
d
 a
s 
a 
m
e
a
n
s
 o
f 

i
m
p
r
o
v
i
n
g
 t
re
e 
g
r
o
w
t
h
 a
n
d
 s
it

e 
pr
od
uc
ti
vi
ty
. 

In
 C
a
n
a
d
a
,
 

a
b
o
u
t
 1
1
8
 
mi
ll
io

n 
h
a
 o
f
 p
c
a
i
l
a
n
d
s
 h
a
v
e
 b
e
e
n
 i

de
nt

if
ie

d,
 

m
o
s
t
 o
f
 w
h
i
c
h
 m
a
y
 b
e
 s
ui
ta
bl
e 
fo
r 
s
o
m
e
 k
i
n
d
 o
f
 d
r
a
i
n
a
g
e
 

(
T
a
r
n
o
c
a
i
 
1
9
8
4
)
.
 
T
h
e
 
l
o
w
e
r
i
n
g
 
o
f
 
t
h
e
 
w
a
t
e
r
 
t
ab
le
 
re

 

m
o
v
e
s
 e
x
c
e
s
s
 w
a
i
c
r
 a
n
d
 c
h
a
n
g
e
s
 t
h
e
 p
h
y
s
i
c
a
l
 p
r
o
p
e
r
t
i
e
s
 

o
f
 s
ur
fa
ce
 p
ea

ts
. 
I
n
c
r
e
a
s
e
d
 t

re
e 
g
r
o
w
t
h
 a
ft
er
 d
r
a
i
n
a
g
e
 i

s 

at
tr
ib
ut
ed
 l
o 
i
m
p
r
o
v
e
d
 s
ub

st
ra

te
 e
n
v
i
r
o
n
m
e
n
t
s
 d
ia
t 
re
su
lt
 

f
r
o
m
 d
e
c
r
e
a
s
e
d
 w
a
t
e
r
 c
o
n
t
e
n
t
 a
n
d
 i
n
c
r
e
a
s
e
d
 a
er

at
io
n 
a
n
d
 

su
bs
tr
at
e 
t
e
m
p
e
r
a
t
u
r
e
s
 (
K
a
u
n
i
s
t
o
 a
n
d
 P
a
i
v
a
n
c
n
 1
98
5)
. 

D
r
a
i
n
a
g
e
 

is
 
a 

p
r
o
c
e
s
s
 
th

at
 
is
 
us
ua
ll
y 

a
c
h
i
e
v
e
d
 
b
y
 

m
e
a
n
s
 
o
f
 
o
p
e
n
 
d
i
t
c
h
e
s
 
th

at
 
i
n
t
e
r
c
e
p
t
 
s
h
a
l
l
o
w
 
g
r
o
u
n
d
-

w
a
t
e
r
 f
lo

w,
 c
ol
le
ct
 i

t 
a
n
d
 c
ar

ry
 i

t 
a
w
a
y
 f
r
o
m
 a
 s

it
e.

 T
h
e
 

w
a
t
e
r
 
ta
bl
e 

is
 
n
o
t
 
l
o
w
e
r
e
d
 
u
n
i
f
o
r
m
l
y
,
 
b
u
t
 
f
o
l
l
o
w
s
 
a
 

m
o
u
n
d
i
n
g
 p
at
te
rn
 (
B
o
c
l
t
e
r
 1
9
6
5
)
,
 w
i
t
h
 m
a
x
i
m
u
m
 d
e
p
t
h
 

at
 
di
tc
h 

e
d
g
e
s
 
a
n
d
 
m
i
n
i
m
u
m
 
d
e
p
t
h
 
ai
 
th
e 
m
i
d
p
o
i
n
t
s
 

b
e
t
w
e
e
n
 d
it
ch
es
. 
L
i
e
f
f
e
r
s
 a
n
d
 R
o
t
h
w
e
l
l
 (
1
9
8
7
)
 o
b
s
e
r
v
e
d
 

d
i
f
f
e
r
e
n
c
e
s
 o
f
 5
 t

o 
4
0
 c
m
 i

n 
w
a
t
e
r
 t
ab
le
 l
ev
el
s 
b
e
t
w
e
e
n
 

di
tc
h 
e
d
g
e
s
 a
n
d
 
m
i
d
p
o
i
n
t
s
 
in
 a

 d
r
a
i
n
e
d
 
fe

n.
 I
n 
v
i
e
w
 o
f
 

th
es

e 
o
b
s
e
r
v
a
t
i
o
n
s
 a
n
d
 i

he
 p
ot
en
ti
al
 
fo
r 
ca

pi
ll

ar
y 
w
a
i
e
r
 

m
o
v
e
m
e
n
t
 i

n 
p
e
a
t
 (
P
a
a
v
i
l
a
i
n
c
n
 a
n
d
 V
i
r
r
a
n
k
o
s
k
i
 
1
9
6
7
)
,
 



1
0
4
 

su
bs
tr
at
es
 i
n 
dr

ai
ne

d 
ar

ea
s 
sh
ou
ld
 v
ar

y 
wi
lh

 w
at
er
 t
ab
le
 

de
pt
h.
 S
ub

st
ra
te
 e
nv
ir
on
me
nt
s 
in

 d
ra

in
ed

 a
re

as
 s
ho

ul
d 
be
 

m
o
r
e
 e
x
t
r
e
m
e
 a
n
d
 m
o
r
e
 v
ar

ia
bl

e 
th

an
 t
ho
se
 i
n 
un

dr
ai

nc
d 

ar
ea

s.
 S
ub

st
ra
te
 w
at

er
 c
on

te
nt

 s
ho
ul
d 

in
cr

ea
se
 a
n
d
 s

oi
! 

te
mp
er
at
ur
e 
s
h
o
u
l
d
 d

ec
re
as
e 

wi
th
 
di

st
an

ce
 
f
r
o
m
 
di
lc
h 

ed
ge

s 
(F

ig
. 

1)
. 
T
h
e
 
gr
ea
te
st
 
in
cr
ea
se
s 

in
 
tr

ee
 g
r
o
w
t
h
 

sh
ou
ld
 b
e 
cl
os

e 
to

 d
ie
 d
it

ch
es

 (
Pa

iv
an

cn
 a
nd

 W
el
ls
 1
97

8)
. 

D
i
s
t
a
n
c
e
 
f
r
o
m
 

^
 

5
 

di
tc
h 

Fi
gu

re
 I
. 
Bi

ol
og

ic
al

 d
il
ch
 s
pa

ci
ng

 I
s d

ef
in
ed
 a
s 
th
e 
di

st
an

ce
 

f
r
o
m
 t
he
 e
d
g
e
 o
f
 t
he
 d
it
ch
 a
t 
w
h
i
c
h
 c
h
a
n
g
e
s
 i
n 
s
u
b
 

s
t
r
a
t
e
 p
a
r
a
m
e
t
e
r
s
 c
e
a
s
e
.
 

T
h
e
 e
ff

ec
ts
 o
f 
dr
ai
na
ge
 o
n
 s
ub

st
ra

te
 e
nv

ir
on
me
nt
s 
a
n
d
 

tr
ee
 g
r
o
w
t
h
 a
re
 d
e
t
e
r
m
i
n
e
d
 l
ar
ge
ly
 b
y
 d
it
ch
 s
pa
ci
ng
. 
T
h
e
 

m
a
g
n
i
t
u
d
e
 
of

 
wa

te
r 

ta
bl

e 
re
du
ct
io
n 

a
n
d
 
su
bs
tr
at
e 

ch
an
ge
s,
 f

or
 a
 g
iv

en
 p
ea

t 
ty
pe
, 

is
 g
re

at
er

 w
it
h 
a 
n
a
r
r
o
w
 

th
an

 
wi
th
 

a 
w
i
d
e
 
di
tc
h 

sp
ac

in
g.

 
Di

tc
h 

sp
ac

in
g 

is
 

de
sc
ri
be
d 
by

 P
il
iv
an
cn
 a
n
d
 W
el

ls
 (
19

78
) 
as

 
bi

ol
og

ic
al

ly
 

op
ti
ma
l 

if
 i

t 
yi
el
ds
 
th
e 

be
st

 
tr

ee
 
gr
ow

th
. 

Bi
ol
og
ic
al
 

sp
ac
in
g 
ca

n 
be
 f
ur
th
er
 d
ef
in
ed
 a
s 
th
e 
di

st
an

ce
 f
ro

m 
di
lc
h 

e
d
g
e
s
 a
t 
w
h
i
c
h
 c
h
a
n
g
e
s
 i
n 
su

bs
tr

at
e 
pa
ra
me
te

rs
 c
ea

se
 o
r 

re
su

lt
 i
n 
th
e 
eq
ui
va
le
nt
 o
f 
un

dr
ai

ne
d 
co

nd
it

io
ns
 (
Fi

g.
 I

).
 

Bi
ol
og
ic
al
 s
pa
ci

ng
 w

il
l 

va
ry
 
fr
om
 
si
te
 t

o 
si

te
, 
as
 i

t 
is
 

af
fe
ct
ed
 
by
 
cl

im
at

e,
 
sl

op
e 
a
n
d
 
pe
at
 
ty
pe
 
a
n
d
 
de
pt
h.
 

Bi
ol
og
ic
al
 
sp

ac
in

g 
wi

ll
 
al
wa
ys
 b
e 

na
rr
ow
er
 t

ha
n 
e
c
o
 

n
o
m
i
c
a
l
 s
pa
ci

ng
, 
w
h
i
c
h
 y
ie
ld
s 
th
e 
hi
gh
es
t 
ra

te
 o
f 
in

te
re

st
 

in
 
re
tu
rn
 
fo

r 
in

ve
st

me
nt

s 
in

 
dr

ai
na

ge
 
(P

ai
vM
ne
n 

a
n
d
 

We
ll

s 
19
78
).

 
M
a
n
a
g
e
m
e
n
t
 
ob
je
ct
iv
es
 

fo
r 

dr
ai

na
ge

 

sh
ou
ld
 b

e 
to
 r
ed
uc
e 

th
e 

di
ff
er
en
ce
 b
et
we
en
 b

io
lo

gi
ca

l 
a
n
d
 e
c
o
n
o
m
i
c
 s
p
a
c
i
n
g
s
 a
s 
m
u
c
h
 a
s 
po
ss
ib
le
. 

O
B
J
E
C
T
I
V
E
S
 

T
h
e
 o
bj
ec
ti
ve
s 
of
 t
hi
s 
st
ud
y 
we

r
e
 t
o 
as
se
ss
 t
he
 e
ff

ec
ts

 
of
 
pe
al
la
nd
 
dr
ai
na
ge
 
o
n
 
su

bs
tr

at
e 

te
mp

er
at

ur
e 

a
n
d
 

su
bs
tr
at
e 
wa

te
r 
co

nt
en

t,
 a
n
d
 t

o 
as
se
ss
 t
he
 v
ar
ia

bi
li

ty
 o
f 

t
e
m
p
e
r
a
t
u
r
e
 
a
n
d
 
s
u
b
s
t
r
a
t
e
 
w
a
t
e
r
 
c
o
n
i
e
n
t
 
in

 
a
 
d
r
a
i
n
e
d
 

pe
at
la
nd
. 
T
h
e
 h
yp
ot
he
se
s 
te
st
ed
 w
e
r
e
 a
s 
fo

ll
ow

s:
 1

) 
su
b-

st
ra

te
 t
e
m
p
e
r
a
t
u
r
e
 i
s 
gr
ea
te
r 
o
n
 d
r
a
i
n
e
d
 p
c
a
t
l
a
n
d
s
 t
h
a
n
 o
n
 

un
dr

ai
ne

d 
pe

at
la

nd
s,

 2
) 
su
bs
tr
at
e 
wa
te
r 
co

nt
en
t 

is
 l
es
s 
on
 

dr
ai

ne
d 
pc

at
la

nd
s 
th
an
 o
n 
un

dr
ai

ne
d 

pc
at

la
nd
s,
 3

) 
su

b 
st
ra
te
 
t
e
m
p
e
r
a
t
u
r
e
s
 
o
n
 
d
r
a
i
n
e
d
 
p
c
a
l
i
a
n
d
s
 
ar
e 
h
i
g
h
e
r
 a

t 

di
tc
h 
ed
ge
s 
th
an
 a
t 
th
e 
mi
dp
oi
nt
 b
et
we
en
 d
it
ch

es
, 
an

d 
4}

 
su
bs
tr
at
e 
wa
te
r 
co

ni
en

t 
o
n
 d

ra
in

ed
 p

ca
tl

an
ds
 i

s 
le
ss
 a

t 

di
tc
h 
ed
ge
s 
th
an
 a
t 
th
e 
mi
dp
oi
nt
 b
et
we
en
 d
it
ch

es
. 

M
E
T
H
O
D
S
 

S
t
u
d
y
 S
it

e 
D
e
s
c
r
i
p
t
i
o
n
 

T
h
e
 s
tu

dy
 w
a
s
 c
o
n
d
u
c
t
e
d
 i
n 
th
e 
W
a
l
l
y
 C
r
e
e
k
 E
x
p
e
r
 

im
en

ta
l 

Dr
ai
na
ge
 
Ar

ea
, 
wh
ic
h 

is
 
lo
ca
te
d 

in
 
no

rt
he

rn
 

On
ta
ri
o,
 C
an
ad
a,
 2
5 
k
m
 e

as
i 
of
 t
he
 t
ow
n 
of
 C
oc
hr
an
e.
 

T
h
e
 a
pp

ro
xi

ma
te

 l
at

it
ud

e 
an

d 
lo

ng
it

ud
e 
of
 t
he

 s
it
e 
ar
c 

48
° 
52
' 
N
 a
nd

 8
0°

 4
9'

 W
,
 r
es

pe
ct

iv
el

y.
 T
h
e
 a
re
a 

is
 p
ar
t 
of

 

th
e 
Cl
ay
 
Be

lt
 F

or
es

t 
Se

ct
io

n 
of
 t

he
 
Bo
re
al
 
Fo
re
st
 
of

 

no
rt

he
rn

 
On
ta
ri
o.
 
T
h
e
 
d
o
m
i
n
a
n
t
 
tr

ee
 
sp
ec
ie
s 

is
 
bl
ac
k 

sp
ru
ce
 
(P

ic
ea

 
ma

ri
an

a)
, 

w
h
i
c
h
 
av

er
ag

es
 
10
-1

5 
m
 
in
 

he
ig
ht
. 
T
h
e
 m
os
t 
c
o
m
m
o
n
 f
or

es
t 
si
te
 t
yp

e 
is

 O
pe
ra
ti
on
al
 

G
r
o
u
p
 1

1 
(
O
G
-
1
I
)
 (
Jo

ne
s 

ct
 a
l.

 1
98
3)
, 
wh

ic
h 

is
 c
ha
ra
c 

te
ri
ze
d 
b
y
 a
 c
lo
se
d 
c
a
n
o
p
y
 o
f 

bl
ac
k 
sp

ru
ce

 w
it
h 
a 
sh

ru
b 

la
ye
r 
of

 L
ab
ra
do
r 
te
a 
(l

ed
un

i 
gr

oe
nl

an
di

cu
m)

, 
bl

ue
be

rr
y 

(V
ac
ci
ni
mn
 
my
ni
ll
oi
de
s)
 
an

d 
le

at
hc

rl
ea

f 
{C
ha
tn
ae
-

d
a
p
h
n
e
 c
al

yc
ul

at
a)

. 

T
h
e
 s
oi

ls
 a
rc
 o
rg
an
ic
, 
4
0
 t
o 
16

0 
c
m
 t

hi
ck

, 
a
n
d
 o
ve
rl
ie
 

im
pe

rm
ea

bl
e 

cl
ay

. 
C
o
m
m
o
n
 
m
o
s
s
 
sp

ec
ie

s 
in

cl
ud

e 
Sp
li
ag
nu
m 
n
e
m
o
r
e
u
m
,
 S

. 
fu
sc
um
, 

S.
 m

ag
el

ia
ni
cu
tn
, 

S.
 

gi
rg
en
so
hn
ii
, 

P
k
u
r
o
z
i
u
m
 
sc

hr
eb

er
i,

 
Pt

il
iu

m 
cr
is
ta
-

ca
si
re
ns
is
, 
a
n
d
 D
i
c
r
a
n
u
m
p
o
l
y
s
e
t
u
m
.
 

T
h
e
 
to
po
gr
ap
hy
 o
f 

th
e 

ar
ea
 
is

 f
la
t,
 w

it
h 
l
o
w
 r
un
of
f 

be
ca

us
e 
of
 t
he
 d
e
e
p
 s
ur
fi
ci
al
 o
rg

an
ic

 s
oi
l 
a
n
d
 i
m
p
e
r
m
e
 

ab
le
 c
la
y 

so
il

 a
t 
de
pt
h.
 T
h
e
 c
li

ma
te

 i
s 
ch
ar
ac
te

ri
ze

d 
by
 

co
ld

 
wi

nt
er

s 
a
n
d
 
w
a
r
m
,
 
mo
is
t 

s
u
m
m
e
r
s
.
 
T
h
e
 
m
e
a
n
 

an
nu

al
 t

em
pe

ra
tu

re
 a
t 
C
o
c
h
r
a
n
e
 i

s 
b
e
t
w
e
e
n
 0
 a
n
d
 
1°

C.
 

A
n
n
u
a
l
 p
re

ci
pi

ta
ti

on
 i
s 
b
e
t
w
e
e
n
 6
8
5
 a
n
d
 7
1
5
 m
m
,
 a
n
d
 i
s 

e
v
e
n
i
y
 d
is

tr
ib

ut
ed

 t
h
r
o
u
g
h
o
u
t
 t
he
 y
ea

r.
 

A
p
p
r
o
x
i
m
a
t
e
l
y
 5
0
0
 h
a 
w
e
r
e
 d
ra

in
ed

 b
y
 t

he
 O
nt

ar
io

 

Mi
ni

st
ry

 o
f 
Na

tu
ra

l 
Re
so
ur
ce
s 

in
 
19
84
. 
Di

tc
h 

sp
ac

in
gs

 

w
e
r
e
 3
0
 t

o 
4
0
 m
 o
n
 s
pa
rs
el
y 
tr
ee
d 

si
te
s,
 6
0
 m
 o
n 
wa

te
r 

lo
gg

ed
 m
in

er
al

 s
oi

l 
a
n
d
 4
0
 t
o 
5
0
 m
 o
n 
de

ns
el

y 
tr
ee

d 
bl
ac
k 

sp
ru

ce
 b
og

. 
Di

tc
he

s 
w
e
r
e
 1

 m
 d
e
e
p
 a
n
d
 1

.4
 m
 w
i
d
e
.
 

S
u
b
s
t
r
a
t
e
 S
a
m
p
l
i
n
g
 

Su
bs
tr
at
es
 o
n
 d
ra

in
ed

 a
n
d
 u
nd
ra
in
ed
 p
ea

tl
an
ds
 w
e
r
e
 

de
sc

ri
be

d 
in
 
te

rm
s 
of
 t
em

pe
ra

tu
re

 a
n
d
 
wa
te
r 

co
nt

en
t.

 

Te
mp
er
at
ur
es
 w
er
e 
me
as
ur
ed
 w
it

h 
a 
te

mp
er

at
ur
e 
pr

ob
e 

co
nt
ai
ni
ng
 

fi
ve
 

co
pp
cr
-c
on
st
an
ta
n 

th
er

mo
co

up
le

s 
th

re
ad

ed
 t
hr

ou
gh

 a
 s
ta

in
le

ss
 t
ub

e 
to
 h
ol
es
 i

n 
wh
ic
h 
th

ey
 

w
e
r
e
 
e
m
b
e
d
d
e
d
 
in
 
ep
ox
y.
 
T
h
e
 
t
h
e
r
m
o
c
o
u
p
l
e
s
 
w
e
r
e
 

sp
ac

ed
 t
o 
m
e
a
s
u
r
e
 t
em
pe
ra
tu
re
s 

at
 d
ep

th
s 
of
 1
0,
20

, 
30
, 



1
0
5
 

4
5
 a
n
d
 6
0
 c
m
 b
e
l
o
w
 t
h
e
 g
r
o
u
n
d
 s
u
r
f
a
c
e
.
 T
h
e
 t
e
m
p
e
r
a
t
u
r
e
 

p
r
o
b
e
 w
a
s
 i
n
s
e
r
t
e
d
 i
n 
t
h
e
 g
r
o
u
n
d
 a
n
d
 l
ef

t 
fo
r 
5
 t
o 
1
0
 m
i
n
 

ut
es
 
fo
r 

t
h
e
r
m
o
c
o
u
p
l
e
s
 
to
 
e
q
u
i
l
i
b
r
a
t
e
 
w
i
t
h
 
t
h
e
 
s
u
r
 

r
o
u
n
d
i
n
g
 s
u
b
s
t
r
a
t
e
 t
e
m
p
e
r
a
t
u
r
e
,
 a
n
d
 
t
h
e
n
 
v
o
l
t
a
g
e
s
 w
e
r
e
 

r
e
a
d
 
b
y
 
m
e
a
n
s
 
o
f
 
a
n
 
i
c
e
-
p
o
i
n
t
 
r
e
f
e
r
e
n
c
e
 j
u
n
c
t
i
o
n
 
a
n
d
 

m
u
l
t
i
m
e
t
e
r
 w
i
t
h
 a
 r
e
s
o
l
u
t
i
o
n
 o
f
 
0
.
0
1
 m
V
.
 

S
u
b
s
t
r
a
t
e
 t
e
m
p
e
r
a
t
u
r
e
s
 w
e
r
e
 m
e
a
s
u
r
e
d
 a

t 
di
tc
h 
e
d
g
e
 

a
n
d
 a
t 
m
i
d
p
o
i
n
t
 
l
o
c
a
t
i
o
n
s
 
b
e
t
w
e
e
n
 
d
i
t
c
h
e
s
 
a
l
o
n
g
 
t
r
a
n
s
 

ec
ts

 i
n 
a
 r
a
n
g
e
 o
f
 d
if

fe
re

nt
 f
or
es
t 
c
o
v
e
r
 t
yp
es
. 
T
r
a
n
s
e
c
t
s
 

in
 m
o
s
t
 c
a
s
e
s
 c
on

si
st
ed
 o
f
 1
0
 s
a
m
p
l
e
 p
oi
nt
s,
 w
i
t
h
 t
hr

ee
 

r
e
p
l
i
c
a
t
i
o
n
s
 a
t 
e
a
c
h
 
p
o
i
n
t
.
 
T
r
a
n
s
e
c
t
s
 
in

 u
n
d
r
a
i
n
c
d
 
a
r
e
a
s
 

w
e
r
e
 e
s
t
a
b
l
i
s
h
e
d
 w
i
t
h
 
t
he
 s
a
m
e
 
s
p
a
c
i
n
g
 
a
n
d
 n
u
m
b
e
r
 o
f
 

p
o
i
n
t
s
 a
s 

in
 t
h
e
 d
r
a
i
n
e
d
 a
re
as
. 
S
a
m
p
l
i
n
g
 w
a
s
 d
o
n
e
 i
n 
2-

to
 

3
-
d
a
y
 p
e
r
i
o
d
s
,
 1
3
-
1
7
 J
u
n
e
 1
9
8
6
 a
n
d
 3
0
 J
u
n
c
-
2
 J
u
l
y
 1
9
8
6
.
 

S
a
m
p
l
i
n
g
 o
n
 s
u
c
c
e
s
s
i
v
e
 d
a
y
s
 w
a
s
 d
o
n
e
 a
t 
th
e 
s
a
m
e
 t
i
m
e
 

e
a
c
h
 d
a
y
 t
o 
m
i
n
i
m
i
z
e
 c
o
n
f
o
u
n
d
i
n
g
 a
s 
a 

re
su

lt
 o
f
 d
iu
rn
al
 

t
e
m
p
e
r
a
t
u
r
e
 

v
a
r
i
a
t
i
o
n
s
.
 
T
h
e
 

d
i
f
f
e
r
e
n
t
 
c
o
v
e
r
 
t
y
p
e
s
 

s
a
m
p
l
e
d
 w
e
r
e
 a
s
 f
o
l
l
o
w
s
:
 
u
n
d
r
a
i
n
e
d
,
 u
n
c
u
t
 b
l
a
c
k
 s
p
r
u
c
e
 

b
o
g
;
 d
r
a
i
n
e
d
,
 
u
n
c
u
t
 b
l
a
c
k
 s
p
r
u
c
e
 b
o
g
;
 d
r
a
i
n
e
d
,
 c
u
t
o
v
e
r
 

b
l
a
c
k
 s
p
r
u
c
e
 b
o
g
;
 
u
n
d
r
a
i
n
c
d
,
 c
u
t
o
v
e
r
 b
l
a
c
k
 s
p
r
u
c
e
 b
o
g
;
 

a
n
d
 

d
r
a
i
n
e
d
,
 

u
n
c
u
t
 

b
l
a
c
k
 
s
p
r
u
c
e
/
t
a
m
a
r
a
c
k
 

(
L
a
r
i
x
 

l
a
r
i
c
i
n
a
)
 f
en
. 

T
h
e
 p
r
e
s
e
n
c
e
 a
n
d
 f
r
e
q
u
e
n
c
y
 o
f
 f
ro

st
 w
e
r
e
 s
a
m
p
l
e
d
 b
y
 

m
e
a
n
s
 o
f
 "
w
a
l
k
i
n
g
 t
ra

ns
ec

ts
",

 e
a
c
h
 o
f
 w
h
i
c
h
 c
o
n
s
i
s
t
e
d
 o
f
 

1
0
0
 p

oi
nt
s.
 
F
o
r
 e
a
c
h
 
s
a
m
p
l
e
 p
o
i
n
t
 
a
n
 
ir
on
 
r
o
d
 w
a
s
 i

n 

se
rt
ed
 i

n 
th
e 
g
r
o
u
n
d
.
 I

n 
d
r
a
i
n
e
d
 a
re
as
, 
ha

lf
 o
f 
di
e 
po
in
ts
 

w
e
r
e
 l
o
c
a
t
e
d
 a
l
o
n
g
 a
 
d
r
a
i
n
a
g
e
 
d
i
t
c
h
 a
n
d
 
th
e 
r
e
m
a
i
n
d
e
r
 

w
e
r
e
 l
o
c
a
t
e
d
 r
a
n
d
o
m
l
y
 b
e
t
w
e
e
n
 t
h
e
 d
i
t
c
h
e
s
.
 

S
u
b
s
t
r
a
t
e
 
m
o
i
s
t
u
r
e
 c
o
n
t
e
n
t
 w
a
s
 s
a
m
p
l
e
d
 
o
n
l
y
 o
n
 
t
h
e
 

d
r
a
i
n
e
d
 
a
n
d
 
u
n
d
r
a
i
n
e
d
 
c
u
t
o
v
e
r
 b
l
a
c
k
 
s
p
r
u
c
e
 
si
te
s.

 
T
h
e
 

fo
re

st
ed

 s
it

es
 c
o
u
l
d
 
n
o
t
 b
e
 s
a
m
p
l
e
d
 b
e
c
a
u
s
e
 o
f
 f

ro
st

 a
t 

d
e
p
t
h
s
 o
f
 2
5
 t
o 
3
0
 c
m
.
 S
a
m
p
l
e
s
 w
e
r
e
 l
a
k
e
n
 a
t 
di
tc

h 
e
d
g
e
 

a
n
d
 m
i
d
p
o
i
n
t
 l
oc
at

io
ns

 t
o 
a
 d
e
p
t
h
 o
f
 3
0
 c
m
 w
i
t
h
 a
 s
a
m
 

p
l
e
r
 t
ha
t 
w
a
s
 1
5
 c
m
 i
n 
d
i
a
m
e
t
e
r
 a
n
d
 h
a
d
 a
 b
a
n
d
s
a
w
 b
l
a
d
e
 

a
t
t
a
c
h
e
d
 t
o 
th
e 
l
o
w
e
r
 e
d
g
e
.
 T
h
e
 s
a
m
p
l
e
r
 w
a
s
 i
n
s
e
r
t
e
d
 i

n 

th
e 
g
r
o
u
n
d
 b
y
 r
ot

at
in
g 
a
n
d
 p
u
s
h
i
n
g
 t
o 
o
b
t
a
i
n
 s
a
m
p
l
e
s
 i
n 

1
0
-
c
m
 
in
cr
em
en
ts

 (
v
o
l
u
m
e
s
 o
f 
17
67
.2
 c
m3
).
 T
h
e
 s
a
m
 

pl
er
 w
o
r
k
e
d
 f
ai

rl
y 
we

ll
, 
b
u
t
 c
o
m
p
r
e
s
s
i
o
n
 o
f
 t
h
e 
u
p
p
e
r
 0
 

to
 
1
0
 c
m
 w
a
s
 e
v
i
d
e
n
t
 a
t 

al
l 
s
a
m
p
l
e
 p
oi
nt
s,
 e
s
p
e
c
i
a
l
l
y
 i
n 

t
h
e
 u
n
d
r
a
i
n
c
d
 a
r
e
a
.
 T
h
r
e
e
 r
e
p
l
i
c
a
t
i
o
n
s
 w
e
r
e
 c
a
r
r
i
e
d
 o
u
t
 a
t 

e
a
c
h
 s
a
m
p
l
e
 p
oi

nt
. 
S
e
v
e
n
 s
a
m
p
l
e
 p
o
in

t
s
 w
e
r
e
 e
st
ab

li
sh

ed
 

in
 t
he
 d
r
a
i
n
e
d
 a
r
e
a
 a
n
d
 f
o
u
r
 i
n 
t
h
e
 u
n
d
r
a
i
n
c
d
.
 

P
e
a
t
 s
a
m
p
l
e
s
 w
e
r
e
 b
a
g
g
e
d
 a
n
d
 s
c
a
l
e
d
 i

n 
pl

as
ti

c 
b
a
g
s
 

a
n
d
 
t
r
a
n
s
p
o
r
t
e
d
 t
o
 F
o
r
e
s
t
r
y
 
C
a
n
a
d
a
,
 
O
n
t
a
r
i
o
 R
e
g
i
o
n
 
in
 

S
a
u
l
l
 
St

c.
 
M
a
r
i
e
,
 
O
n
t
a
r
i
o
 
fo

r 
a
n
a
l
y
s
i
s
.
 
W
a
t
e
r
 
c
o
n
t
e
n
t
s
 

w
e
r
e
 o
b
t
a
i
n
e
d
 b
y
 w
e
i
g
h
i
n
g
 t
he
 s
a
m
p
l
e
s
 a
n
d
 o
v
e
n
-
d
r
y
i
n
g
 

t
h
e
m
.
 
W
a
t
e
r
 c
o
n
t
e
n
t
s
 
w
e
r
e
 
e
x
p
r
e
s
s
e
d
 
o
n
 
a 
v
o
l
u
m
e
t
r
i
c
 

ba
si
s 

(i
.e
.,
 g
 c
m
3
)
.
 

D
a
t
a
 
A
n
a
l
y
s
i
s
 

D
i
f
f
e
r
e
n
c
e
s
 
in
 
s
u
b
s
t
r
a
t
e
 e
n
v
i
r
o
n
m
e
n
t
s
 
a
m
o
n
g
 d
if

fe
r 

e
n
t
 f
or
es
t 
c
o
v
e
r
 t
y
p
e
s
 w
e
r
e
 c
o
m
p
a
r
e
d
 b
y
 a
n
a
l
y
s
i
s
 o
f
 v
ar
i 

a
n
c
e
 a
n
d
 K
r
u
s
k
a
l
-
W
a
l
l
i
s
'
 n
o
n
p
a
r
a
m
c
t
r
i
c
 '
o
n
e
-
w
a
y
 a
n
a
l
 

y
s
i
s
 o
f
 
v
a
r
i
a
n
c
e
'
 w
i
t
h
 t
h
e
 S
P
S
S
/
P
C
+
 s
ta
ti
st
ic
al
 p
a
c
k
a
g
e
.
 

A
 n
o
n
p
a
r
a
m
e
t
r
i
c
 t
es

t 
w
a
s
 
u
s
e
d
 f
o
r
 s
u
b
s
t
r
a
t
e
 w
a
t
e
r
 c
o
n
 

te
nt

 d
a
t
a
 
b
e
c
a
u
s
e
 s
a
m
p
l
e
s
 
w
e
r
e
 
n
o
t
 b
a
l
a
n
c
e
d
 
b
e
t
w
e
e
n
 

st
ra
ta
 a
n
d
 c
o
u
l
d
 n
o
t
 b
e
 s
u
c
c
e
s
s
f
u
l
l
y
 t
r
a
n
s
f
o
r
m
e
d
 f
or

 n
o
r
 

m
a
l
i
t
y
 o
r
 h
o
m
o
g
e
n
e
i
t
y
 o
f
 v
a
r
i
a
n
c
e
s
.
 

R
E
S
U
L
T
S
 A
N
D
 D
I
S
C
U
S
S
I
O
N
 

S
u
b
s
t
r
a
t
e
 
T
e
m
p
e
r
a
t
u
r
e
s
 

S
a
m
p
l
i
n
g
 
w
a
s
 
d
o
n
e
 
f
r
o
m
 
1
4
 
to

 
1
7
 J
u
n
e
,
 o
n
 
3
0
 
J
u
n
e
 

a
n
d
 
o
n
 

1 
Ju

ly
, 

1
9
8
6
.
 
T
e
m
p
e
r
a
t
u
r
e
 
pr
of
il
es
 
at
 
al

l 
si
te
s 

s
h
o
w
e
d
 t
h
e
r
m
a
l
 s
tr

at
if

ic
at

io
n,

 w
i
t
h
 a
 w
a
r
m
 s
u
r
f
a
c
e
 l
a
y
e
r
 

a
n
d
 c
o
l
d
 t
e
m
p
e
r
a
t
u
r
e
s
 a
t 
d
e
p
t
h
 (
Fi

g.
 2
).
 T
e
m
p
e
r
a
t
u
r
e
s
 o
n
 

th
e 

fi
rs
t 
s
a
m
p
l
e
 d
at
e 
in

 t
he
 u
p
p
e
r
 0
 t
o 
2
0
 c
m
 v
ar
ie
d 
f
r
o
m
 6
 

to
 1
4
°
C
,
 w
h
i
l
e
 t
h
o
s
e
 a
L 
2
0
 t
o 
6
0
 c
m
 v
ar
ie
d 
f
r
o
m
 2
 t
o 
9
°
C
.
 

B
y
 t
he
 s
e
c
o
n
d
 s
a
m
p
l
e
 d
at
e 
w
a
r
m
i
n
g
 
w
a
s
 e
vi
de
nt
, 
w
i
t
h
 

t
e
m
p
e
r
a
t
u
r
e
s
 
in

 
th
e 
u
p
p
e
r
 0
 
to

 2
0
 c
m
 
2
 t
o 
3
°
C
 
h
i
g
h
e
r
 

w
h
i
l
e
 t
h
o
s
e
 a
t 
d
e
p
t
h
 
w
e
r
e
 s

ti
ll
 l
o
w
,
 s
h
o
w
i
n
g
 a
n
 i
n
c
r
e
a
s
e
 

o
f
 o
n
l
y
 1

 
to

 1
.
5
°
C
 f
r
o
m
 t
he
 e
ar

li
er

 s
a
m
p
l
e
 d
at
e.
 

T
e
m
p
e
r
a
t
u
r
e
 
(
°
C
)
 

1
0
-

E
 
2
°
1
 

o
 

3
0
-

Q
.
 

O
 

4
 5
-

6
0
 -
> 

1
0
 

1
6
 

» 
A
-
D
_
—
•
*
_
'
—
A
 

D
r
a
i
n
e
d
 
C
u
t
o
v
e
r
 

D
r
a
i
n
e
d
 
u
n
c
u
t
 

D
r
a
i
n
e
d
 
t
e
n
 

C
o
n
t
r
o
l
 

U
n
d
r
a
i
n
e
d
 

F
i
g
u
r
e
 2
. 
S
a
i
l
 
t
e
m
p
e
r
a
t
u
r
e
 
p
r
o
f
i
l
e
s
 
f
o
r
 
d
r
a
i
n
e
d
 
a
n
d
 
u
n
 

d
r
a
i
n
e
d
 
s
u
b
s
t
r
a
t
e
s
,
 
W
a
l
l
y
 
C
r
e
e
k
 
E
x
p
e
r
i
m
e
n
t
a
l
 

D
r
a
i
n
a
g
e
 A
r
e
a
,
 3
0
 J
u
n
e
 1
9
8
6
.
 

D
r
a
i
n
e
d
 v
s
 U
n
d
r
a
i
n
e
d
 

So
il
 
t
e
m
p
e
r
a
t
u
r
e
s
 
w
e
r
e
 
g
e
n
e
r
a
l
l
y
 
h
i
g
h
e
r
 
o
n
 
th

e 

d
r
a
i
n
e
d
 
si
te
s 
th
an
 
o
n
 
th
e 
u
n
d
r
a
i
n
e
d
,
 
u
n
c
u
t
 c
on
tr
ol
 
si

te
. 

T
h
e
 
h
i
g
h
e
s
t
 t
e
m
p
e
r
a
t
u
r
e
s
 a
n
d
 g
r
e
a
t
e
s
t
 d
i
f
f
e
r
e
n
c
e
s
 w
e
r
e
 

o
b
s
e
r
v
e
d
 o
n
 b
o
t
h
 t
he
 d
r
a
i
n
e
d
 a
n
d
 t
h
e
 u
n
d
r
a
i
n
e
d
 c
u
t
o
v
e
r
s
 

(
T
a
b
l
e
 
1)

. 
A
v
e
r
a
g
e
 
so

il
 t
e
m
p
e
r
a
t
u
r
e
s
 f
o
r
a
 d
e
p
t
h
 o
f
 0
 t
o 

6
0
 c
m
 o
n
 t
he
 d
r
a
i
n
e
d
 a
n
d
 u
n
d
r
a
i
n
c
d
 c
u
t
o
v
e
r
s
 w
e
r
e
 7
.
9
4
 

a
n
d
 7
.
8
6
°
C
 i
n 
c
o
m
p
a
r
i
s
o
n
 w
i
t
h
 6
.
3
5
 a
n
d
 6
.
3
4
°
C
 o
n
 t
he

 



1
0
G
 

dr
ai
ne
d 

fe
n 

a
n
d
 
th
e 

un
dr
ai
ne
d,
 
u
n
c
u
t
 
co
nt
ro
l.
 
T
h
e
 

dr
ai

ne
d,

 u
n
c
u
t
 b
la
ck
 s

pr
uc

e 
w
a
s
 i
nt
er
me
di
at
e,
 w

it
h 

an
 

a
v
e
r
a
g
e
 t
e
m
p
e
r
a
t
u
r
e
 o
f
 6
.
7
3
°
C
.
 

T
a
b
l
e
 1

. 
M
e
a
n
 t
e
m
p
e
r
a
t
u
r
e
s
 (
°
C
)
 a
t 
a 
d
e
p
t
h
 o
f
O
 t
o 
6
0
 c
m
 

fo
r 

dr
ai

ne
d 

a
n
d
 
u
n
d
r
a
i
n
e
d
 
su

bs
tr
at
es
, 
W
a
l
l
y
 

C
r
e
e
k
 E
x
p
e
r
i
m
e
n
t
a
l
 D
r
a
i
n
a
g
e
 A
re

a,
 C
o
c
h
r
a
n
e
,
 

O
nt

a
r
io

,
 C
a
n
a
d
a
,
 3
0
 J
u
n
e
 1
9
8
6
 

S
u
b
s
t
r
a
t
e
 

M
e
a
n
"
 

S
D
 

n
 

D
r
a
i
n
e
d
 c
u
t
o
v
e
r
 

7
.
9
4
a
 

6
0
 

U
n
d
r
a
i
n
e
d
 c
u
t
o
v
e
r
 

7
.
8
6
a
 

2
.
0
4
 

6
0
 

D
r
a
i
n
e
d
 u
n
c
u
t
 

6
.
7
3
a
b
 

3.
71
 

6
0
 

D
r
a
i
n
e
d
 f
en
 

6
.
3
5
b
 

4
.
0
2
 

6
0
 

U
n
d
r
a
i
n
e
d
 u
n
c
u
t
 

6
3
4
b
 

4.
63

 
6
0
 

3 
M
e
a
n
s
 w
i
t
h
 d
if

fe
re

nt
 l
et

te
rs

 a
re
 s
ig
ni
fi
ca
nt
ly
 d
if
fe
re
nt
 a
t 

Lh
c
 p
 <
 0
.
0
 l
ev

el
. 

E
x
a
m
i
n
a
t
i
o
n
 o
f
 t
he
 r
es

ul
ts

 i
nd
ic
at
ed
 t
ha

t 
fo

re
st

 c
ut
ti
ng
 

a
n
d
 i
n
c
r
e
a
s
e
d
 s
ol
ar
 r
ad

ia
ti

on
 w
e
r
e
 a
s
 i
m
p
o
r
t
a
n
t
 a
s 
dr

ai
n 

a
g
e
 i

n 
c
a
u
s
i
n
g
 h
i
g
h
e
r
 s
ub

st
ra

te
 t
e
m
p
e
r
a
t
u
r
e
s
.
 
B
o
t
h
 t
he
 

dr
ai
ne
d 
a
n
d
 t

he
 
un

dr
ai

ne
d 

cu
to
vc
rs
 
w
e
r
e
 d

ie
 w
a
r
m
e
s
t
 

si
te
s.
 T
h
e
 e
xt

ra
 e
n
e
r
g
y
 d
ia

t 
r
e
a
c
h
e
d
 t
he
 g
r
o
u
n
d
 a
s 
a 
re

su
lt

 

of
 c
a
n
o
p
y
 r
e
m
o
v
a
l
 m
a
d
e
 f

or
 e
xt

ra
 w
a
r
m
i
n
g
,
 a
n
d
 p
r
o
b
 

ab
ly
 c
on
tr
ib
ut

ed
 t
o 
th
e 
fa

ct
 m
a
t
 d
ie

rc
 w
e
r
e
 n
o
 t
e
m
p
e
r
a
 

tu
re

 d
if
fe
re
nc
es
 b
e
t
w
e
e
n
 t
he
 d
ra
in
ed
 a
n
d
 u
nd

ra
in

ed
 c
ut

-

ov
er
s.
 T
h
e
 l
ac

k 
of

 t
em

pe
ra

tu
re

 d
if
fe
re
nc
es
 b
e
t
w
e
e
n
 t
he

se
 

ar
ea
s 
c
a
n
 
al

so
 
b
e
 
e
x
p
l
a
i
n
e
d
 
b
y
 
th
e 

t
i
m
e
 
o
f
 s
a
m
p
l
i
n
g
.
 

Li
ef

fc
rs

 a
n
d
 R
o
i
h
w
c
l
!
 (
19

87
) 
o
b
s
e
r
v
e
d
 e
ar

li
er

 w
a
r
m
i
n
g
 

of
 u
n
d
r
a
i
n
e
d
 p
ea
t 
su

bs
tr

at
es

 i
n 
an

 A
lb

er
ta

 f
en

; 
h
o
w
e
v
e
r
,
 

af
te

r 
ea
rl
y 
M
a
y
,
 m
e
a
n
 t
e
m
p
e
r
a
t
u
r
e
s
 a
t 
d
e
p
t
h
s
 o
f
 1
0 
a
n
d
 

3
0
 c
m
 
o
n
 
th
e 

dr
ai
ne
d 

si
te

 e
x
c
e
e
d
e
d
 
th
os
e 
o
n
 
th
e 

un
 

dr
ai
ne
d 

si
te
. 
T
e
m
p
e
r
a
t
u
r
e
s
 o
n
 d
ie
 d
ra

in
ed

 s
it

e 
ev
en
tu
al
ly
 

in
cr

ea
se

d 
b
e
c
a
u
s
e
 o
f 

it
s 
sm
al
le
r 
he
at
 c
ap
ac
it

y 
a
n
d
 t

he
r 

m
a
l
 c
o
n
d
u
c
t
i
v
i
t
y
.
 

T
h
e
 m
e
t
h
o
d
 o
f
 s
a
m
p
l
i
n
g
,
 w
h
i
c
h
 w
a
s
 i
n
t
e
n
d
e
d
 p
r
i
m
a
r
 

il
y 

to
 
te

st
 f

or
 
di
ff
er
en
ce
s 
b
e
t
w
e
e
n
 
di
tc
h 
a
n
d
 
m
i
d
p
o
i
n
t
 

en
vi
ro
nm
en
ts
, 
m
a
y
 
ha
ve
 
af

fe
ct

ed
 
th
e 

re
su

lt
s 

as
 
we
ll
. 

D
r
a
i
n
e
d
 a
n
d
 u
n
d
r
a
i
n
e
d
 c
on

di
ti

on
s 
sh

ou
ld

 b
e
 c
o
m
p
a
r
e
d
 

th
ro
ug
ho
ut
 
th
e 
g
r
o
w
i
n
g
 
s
e
a
s
o
n
 
so

 
as

 
to

 
in

cl
ud

e 
bo

th
 

sp
at

ia
l 
a
n
d
 t
e
m
p
o
r
a
l
 v

ar
ia

bi
li

ty
. 
S
a
m
p
l
i
n
g
 a
t 
di

tc
h 
a
n
d
 

m
i
d
p
o
i
n
t
 l
oc
at

io
ns

 r
ep
re
se
nt
s 

th
e 
ex
tr
em
es
, 
w
h
i
c
h
 m
a
y
 

or
 m
a
y
 n
o
t
 e
q
u
a
l
 a
v
e
r
a
g
e
 c
on
di
ti
on
s.
 F
u
r
t
h
e
r
m
o
r
e
,
 t
he

se
 

ob
se
rv
at
io
ns

 a
rc
 t
o 
s
o
m
e
 d
e
g
r
e
e
 c
o
n
f
o
u
n
d
e
d
 b
y
 d
if
fe
r 

e
n
c
e
s
 
th

at
 
o
c
c
u
r
r
e
d
 
b
e
c
a
u
s
e
 
s
a
m
p
l
i
n
g
 
w
a
s
 
d
o
n
e
 
o
n
 

s
u
c
c
e
s
s
i
v
e
 d
a
y
s
 f
or
 2
-
o
r
 3
-
d
a
y
 p
e
r
i
o
d
s
.
 

D
i
t
c
h
 v
s
 M
i
d
p
o
i
n
t
s
 

So
il
 t
em
pe
ra

tu
re

s 
at

 d
it

ch
 e
d
g
e
s
 w
e
r
e
 f
o
u
n
d
 t
o 
be

 s
ig

-

ni
fi
ca
nd
y 
hi
gh

er
 t
ha

n 
th

os
e 
at

 m
i
d
p
o
i
n
t
 l
oc

at
io

ns
 (
Ta
bl
e 

2)
. 
Ai
r 
te
mp
er

at
ur

es
 a
i 
di
tc
h 
e
d
g
e
s
 w
e
r
e
 2
°
C
 h
ig

he
r 
th
an
 

th
os
e 
at
 m
i
d
p
o
i
n
t
s
 (
Fi

g.
 3
).
 T
h
e
 g
re
at
es
t 
di

 f
fc
re
nc
cs
 w
e
r
e
 

o
n
 t
he
 d
ra
in
ed

 c
ut

ov
er

, 
w
h
e
r
e
 t
em
pe
ra
tu
re
s 
at
 d
ep

th
s 
of

 0
 

lo
 6
0
 c
m
 r
a
n
g
e
d
 f
r
o
m
 1
1.
56
 t
o 
4
.
7
°
C
 a
t 
di

tc
h 
e
d
g
e
s
 a
n
d
 

fr
om
 
10
.6
 t
o 
4
.
1
°
C
 a
t 
mi
dp
oi
nt
 l
oc
at
io
ns
. 
Te
mp

er
at

ur
es

 

at
 d
ep

th
s 
o
f
 0
 t
o 
6
0
 c
m
 i
n 
th
e 
dr
ai
ne
d,
 u
n
c
u
t
 b
l
a
c
k
 s
p
r
u
c
e
 

va
ri
ed
 f
r
o
m
 
10
.3
3 

to
 2
.
9
1
°
C
 a
t 
di

tc
h 
e
d
g
e
s
 a
n
d
 f
r
o
m
 9
.6
 

to
 2
.
4
°
C
 a

t 
mi
dp
oi
nt
s.
 N
o
 s
ig

ni
fi

ca
nt

 d
if

fe
re
nc
es
 w
e
r
e
 

de
te

ct
ed

 b
e
t
w
e
e
n
 d
it

ch
 e
d
g
e
s
 a
n
d
 m
i
d
p
o
i
n
t
s
 i
n 
th
e 
fe
n.
 

Ta
bl

e 
2.
 M
e
a
n
 t
em
pe
ra
tu
re
s 
<
0
°
C
)
 a
t 
de

p
t
h
s
 o
f
 0
 t
o 
6
0
 c
m
 

fo
r 
di

tc
h 
e
d
g
e
 a
n
d
 m
i
d
p
o
i
n
t
 s
ub
st
ra
te

s,
 W
a
l
l
y
 

C
r
e
e
k
 E
x
p
e
r
i
m
e
n
t
a
l
 D
r
a
i
n
a
g
e
 A
r
e
a
,
 C
o
c
h
r
a
n
c
,
 

O
n
t
a
r
i
o
,
 C
a
n
a
d
a
,
 3
0
 J
u
n
e
 1
9
8
6
 

S
u
b
s
t
r
a
t
e
 

D
i
t
c
h
 

M
e
a
n
 

S
D
 

M
i
d
p
o
i
n
t
 

M
e
a
n
 

S
D
 

D
r
a
i
n
e
d
 c
ut

ov
cr

* 
8.

86
 

1.
59
 

6
.
8
6
 

1.
97

 

D
r
a
i
n
e
d
 u
nc

ut
a 

7.
51
 

3.
99

 
5.

18
 

3
.
7
6
 

D
r
a
i
n
e
d
 f
en
 

6.
84

 
3.
64
 

6.
61
 

3.
85

 

a 
Di
tc
h 
a
n
d
 m
i
d
p
o
i
n
t
 m
e
a
n
s
 s
ig

ni
fi

ca
nd

y 
di
ff
er

en
t 
at
 t
he
 

p
 -

0
.
0
5
 l

ev
el
. 

T
h
e
 h
ig

he
r 
te
mp
er
at
ur
es
 a

t 
di

tc
h 
e
d
g
e
s
 
w
e
r
e
 a

tt
ri

b 

ut
ed
 t

o 
gr
ea
te
r 
e
x
p
o
s
u
r
e
 t

o 
so
la
r 
ra

di
at

io
n 
a
n
d
 r
e
d
u
c
e
d
 

su
bs
tr
at
e 
w
a
t
e
r
 c
o
n
t
e
n
t
 a
t 
di

tc
h 
ed
ge
s.
 T
h
e
 l
o
w
e
r
 t
e
m
p
e
r
 

at
ur
es
 a
t 
m
i
d
p
o
i
n
t
 l
oc
at
io
ns
 w
e
r
e
 a
tt
ri
bu
te
d 

to
 s
ha

di
ng

, 

hi
gh
er
 w
a
t
e
r
 c
on

te
nt

 a
n
d
 t
he
 p
re

se
nc

e 
o
f
 f
ro
st
. 
T
h
e
 l
o
w
 

t
e
m
p
e
r
a
t
u
r
e
s
 i
n 
th
e 
fe
n 
a
n
d
 t
he
 l
ac
k 
o
f
 d
if
fe
re
n
c
e
 i
n 
t
e
m
 

pe
ra
tu
re
s 
b
e
t
w
e
e
n
 d
it

ch
 a
n
d
 m
i
d
p
o
i
n
t
s
 w
e
r
e
 s
ur

pr
is

in
g,

 

H
i
g
h
e
r
 t
em
pe
ra
tu
re
s 
w
e
r
e
 e
x
p
e
c
t
e
d
 b
e
c
a
u
s
e
 o
f
 t
he

 o
p
e
n
 

a
n
d
 t
hi

n 
fo
re
st
 c
a
n
o
p
y
 i
n 
th
e 
fe

n.
 T
h
e
 l
o
w
e
r
 t
e
m
p
e
r
a
t
u
r
e
s
 

m
a
y
 b
e
 e
xp

la
in

ed
 b
y
 b
et
te
r 
su

rf
ac

e 
in

su
la

ti
on

 b
e
c
a
u
s
e
 o
f
 

th
ic

ke
r,

 f
lu

ff
ie

r 
s
u
r
f
a
c
e
 m
o
s
s
 l
ay

er
s 

in
 t
he
 f
en
 t
h
a
n
 i
n 
th
e 

bl
ac

k 
s
p
r
u
c
e
 t
yp
es
. 
S
a
m
p
l
i
n
g
 m
a
y
 a
ls
o 
b
e
 c
o
n
f
o
u
n
d
e
d
 b
y
 

th
e 
di
st
ri
bu
ti
on
 o
f 
fr

os
t 
a
l
o
n
g
 d
it
ch
 e
dg
es
. 
Fr
os

t 
w
a
s
 f
ou

r 

to
 
fi
ve
 
li

me
s 
m
o
r
e
 
fr

eq
ue

nt
 
o
n
 
no

rt
h-

fa
ci

ng
 
m
a
n
 
o
n
 

s
o
u
t
h
-
f
a
c
i
n
g
 d
it

ch
 e
d
g
e
s
 i
n 
th
e 
fe

n.
 T
h
i
s
 w
a
s
 n
o
t
 a
 p
r
o
b
 

l
e
m
 
in

 
th
e 

bl
ac
k 

sp
ru

ce
 
ty
pe
s 

b
e
c
a
u
s
e
 
di
tc
he

s 
w
e
r
e
 

or
ie
nt
ed
 n
or
th
-s
ou
th
 o
r 
w
e
r
e
 s
h
a
d
e
d
 b
y
 v
eg

et
at
io

n.
 

T
e
m
p
e
r
a
t
u
r
e
 
P
C
)
 

1
0
-

P
 
2
0
-

Q
 

4
5
-

6
0
 J
 

1
0
 

1
2
 

D
i
t
c
h
 

M
i
d
p
o
i
n
t
 

F
i
g
u
r
e
 
3.
 
So

il
 
t
e
m
p
e
r
a
t
u
r
e
 p
ro
fi
le
 f
o
r
 d
it
ch
 
a
n
d
 m
i
d
p
o
i
n
t
 

lo
ca

ti
on

s 
o
n
 
d
r
a
i
n
e
d
 
su
bs
tr
at
es
, 

W
a
l
l
y
 
C
r
e
e
k
 

E
x
p
e
r
i
m
e
n
t
a
l
 
D
r
a
i
n
a
g
e
 A
r
e
a
,
 
On
ta
ri
o,
 
C
a
n
a
d
a
.
 

3
0
 J
u
n
e
 1
9
8
6
.
 



1
0
7
 

S
u
b
s
t
r
a
t
e
 W
a
t
e
r
 C
o
n
t
e
n
t
s
 

S
u
b
s
t
r
a
t
e
 w
a
t
e
r
 c
on

t
e
nt

s
 w
e
r
e
 8
-
9
%
 h
i
g
h
e
r
 o
n
 t
he
 u
n
-

dr
ai
ne
d 
cu
to
ve
r 

th
an

 o
n
 t
he
 d
ra

in
ed

 c
ut

ov
er

 (
Ta
bl

e 
3)

. 

A
v
e
r
a
g
e
 w
a
t
e
r
 c
o
n
t
e
n
t
 f
or

 t
he
 s
u
r
f
a
c
e
 0
 t
o 
3
0
 c
m
 o
n
 t
he
 

un
dr

ai
ne

d 
cu
to
ve
r 
w
a
s
 0
.3

98
 g
 e
nr
3 

in
 c
o
m
p
a
r
i
s
o
n
 w
it

h 

0.
31
5 
g 
c
m
"
3
 o
n
 t
he
 d
ra
in
ed
 s
it
e.
 T
h
e
 l
ar
ge
st
 d
if

fe
re
nc
e 
in
 

w
a
t
e
r
 c
on
te
nt
 w
a
s
 
1
4
-
1
5
%
 
at

 d
e
p
t
h
s
 
of

 2
0
 
to

 
3
0
 c
m
,
 

w
h
i
c
h
 c
oi
nc
id
ed
 w
it

h 
wa

te
r 

la
bl

c 
de

pt
hs

 o
f
 2
0
 t
o 
2
6
 c
m
 

o
n
 
th
e 

u
n
d
r
a
i
n
e
d
 
cu
to
ve
r.
 
W
a
t
e
r
 
ta

bl
e 

d
e
p
t
h
 
in
 
th
e 

dr
ai
ne
d 

ar
ea

 
va
ri
ed
 
f
r
o
m
 
8
0
 
to
 
5
0
 c
m
 
b
e
t
w
e
e
n
 
di

tc
h 

e
d
g
e
s
 a
n
d
 m
i
d
p
o
i
n
t
s
.
 

S
u
b
s
t
r
a
t
e
 w
a
t
e
r
 c
o
n
t
e
n
t
s
 a
t 
t
h
e
 d
i
t
c
h
 e
d
g
e
s
 w
e
r
e
 c
o
n
 

si
st
en
tl
y 

l
o
w
e
r
 
t
h
a
n
 
t
h
o
s
e
 
al

 
th
e 

m
i
d
p
o
i
n
t
 
lo

ca
ti
on
s 

(T
ab

le
 3
).
 A
v
e
r
a
g
e
 w
a
t
e
r
 c
on
te
nt
 a
t 
de

pt
hs

 o
f 
0
 t
o 
3
0
 c
m
 

at
 
di
tc
h 
e
d
g
e
s
 
w
a
s
 
0
.
2
9
9
 
g 
c
m
3
 
in

 
c
o
m
p
a
r
i
s
o
n
 
wi

th
 

0
.
3
3
6
 g
 c
m
3
 a

t 
t
he
 m
i
d
p
o
i
n
t
 l
oc
at
io
ns
. 
T
h
e
 d
i
f
f
e
r
e
n
c
e
s
 

b
e
t
w
e
e
n
 d
it
ch
 e
d
g
e
s
 a
n
d
 m
i
d
p
o
i
n
t
s
 
w
e
r
e
 s

im
il
ar
 a

t 
al

l 

dc
pl
hs
, 
a
n
d
 r
an

ge
d 
fr
om
 0
.1
3 

to
 0
.1

7 
a
n
d
 f
ro
m 
0.

46
 t

o 

0.
49
 a
t 
dc
pl
hs
 o
f 
0
 t
o 
2
0
 c
m
 a
n
d
 2
0
 t
o 
3
0
 c
m
,
 r
es
pe

ct
iv

el
y.

 

H
o
w
e
v
e
r
,
 
n
o
 
st

at
is

ti
ca

ll
y 

si
gn

if
ic

an
! 

d
i
f
f
e
r
e
n
c
e
 
w
a
s
 

de
te

ct
ed

 
in

 
su
bs
tr

at
e 
w
a
t
e
r
 c
o
n
t
e
n
t
 b
e
t
w
e
e
n
 
di
tc

h 
a
n
d
 

m
i
d
p
o
i
n
t
 l
o
c
a
t
i
o
n
s
 w
i
t
h
i
n
 
t
h
e
 d
r
a
i
n
e
d
 c
u
t
o
v
e
r
.
 

T
h
e
 
a
b
s
e
n
c
e
 
o
f
 
si
gn
if
ic
an
t 

di
ff
er
en
ce
s 

in
 
su

bs
tr
at
e 

w
a
t
e
r
 c
on

te
n
t
s 
o
n
 t
he
 d
r
a
i
n
e
d
 s

it
e 
w
a
s
 a

tt
ri

bu
te

d 
to

 t
he
 

l
i
m
e
 o
f
 y
e
a
r
 a
n
d
 
f
r
e
q
u
e
n
c
y
 o
f
 p
re
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w
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w
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r
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r
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c
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b
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b
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 D
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 D
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r
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n
i
v
e
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 o
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e
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e
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i
n
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A
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S
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so

il
 
ae

ra
ti

on
 
an
d 

tr
ee
 
ro
ot
s 
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dr
ai
ne
d 

pe
at
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nd
s 

ar
e 
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vi

ew
ed

 
Th

e 
lo
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st
 l
ev

el
 o
f 

li
vi
ng
 r
oo
t 
ti
ps
 i

s 
di
re
ct
ly
 r

el
at

ed
 t
o 
th

e 
le

ve
l 

of
 t
he

 
qr
ou
nd
wa
te
r 

ta
bl
e,
 b

ut
 t
he
 a
ve

ra
ge

 d
ep
th
 o

f 
th

e 
ro
ot
 s
ys
te
m,
 w
ei

gh
te

d 
by

 r
oo
t 

ma
ss
 o
r 
le
ng
th
, 

is
 a
ff

ec
te

d 
ve
ry
 s
lo
wl
y 
an
d 
on

ly
 s
li

gh
tl

y 
by

 a
 c
ha
ng
e 

in
 t
he

 g
ro
un
d-

wa
te
r 
ta
bl
e 

He
nc
e,
 t
he

 r
oo

t 
sy
st

em
s 

ar
e 
ve
ry
 s
up

er
fi

ci
al

, 
ma

in
ly

 b
ec
au
se
 o

f 
th

e 
co

nt
in

ua
l 

fl
uc

tu
at

io
n 

of
 t

he
 g

ro
un

dw
at

er
 t

ab
le

, 
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 s

ho
rt
-l
iv
ed
 
hi
gh
 w
at

er
 t
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le
 

le
ve

ls
 c
an
 r

es
tr

ic
t 
ro

ot
 g
ro
wt
h.
 B
e
c
a
u
s
e
 o
f 
th

e 
na

tu
ra

l 
st
ra
ti
gr
ap
hy
 o
f 
th

e 
su
rf
ac
e 

p
e
a
t
 
i
e
 
m
o
r
e
 
d
e
c
o
m
p
o
s
e
d
 
l
a
y
e
r
s
 
b
e
l
o
w
 
a
 
sl

ig
ht

ly
 d
e
c
o
m
p
o
s
e
d
 
s
u
r
f
a
c
e
,
 
l
o
w
 

er
in
g 
th
e 
wa
te
r 
ta
bl
e 

in
 t
hi

s 
we
ll
 d
e
c
o
m
p
o
s
e
d
 l
ay
er
 d
oe
s 

no
t 
en
su
re
 t
ha
t 
su

ff
ic

ie
nt

 

m
a
c
r
o
p
o
r
e
s
 a
re
 d
ra

in
ed

 f
or
 g
o
o
d
 a
er

at
io

n 
a
n
d
 r

oo
t 
gr
ow
th
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L
e
 p
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se
nt
 d
o
c
u
m
e
n
t
 f
ai

t 
Ie

 t
ou

r 
d
e
s
 d
o
n
n
e
e
s
 e
xi
st
an
te
s 
pr
ov
en
an
t 
d'
et
ud
es
 s
ur

 

It
er

at
io

n 
d
u
 s
ol

 e
l 
le
s 
ra

ci
ne

s 
d
e
s
 a
rb
re
s 
d
a
n
s
 l
es
 t
ou
rb
ie
re
s 
dr

ai
ne

es
. 
L
e
 n
iv

ea
u 

le
 p
lu

s 
ba
s 

qu
'a
tt
ei
nt
 I
'e

xt
re

mi
te
 d
es
 r
ac

in
es

 v
iv
an
te
s 

es
t 
a 
pe
u 

pr
es
 c

el
ui

 d
e 

la
 

n
a
p
p
e
 p
hr

ea
ti

qu
e,

 e
t 
la

 p
ro

fo
nd
eu
r 
m
o
y
e
n
n
e
 d
u 
s
y
s
i
e
m
e
 r
ac

in
ai

re
 p
o
n
d
e
r
e
e
 p
ar

 

la
 m
a
s
s
e
 o
u
 l

a 
lo

ng
ue

ur
 d
e
s
 r
ac

in
es

 s
e 
mo

di
fi

e 
ir
es
 l
en
te
me
nt
 e
t 
tr
es
 l
eg
er
em
en
t 

a 
la

 s
ui
te
 d
'u
n 
c
h
a
n
g
e
m
e
n
t
 d
e
 n
iv

ea
u 
de

 l
a 
n
a
p
p
e
 d
'e

au
 s
ou
te
rr
ai
ne
. 

II 
s'

en
su

it
 q
u
e
 

le
s 
s
y
s
t
e
m
e
s
 r

ac
in

ai
re

s 
so
nt
 t
re
s 
su

pe
rf

ic
ie

ls
, 
su

rt
ou

t 
e
n
 r

ai
so
n 
d
e
s
 f
lu

ct
ua

ti
on

s 

co
nt

in
ue

ll
es

 d
e
 l

a 
n
a
p
p
e
 p
hr
ea

ti
qu
e,
 q

ui
, 

lo
rs

qu
'e

ll
e 

at
te
in
t 
d
e
s
 n

iv
ea
ux
 e

le
ve

s,
 

m
e
m
e
 d
e 
br

ev
e 
du
re
e,
 p
eu

t 
li
mi
te
r 
la
 c
ro

is
sa

nc
e 
d
e
s
 r
ac

in
es

. 
E
n
 r
ai
so
n 
d
e
 l

a 
st
ra
ti
 

fi
ca
ti
on
 
na
tu
re
ll
e 
d
e 

la
 t

ou
rb
e 

su
pe

rf
ic

ie
ll

e 
(c
'e
st
-a
-d
ir
e 
qu
e 

le
s 
co
uc
he
s 

pl
us

 
d
e
c
o
m
p
o
s
e
e
s
 
se
 
tr
ou
ve
nt
 
s
o
u
s
 
u
n
e
 
c
o
u
c
h
e
 
su
pe
rf
ic
ie
ll
e 

l
e
g
e
r
e
m
e
n
t
 
d
e
c
o
m
-

po
se
e)
, 
u
n
 a
b
a
i
s
s
e
m
e
n
t
 d
e
 l

a 
n
a
p
p
e
 p
hr

ea
ti

qu
e 
d
a
n
s
 l
a
c
o
u
c
h
e
 b
i
e
n
d
e
c
o
m
p
o
s
e
e
 

ne
 v
id

e 
p
a
s
 s
uf
fi
sa
mm
en
t 
d
e
 m
a
c
r
o
p
o
r
e
s
 p
ou

r 
pe
rm
et
tr
e 
u
n
e
 b
o
n
n
e
 a
er
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io
n 

et
 

a
s
s
u
r
e
r
 u
n
e
 c
r
o
i
s
s
a
n
c
e
 a
d
e
q
u
a
t
e
 d
e
s
 r
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in
es
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O
n
 n
at
ur
al
 p
e
a
d
a
n
d
s
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 g
r
o
w
t
h
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f 
tr

ee
s 
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ft

en
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er

y 

po
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, 
fo

r 
at
 l
ea
st

 t
w
o
 r
ea
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. 
T
h
e
 m
o
s
t
 i
mp

or
ta
nt
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s 
th
e 

w
e
t
n
e
s
s
 o
f
 t
h
e 
so

il
. 
T
h
e
 g
r
o
u
n
d
w
a
t
e
r
 c
a
n
 b
e
 v
e
r
y
 n
e
a
r
 o
r
 

e
v
e
n
 o
n
 t
he
 s
oi

l 
su

rf
ac

e 
(e
.g
.,
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a
h
d
e
 1
96
9)
. 
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 s
uc
h 
ca

se
s,

 

th
e 
su
rf
ac
e 
pe
at
 i

s 
a
l
m
o
s
t
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at
ur
at
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r 

to
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ll
y 
sa
tu
ra
te
d 
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w
a
t
e
r
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n
d
 
th

er
e 
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pr
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o
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e 
p
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r
e
 

sp
ac
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in
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he
 p
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t 

fo
r 

so
il
 a
er

at
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.g
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 P
ai
va
ne
n 
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M
a
n
n
e
r
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o
s
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i
 
19
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 O
x
y
g
e
n
 d
if
fu
si
on
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n 
w
a
t
e
r
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s 
su
ff
i 

ci
en
t 
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 r
oo

ts
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e
x
t
e
n
d
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e
w
 c
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ti
me
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es
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o 

th
e 
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te
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 T
h
e
 r
oo

ts
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 m
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t
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m
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r
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n
t
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e 
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c
o
t
s
 p
i
n
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P
i
n
u
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ve
st
ri
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n
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o
r
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c
e
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 d
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m
e
d
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 l
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a
n
y
 

we
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at
 h
a
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e
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c
r
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ut
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n
d
 

A
r
m
s
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r
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n
g
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 m
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 p
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r
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ut

ri
en

t 

st
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f 
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e 

so
il
 c
a
n
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o 
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g
r
o
w
t
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E
x
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e
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a
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r
 c
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n
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e
 d
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b
y
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g 
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Th
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re
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w
a
t
e
r
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in
 
pe
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e 
o
p
t
i
m
u
m
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r 
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ee
 

gr
ow
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, 

th
e 

ir
re
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r 

fl
uc

tu
at

io
ns
 
o
f
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e 

g
r
o
u
n
d
w
a
t
e
r
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bl
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a
n
d
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in
 
th

e 
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a
k
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u
c
h
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io
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 d
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w
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, 
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r
e
 p
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r
e
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 f
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ra
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n
d
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f
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es
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n
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r
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w
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r
e
 d
e
e
p
l
y
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H
e
i
k
u
r
a
i
n
c
n
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9
5
5
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nc
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o
g
g
l
e
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h
e
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m
p
r
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v
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x
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 b
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p
n
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 m
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ra
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l 

u
m
e
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l 
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 d
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ne
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n 
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ot
s 
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ou
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ed
 
b
y
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tc
he
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en
t 
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 c
m
 f
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m 
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a 
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on
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n 
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 c
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 b
e
 d
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ib
ed
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y
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ng
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il
ve
r 
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ds
 t
o 
m
e
a
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 l

im
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96
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ra
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ts
, 
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o
n
 
na
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l 

pe
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-
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s 
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ee

 d
if
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nt
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e 
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s 
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he
ir

 o
ld
 d
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in
 

a
g
e
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re
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, 

at
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if

fe
re

nt
 d
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es
 f
r
o
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he
 d
it
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es
. 

Wi
th

 p
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m 
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oe
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ro
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s,
 s
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rt
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iv
ed
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ng
es

 
in
 s
oi

l 
ae
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ti
on

 c
an
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e 
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re
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ea
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ng
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 d
if
fu
 

si
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 f
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x 
o
f
o
x
y
g
e
n
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x
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n
 d
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)
 

(G
li
ns
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i 
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er
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85
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ff
ec
ts
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te
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e 
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at
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n 
on
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er

at
io

n 
in
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oi

l 
an
d 
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ow
th

 o
f 
Sc
ot
s 

pi
ne
 a
nd
 b
ir
ch

 (
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tu
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 p
en

du
la

) 
se
ed
li
ng
s 
on
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 p
ea
t 
su

b 
st
ra
te
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n 
th
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gr

ee
nh

ou
se
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T
h
e
 p
ot
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w
er

e
 f
il

le
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wi

th
 m
il
le
d 

an
d 

fe
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il
iz

ed
 
S
p
h
a
g
n
u
m
 
pe

at
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se

d 
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mo
st
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it

s 
na
tu
ra
l 
bu
lk
 d

en
si

ty
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te
r-
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bl
e 
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me

s 
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is
ti

ng
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f 

de
pt
hs
 o
f 
10
,2
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0
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1
0
 ±
 1
0,

25
 ±
 1

0,
 5
0 
±
 1

0,
 2
5 
±
 2
0 

a
n
d
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±
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0
 c
m
 w
e
r
e
 e
st

ab
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sh
ed

, 
a
n
d
 t
he
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en

gt
h 
of

 t
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fl
uc

tu
at

io
n 
cy

cl
e 
w
a
s
 1
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ys
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In
 t

he
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ni

te
d 
K
i
n
g
d
o
m
,
 B
og

g
i
c 

(1
97

2,
 
19
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) 
m
e
a
 

su
re
d 

so
il

 
ae
ra

ti
on

 
(a

ir
 
vo

lu
me

, 
rc
do
x 

po
te
nt

ia
l,

 
an

d 
ae
ro
bi
c 
li
mi
t)
 a
n
d
 t
re

e 
ro

ot
s 

in
 a
 b
la
nk
et
 b
o
g
 a
re
a 
o
n
 f
iv

e 

pl
ot
s 
su
rr
ou
nd

ed
 b
y 
di
tc
he
s,
 i
n 
w
h
i
c
h
 t
li
c 
wa

te
r 
w
a
s
 a
rt
i 

fi
ci

al
ly

 
ma
in
ta

in
ed

 
at

 c
er
ta
in
 
le
ve
ls
. 
T
h
e
 
pl
ot
s 

we
re
 

pl
an
te
d 
wi
th
 l
od

gc
po

le
 p
in
e 
(P

in
us

 c
on
to
rt
s 

va
r.
 t

at
if
o-

li
a)
 t

ra
ns
pl
an
ts

 a
nd
 s
o
m
e
 p
lo
ts
 w
er

e
 f
er

ti
li

ze
d 
(N

PK
).
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e 
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ot
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 t
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es
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ng

 o
n 
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ne

d 
pe
at
-
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nd
s 

ar
c 

us
ua
ll

y 
st

ud
ie

d 
f
r
o
m
 s
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ll
 s

oi
l 
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mp

le
s,

 i
hc
 

th
ic
ke
st
 p

ar
ts

 o
f 
th
e 
ro

ot
 s
ys

te
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 a
re
 l

ef
t 
ou

t;
 i

n 
su

ch
 

st
ud
ie
s 
n
o
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nf

or
ma

ti
on

 c
an
 b
e 
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ta
in
ed
 a
bo

ut
 t
he
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m 
of

 

th
e 
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ot
 s
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 o
f 
in
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al
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. 
T
h
e
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en
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o
f 
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 r
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n
 d
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ed
 p
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an
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a
s
 
m
a
d
e
 b
y 
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s 
we

r
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te
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 d
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40
 y
ea
rs
 b
ef
or
e 
O
n
 

se
ve
n 

pl
ot
s 

th
e 

de
pt

h 
of

 
th
e 
gr

ou
nd

wa
te

r 
ta

bl
e 
w
a
s
 

me
as

ur
ed

, 
a
n
d
 o
n
e
 u
nd

ra
in

cd
 a
re

a 
w
a
s
 u
se

d 
fo
r 
re

fe
r 

en
ce

. 
Pa

av
il

ai
ne

n 
(1

96
6a

) 
st

ud
ie

d 
th
e 
ro

ot
s 
of
 S
co
ts
 p
in

e 

in
 s
ev
er
al
 e
xp
er
im
en
ta
l 

fi
el

ds
 w
it

h 
di
ff
er
en
t 
st

ri
p 
wi

dt
hs

 
an

d 
sa

mp
le

 p
lo
ts
 s
ur
ro
un
de
d 
by
 d
it
ch
es
 t
ha

t 
ha

d 
di
ff
er
en
t 

ad
ju

st
ed

 l
ev

el
s 
of
 w
at

er
. 
In
 a
dd

it
io

n,
 h
e 
st

ud
ie
d 
th
e 
ro
ot
s 

of
 N
o
r
w
a
y
 s

pr
uc

e 
an
d 

bi
rc
h 

(B
et

ul
a 
pu
be
sc

en
t)

 o
n 

a 
50

-y
ea

r-
ol

d 
dr

ai
na

ge
 a

re
a 

of
 a

 
Va

cc
in

iu
m 

my
rt
il
lu
s-

s
p
r
u
c
e
 s
w
a
m
p
 s

it
e 
(
P
a
a
v
i
l
a
i
n
e
n
 1
9
6
6
b
)
.
 

Fo
rd
 a
nd
 D
ea
ns
 (
19
77
) 
st
ud
ie
d 

th
e 
ro
ot
 d
ev

el
op

me
nt

 
of
 S
it

ka
 s
pr
uc
e 
{P
ic
ea
 s
it
ch
en
si
s)
 i
n 
th
e 
Un

it
ed
 K
i
n
g
d
o
m
 

o
n
 a

n 
e
x
t
r
e
m
e
l
y
 
h
u
m
i
d
,
 
so

ut
he

rn
 b

or
ea
l 

cl
im
at

ic
 t

yp
e 

(a
nn

ua
l 
ra

in
fa

ll
 a
bo
ut
 1
80
0 
m
m
)
 o
n 
bl

an
ke

t 
pe

at
 1
0 
ye
ar
s 

af
te

r 
pl
an
ti
ng
. 
Bo
gg
ie
 (
19

72
, 

19
77

) 
ex
am
in
ed
 t

he
 r
oo
ts
 

of
 l
od

gc
po

le
 p
in
e.
 C
ou

tt
s 
an
d 
Ph

il
ip

so
n 
(1
97
8a

,b
) 
co

n 
du

ct
ed

 s
pe
ci
al
 r
oo

t-
gr

ow
th

 s
tu
di
es
 w
it

h 
lo
dg
ep
ol
e 
pi

ne
 

an
d 
Si

tk
a 
sp

ru
ce

 i
n 
a 
gr

ee
nh

ou
se

. 

Ka
un
is
to
 (
19
72
) 
st

ud
ie

d 
th
e 
ef
fe
ct
 o
f 
so

il
 p
re
pa

ra
ti

on
 

an
d 

fe
rt

il
iz

at
io

n 
on
 t
he
 r
oo
t 
de

ve
lo

pm
en

t 
of
 S
co

ts
 p
in

e 
an

d 
N
o
r
w
a
y
 s
pr
uc
e 
se
ed
li
ng
s 

in
 g
re

en
ho

us
e 
po
t 
ex

pe
ri

 
me
nt
s.
 
H
e
 
ad

ju
st

ed
 
th
e 

wa
te
r 

ta
bl
e 

in
 
th
e 

g
r
o
w
i
n
g
 

m
e
d
i
u
m
 
to

 
co

ns
ta

nt
 
le
ve
ls
 
(1
0,
 
29
, 
4
7
 
an
d 

6
0
 
cm

).
 

Ma
nn

er
ko

sk
i 

(1
98

5)
 e
xa
mi
ne
d 

th
e 
ro

ot
s 
of
 S
co

ts
 p
in

e 
an

d 
bi

rc
h 
se
ed
li
ng
s 
at

 t
he
 e
nd

 o
f 
hi
s 
ex
pe
ri
me
nt

s.
 

R
E
S
U
L
T
S
 

S
o
i
l
 A
e
r
a
t
i
o
n
 

O
n
 n
at
ur
al
 p
ea

tl
an

ds
 t
he
 s
oi

l 
is
 w
el
l 
ae
ra
te
d 
on
ly

 i
n 
th
e 

ve
ry

 
sh

al
lo

w 
su

rf
ac

e 
la
ye
r.
 
F
o
r
 
m
o
s
t
 
of

 
th

e 
ye

ar
, 

es
pe

ci
al

ly
 o
n 
op
en
 p
ea
tl
an
ds
, 
th
e 

so
il
 i

s 
an

ae
ro

bi
c 
fr
om
 

th
e 
su

rf
ac

e 
d
o
w
n
w
a
r
d
s
 (
La

hd
c 

19
69
).
 T
h
e
 g
ro
un
dw
at
er
 

ta
bl
e 

in
 
pe
ad
an
ds
 c
an

 b
e 

lo
we

re
d 
by
 d

ra
in
ag
e,

 w
hi
ch
 

al
wa
ys
 i
mp
ro
ve
s 
ae
ra
ti
on
 i
n 
pe

at
. 
Th

is
 c
an

 b
e 
se
en

 i
n 
th

e 

lo
we
r 
ae

ro
bi

c 
li
mi
l(
Uh
de
 1
96
9,
 B
og

gi
e 
19

72
, 
Ma
nn
cr
-

ko
sk
i 

19
85
) 
an

d 
in
 
di
e 

in
cr

ea
se

d 
v
o
l
u
m
e
 o
f 

ai
r-

fi
ll

ed
 

po
re
s 
{P

aa
vi

la
in

en
 1

96
7,
 B
o
g
g
i
e
 1
97
7)
, 
o
x
y
g
e
n
 c
o
n
c
e
n
 

tr
at

io
n 
in
 s
oi

l 
ai
r 
(B
og
gi
c 
19
77
),
 o
r 
ox
yg
en
 d
if
fu
si

on
 r
at
e 

{M
an

ne
rk

os
ki

 
19

85
) 

in
 s

oi
l 
su

rf
ac

e 
pe
at
. 
Af
te
r 
di
tc
he
s 

ar
e 

du
g,

 
th
e 

ne
ar

er
 
th
e 

la
ye

r 
to

 
th
e 

wa
te

r 
ta

bl
e 

(P
aa
vi
la
in
en
 1
96
7)
, 
or

 t
he

hi
gh

cr
 t
he
 b
ul

k 
de
ns
it
y 
of

 p
ea

t 
(F

ig
. 
la

nd
 P
ii

iv
an

en
 1
97

3)
, 
th
e 

le
ss

 t
he
 v
ol
um
e 
of
 ai

r 
in
 

th
e 
p
e
a
t
.
 

In
 
pr
ac
ti
ca
l 

fo
re
st
 d

ra
in

ag
e 

op
er
at
io
ns
 
th
e 
gr
ou
nd
-

w
a
t
e
r
 t

ab
le
 
(e

xp
re

ss
ed

 a
s 

th
e 
a
v
e
r
a
g
e
 f

or
 t
he
 g
r
o
w
i
n
g
 

se
as

on
) 

in
 t

he
 h
u
m
i
d
 c
li

ma
te

 o
f 
Fi

nl
an

d 
ca

n 
be
 l
ow

er
ed

 

to
 a
 d
ep

th
 o
f 
ab
ou
t 
2
0
 t
o 
3
0
 c
m
 i
n 
th
e 
mi

d-
st

ri
p 
b
e
t
w
e
e
n
 

di
tc
he
s 

(e
.g
.,
 
Hc
ik
ur
ai
ne
n 

19
55
, 

19
80
).
 
T
h
e
 
ye

ar
ly

 
fl

uc
tu

at
io

n 
of

 t
he
 w
at
er
 t
ab
le
 i
s 
gr

ea
t 

(e
.g
.,
 L
a
h
d
e
 1
96
9,
 



1
1
1
 

7
0
 

6C
 

-

8
0
 

1
2
0
 

B
u
l
k
 
d
e
n
s
i
T
 

1
6
0
 

1
0
0
 

F
i
g
u
r
e
 1

. 
V
o
l
u
m
e
 o
f
 a
ir
-f
il
le
d 
p
o
r
e
s
 i
n 
r
e
l
a
t
i
o
n
 w
 b
u
l
k
 d
e
n
s
i
t
y
 

a
t
 d
i
f
f
e
r
e
n
t
 w
a
t
e
r
-
p
o
t
e
n
i
i
a
l
 l
e
v
e
l
s
 i
n
 S
p
h
a
g
n
u
m
 p
e
a
t
 

(
d
r
a
w
n
f
r
o
m
 t
h
e
 r
es

ul
ts

 o
f
 P
d
i
v
d
n
e
n
 
1
9
7
3
)
.
 

H
c
i
k
u
r
a
i
n
c
n
 
1
9
8
0
,
 
M
a
n
n
e
r
k
o
s
k
i
 
1
9
8
5
)
,
 
a
n
d
 

it
 
is
 
fo
l 

l
o
w
e
d
 
b
y
 
F
l
u
c
t
u
a
t
i
n
g
 
a
e
r
a
t
i
o
n
 
c
o
n
d
i
t
i
o
n
s
.
 
T
h
i
s
 
c
a
n
 
b
e
 

s
e
e
n
 
in
 
t
h
e
 
d
e
p
t
h
 
o
f
 
t
he
 
a
e
r
o
b
i
c
 
li

mi
t,

 
a
l
t
h
o
u
g
h
 
th
is
 

c
h
a
n
g
e
 m
a
y
 
b
e
 d
e
l
a
y
e
d
 b
y
 
s
e
v
e
r
a
l
 
d
a
y
s
 
(L
ii
hi
lc
 
1
9
6
9
)
.
 

T
h
i
s
 
d
e
l
a
y
i
n
g
 
e
f
f
e
c
t
 
h
a
s
 
a
l
s
o
 
b
e
e
n
 
f
o
u
n
d
 
in

 
t
h
e
 
O
D
R
 

m
e
a
s
u
r
e
m
e
n
t
s
 
o
f
 
M
a
n
n
e
r
k
o
s
k
i
 
(
1
9
8
5
)
,
 
a
n
d
 

is
 
p
a
r
t
l
y
 

c
a
u
s
e
d
 
b
y
 
h
y
s
t
e
r
e
s
i
s
 
(
F
i
g
.
 
2)

. 
T
h
e
 
r
a
i
n
w
a
t
e
r
 
th

at
 
f
l
o
w
s
 

d
o
w
n
 

to
 
t
h
e
 
g
r
o
u
n
d
w
a
L
c
r
 
a
l
s
o
 
t
ra
ns
fe
rs
 
d
i
s
s
o
l
v
e
d
 

o
x
y
g
e
n
,
 t
h
o
u
g
h
 
u
s
u
a
l
l
y
 n
o
t
 i
n 
v
e
r
y
 s
i
g
n
i
f
i
c
a
n
t
 a
m
o
u
n
t
s
 

(c
f.

 G
l
i
n
s
k
i
 a
n
d
 S
t
e
p
n
i
c
w
s
k
i
 
1
9
8
5
)
.
 

F
o
r
 m
o
s
t
 o
f
 t
h
e
 g
r
o
w
i
n
g
 s
e
a
s
o
n
 g
o
o
d
 a
e
r
a
t
i
o
n
 c
a
n
 b
e
 

o
b
t
a
i
n
e
d
 
o
n
l
y
 
in

 
a 

re
la

ti
ve

ly
 
s
h
a
l
l
o
w
 
s
u
r
f
a
c
e
 
l
a
y
e
r
 
o
f
 

pe
at

. 
A
n
 a
ir
 v
o
l
u
m
e
 o
f
 1
0
%
,
 u
s
u
a
l
l
y
 c
o
n
s
i
d
e
r
e
d
 H
i
e
 m
i
n
i
 

m
u
m
 f

or
 s
at

is
fa
ct

or
y 
ro
ot
 g
r
o
w
t
h
 (
e.
g.
, 
P
a
i
v
i
m
c
n
 
1
9
7
3
)
,
 

wi
ll
 b
e
 f
o
u
n
d
 a
t 
a
 d
e
p
t
h
 o
f
 
1
0
-
1
5
 c
m
 
w
h
e
n
 t
he
 g
r
o
u
n
d
-

w
a
t
e
r
 
t
a
b
l
e
 
is
 
2
5
 
c
m
 
d
e
e
p
,
 
a
n
d
 
at

 a
 d
e
p
t
h
 
o
f
 
1
5
-
2
0
 c
m
 

w
h
e
n
 t
he
 g
r
o
u
n
d
w
a
t
c
r
 t
ab

le
 i
s 
5
8
 c
m
 d
e
e
p
 (
P
a
a
v
i
l
a
i
n
e
n
 

1
9
6
7
)
.
 I
m
p
o
r
t
a
n
t
 i

n 
th
is
 c
o
n
t
e
x
t
 i

s 
t
h
e
 d
e
g
r
e
e
 o
f
 d
e
c
o
m
 

p
o
s
i
t
i
o
n
 o
f
 t
h
e
 p
e
a
t
,
 w
h
i
c
h
 i

s 
r
e
l
a
t
e
d
 t
o 
b
u
l
k
 d
e
n
s
i
t
y
.
 T
h
e
 

h
i
g
h
e
r
 t
h
e
 b
u
l
k
 d
e
n
s
i
t
y
,
 t
h
e
 s
m
a
l
l
e
r
 t
h
e
 f
r
c
c
-
p
o
r
c
 v
o
l
u
m
e
 

f
o
r
 a
e
r
a
u
'
o
n
 
at
 a
 c
e
r
t
a
i
n
 d
i
s
t
a
n
c
e
 f
r
o
m
 
t
h
e
 g
r
o
u
n
d
w
a
l
c
r
 

t
a
b
l
e
 
(
F
i
g
.
 

1)
. 

I
n
 
t
h
e
 
n
a
t
u
r
a
l
 
s
t
r
a
t
i
g
r
a
p
h
y
 
o
f
 
p
e
a
t
 
t
h
e
 

sl
ig

hL
ly

 d
e
c
o
m
p
o
s
e
d
 s
u
r
f
a
c
e
 l
a
y
e
r
s
 l
ie
 o
n
 t
o
p
 o
f
 t
he
 m
o
r
e
 

d
e
c
o
m
p
o
s
e
d
 l
o
w
e
r
 l
ay

er
s.

 

R
o
o
t
s
 a
n
d
 t
h
e
i
r
 
R
e
l
a
t
i
o
n
 
t
o
 A
e
r
a
t
i
o
n
 

O
n
 
na
tu
ra
l 

p
e
a
t
l
a
n
d
s
 
t
he
 
r
o
o
t
 
s
y
s
t
e
m
s
 
o
f
 
tr
ee

s 
li

ke
 

S
c
o
t
s
 
p
i
n
e
 
a
n
d
 
N
o
r
w
a
y
 
s
p
r
u
c
e
 
a
r
e
 
v
e
r
y
 
su

pe
rf

ic
ia

l.
 

L
i
i
h
d
e
 (
1
9
6
9
)
 
f
o
u
n
d
 
li
vi
ng
 
r
o
o
t
 t

ip
s 
o
n
l
y
 
to

 a
 d
e
p
t
h
 
o
f
 

1
0
-
2
0
 
c
m
.
 
T
h
e
 
e
f
f
e
c
t
 
o
f
 
d
r
a
i
n
a
g
e
 
c
a
n
 
b
e
 
s
e
e
n
 
a
s
 
a
n
 

i 
-»

 
~2

 
-
h
 

O
-
y
i
i
e
n
 
D
i
l
l
u
s
r
o
r
 
R
a
l
e
(
>
 
1
C
 

g
 
L
m
 

n
u
n
 

; 

F
i
g
u
r
e
 
2.

 
M
e
a
n
 
d
e
p
t
h
 
p
r
o
f
i
l
e
s
 f
o
r
 
t
h
e
 
o
x
y
g
e
n
 
d
i
f
f
u
s
i
o
n
 
r
a
l
e
 

m
e
a
s
u
r
e
d
 
in

 
w
a
t
e
r
-
t
a
b
l
e
 
t
r
e
a
t
m
e
n
t
 
2
5
 ±
 
2
0
 c
m
 a

t 

d
i
f
f
e
r
e
n
t
 t
i
m
e
s
 d
u
r
i
n
g
 t
ii
e 
l
o
w
e
r
i
n
g
 o
f
 tl

ie
 w
a
t
e
r
 t
a
b
l
e
 

{
l
i
n
e
s
 
m
a
r
k
e
d
 
w
i
t
h
 
n
u
m
b
e
r
s
 
o
f
 d
a
y
s
 
a
f
l
e
r
 
d
a
y
 
o
n
e
.
 

w
h
e
n
 
t
h
e
 
w
a
t
e
r
 
t
a
b
l
e
 
w
a
s
 
h
i
g
h
e
s
t
 
a
n
d
 
t
h
e
n
 
w
a
s
 

a
l
l
o
w
e
d
 
t
o
 
d
r
o
p
)
,
 
a
n
d
 
in

 
t
h
e
 
c
o
n
s
t
a
n
t
 2
5
-
c
m
 
t
r
e
a
t
 

m
e
n
t
 w
i
t
h
 9
5
%
 c
o
n
f
i
d
e
n
c
e
 l
im

it
s(

\ 
)
.
T
h
e
m
e
a
n
d
e
p
i
h
 

o
f
 t
h
e
 w
a
t
e
r
 t
a
b
l
e
 o
n
 c
o
r
r
e
s
p
o
n
d
i
n
g
 d
a
y
s
 i

s 
m
a
r
k
e
d
 

o
n
 t
h
e
 l
ef

t 
o
r
d
i
n
a
t
e
.
 O
n
 t
h
e
 r
i
g
h
t
 t
h
e
 t
es

t 
v
a
l
u
e
 (
H
S
D
)
 

f
o
r
 T
u
k
e
y
'
s
 r
a
n
g
e
 t
es

t 
(
5
%
 r
is

k 
le
ve
l)
 i
s 
g
i
v
e
n
,
 i
f 
a
n
y
 

s
i
g
n
i
f
i
c
a
n
t
 d
i
f
f
e
r
e
n
c
e
s
 o
c
c
u
r
 b
e
t
w
e
e
n
 D
.
D
.
R
.
 v
a
l
u
e
s
 

i
n
 t
h
e
 d
e
p
t
h
 
l
a
y
e
r
 i
n
 
q
u
e
s
t
i
o
n
 (
n.

s.
 
-
n
o
 s
i
g
n
i
f
i
c
a
n
t
 

d
i
f
f
e
r
e
n
c
e
s
)
.
 

i
n
c
r
e
a
s
e
 i
n 
b
o
t
h
 t
he
 v
er

ti
ca

l 
r
e
a
c
h
 o
f
 l
iv
in
g 
r
o
o
t
 l
ip
s 
a
n
d
 

th
e 
q
u
a
n
t
i
t
y
 
o
f
 r
oo

ts
. 
M
o
s
t
 t

re
e 
r
o
o
t
s
 a
r
e
 t

hi
n;

 7
0
-
9
5
%
 

(
P
a
a
v
i
l
a
i
n
e
n
 
1
9
6
6
a
)
,
 
o
r
 
8
5
%
 
o
n
 
a
v
e
r
a
g
e
 
(
H
e
i
k
u
r
a
i
n
c
n
 

1
9
5
5
)
,
 o
f
 t
h
e
 t
oi
al
 l
e
n
g
t
h
 o
f
 S
c
o
t
s
 p
i
n
e
 r
o
o
t
s
 a
r
e
 u
n
d
e
r
 
1 

m
m
 
in
 
d
i
a
m
e
t
e
r
.
 
I
n
 
d
r
a
i
n
e
d
 
p
e
a
t
l
a
n
d
s
 
t
h
e
 
r
o
o
t
 s
y
s
t
e
m
s
 

ar
c 
v
e
r
y
 s

up
er

fi
ci

al
, 

to
o;

 
u
s
u
a
l
l
y
 o
v
e
r
 9
0
%
 o
f
 t
he

 r
o
o
t
s
 

c
a
n
 b
e
 f
o
u
n
d
 
in
 t
h
e
 t
o
p
 
1
0
 c
m
,
 a
n
d
 t
h
e
 q
u
a
n
t
i
t
y
 o
f
 r
o
o
t
s
 

g
r
o
w
i
n
g
 i
n
t
o
 t
h
e
 d
e
e
p
e
r
 l
a
y
e
r
s
 c
a
n
 b
e
 i
n
c
r
e
a
s
e
d
 b
y
 v
e
r
y
 

ef
fe
ct
iv
e 
d
r
a
i
n
a
g
e
 (
Fi
g.
 3

).
 

L
i
v
i
n
g
 r
o
o
t
 l
ip

s 
o
f
 S
c
o
t
s
 p
i
n
e
 c
a
n
 b
e
 f
o
u
n
d
 u
n
d
e
r
 t
h
e
 

w
a
t
e
r
 
ta

bl
e,

 
if
 i

t 
is
 
n
o
t
 
m
o
r
e
 
t
h
a
n
 
2
0
-
3
0
 
c
m
 
f
r
o
m
 
t
h
e
 

.s
ur

fa
ce

 o
f
 i
hc
 p
ea

l.
 T
h
i
s
 c
a
n
 b
e
 e
x
p
l
a
i
n
e
d
 b
y
 t
h
e
 f
ac
t 
th
at
 

S
c
o
t
s
 p
i
n
e
 r
o
o
t
s
 a
r
c
 p
o
o
r
 c
o
n
d
u
c
t
o
r
s
 o
f
 o
x
y
g
e
n
 
(
C
o
u
t
t
s
 

a
n
d
 A
r
m
s
t
r
o
n
g
 1
9
7
6
)
,
 a
n
d
 l
li

at
 t
he
 d
i
s
t
a
n
c
e
 f
r
o
m
 t
h
e
 f
re
e 

a
t
m
o
s
p
h
e
r
e
 t
o 
th
e 
w
a
t
e
r
 t
ab
le
 i
s 
sh
or
t.
 I
f 
th
e 
w
a
t
e
r
 t
ab

le
 i
s 

d
e
e
p
e
r
,
 t
he
 v
er

ti
ca

l 
r
e
a
c
h
 o
f
 t
he
 r
o
o
t
 t
ip

s 
va

ri
es

; 
in
 S
c
o
t
s
 

p
i
n
e
 a
n
d
 N
o
r
w
a
y
 s
p
r
u
c
e
 i

t 
is

 u
s
u
a
l
l
y
 5
-
2
0
 c
m
 a
b
o
v
e
 t
h
e
 

w
a
t
e
r
 t
ab
le
 
(F
ig
. 
4,
 P
a
a
v
i
l
a
i
n
e
n
 
1
9
6
6
a
,
b
;
 
L
a
h
d
e
 
1
9
6
9
,
 

M
a
n
n
e
r
k
o
s
k
i
 
1
9
8
5
)
.
 T
h
e
 r
o
o
t
 t
ip

s 
w
i
l
l
 f
o
l
l
o
w
 t
h
e
 l
a
r
g
e
s
t
 

m
a
c
r
o
p
o
r
c
s
 
to

 t
h
o
s
e
 
d
e
p
t
h
s
.
 T
h
e
 r
o
o
t
 
ti
ps
 
o
f
 l
o
d
g
c
p
o
l
e
 

p
i
n
e
 
c
a
n
 
a
l
w
a
y
s
 
g
r
o
w
 
1
0
-
2
5
 c
m
 
b
e
l
o
w
 
t
h
e
 
w
a
t
e
r
 t
a
b
l
e
 

(
B
o
g
g
i
e
 
1
9
7
2
)
,
 
b
e
c
a
u
s
e
 t
h
e
 r
o
o
t
s
 c
a
n
 c
o
n
d
u
c
t
 
o
x
y
g
e
n
 

q
u
i
t
e
 
w
e
l
l
 
(
C
o
u
t
t
s
 
a
n
d
 
A
r
m
s
t
r
o
n
g
 
1
9
7
6
,
 
C
o
u
t
t
s
 
a
n
d
 

P
h
i
l
i
p
s
o
n
 1
9
7
8
b
)
.
 T
h
e
 d
e
e
p
e
r
 t
he
 g
r
o
u
n
d
w
a
t
c
r
 t
ab

le
, 
t
h
e
 

d
e
e
p
e
r
 t
he
 l
iv
in
g 
r
o
o
t
 t

ip
s 
c
a
n
 b
e
 f
o
u
n
d
.
 
In
 e
x
p
e
r
i
m
e
n
t
s
 

c
o
n
c
e
r
n
e
d
 
w
i
t
h
 
r
e
g
u
l
a
t
i
o
n
 
o
f
 
t
h
e
 
d
i
t
c
h
 
w
a
t
e
r
 
ta
bl

e,
 
in
 



1
1
2
 0
 

1
0
 

2
0
 

0
 

1
0
 

2
0
 

0
 

_
 

1C
 

i
 

~
 
3
0
 

1 E 
1
0
 

R
o
o
i
s
.
 
»
 
ol
 
to
ta
l 

5
0
 

1
0
0
 

F
i
g
u
r
e
 3
. 
D
e
p
t
h
 p
ro
fi
le
s 
o
f
 (
A
)
S
c
o
t
s
 p
i
n
e
 

r
o
o
t
s
 (
le
ng
th
 o
f
 a
ll

 r
o
o
t
s
 i
n 
4
 x
 

5
 x
S
 c
m
3
s
a
m
p
l
e
s
)
 o
n
 c
ot

to
n 

g
r
a
s
s
 p
i
n
e
 
b
o
g
 
w
i
t
h
 
d
i
f
f
e
r
e
n
t
 

st
ri
p-
wi
dt
h 

t
r
e
a
t
m
e
n
t
s
 
(s
tr
ip
-

wi
dt

li
J 
a
v
e
r
a
g
e
 

d
e
p
t
h
 

o
f
 

g
r
o
u
n
d
 w
a
t
e
r
 

t
a
b
l
e
)
 

(
P
a
a
v
-

il
ai
ne
n 
1
9
6
6
a
)
,
 a
n
d
 (
B)
 l
o
d
g
e
-

p
o
l
e
 p
i
n
e
 r
o
o
t
s
 f
 d
r
y
 m
a
s
s
 o
f
 a
 II

 

r
o
o
t
s
 f
o
u
n
d
 i

n 
1
5
 x
 1
5
 x
5
 m
3
 

s
a
m
p
l
e
s
 
m
i
d
w
a
y
 
b
e
t
w
e
e
n
 
t
h
e
 

tr
ee

s)
 
o
n
 
b
l
a
n
k
e
t
 
p
e
a
l
 
w
i
t
h
 

di
ff

er
en

t 
a
v
e
r
a
g
e
 
w
a
t
e
r
 t
ab
le
 

l
e
v
e
l
s
 (
B
o
g
g
i
e
 
1
9
7
2
)
.
 

ar
ea
s 
d
r
a
i
n
e
d
 
l
o
n
g
 b
e
f
o
r
e
 t
he
 s
ta
rt
 o
f
 t
he
 e
x
p
e
r
i
m
e
n
t
,
 

th
er
e 
w
a
s
 
n
o
 
e
v
i
d
e
n
c
e
 
o
f
 
th
is
 
ef
fe
ct
 
(P

aa
vi
la
in
cn
 

1
9
6
6
a
,
b
)
 b
e
c
a
u
s
e
 t
he
 l
at

er
al

 r
oo
ts
 w
e
r
e
 n
o
 l
o
n
g
e
r
 a
bl
e 
to

 

g
r
o
w
 m
o
r
e
 d
ee

pl
y.

 I
n 
g
r
e
e
n
h
o
u
s
e
 e
x
p
e
r
i
m
e
n
t
s
,
 m
i
x
i
n
g
 

of
 f
er
ti
li
ze
rs
 i
n 
ih
c 
pe
at
 s
oi

l 
in
cr
ea
se
d 
th
e 
ve

rt
ic

al
 r
ea
ch
 

o
f
 t
re
e 
ro
ot
s 
(
K
a
u
n
i
s
t
o
 1
97
2)
. 

In
 s
o
m
e
 s
tu
di
es
 o
f
r
o
o
t
i
n
g
 d
ep

t
h
, 
a 
'
w
e
i
g
h
t
e
d
 a
v
e
r
a
g
e
 

de
pt

h'
 
ha
s 

b
e
e
n
 
ca

lc
ul

at
ed

, 
us

ua
ll

y 
o
n
 
th
e 

ba
si
s 

of
 

le
ng
th
, 
b
u
t
 s
o
m
e
t
i
m
e
s
 o
n
 t
he
 b
as

is
 o
f
 t
he
 r
oo
t 
d
r
y
 m
a
s
s
 

(e
.g
.,
 
B
o
g
g
i
e
 
19
72
, 
M
a
n
n
c
r
k
o
s
k
i
 
19
85
, 

se
c 

Fi
g.
 
5)
. 

E
q
u
a
t
i
o
n
 (
1)

 g
iv
es
 t
he
 f
o
r
m
u
l
a
 f
or
 c
al
cu
la
ti
ng
 w
e
i
g
h
t
e
d
 

a
v
e
r
a
g
e
 d
e
p
t
h
:
 

In
 f

ie
ld

 c
on
di
ti
on
s 

th
e 
w
e
i
g
h
t
e
d
 (
by

 l
en

gt
h 
of

 r
oo
ts
) 
a
v
e
r
a
g
e
 d
e
p
t
h
 o
f
 

ro
ot

s 
is

 v
er

y 
l
o
w
 (
3-
6 
c
m
)
 (
Fi
g.
 5
, 
H
e
i
k
u
r
a
i
n
e
n
 1
95
5;
 P
aa

vi
la

in
en

 1
96
6a
,b
).
 

T
h
e
 a
v
e
r
a
g
e
 d
ep
th
 i

s 
af
fe
ct
ed
 s
li

gh
tl

y 
b
y
 d
ep

th
 t
o 
w
a
t
e
r
 t
ab
le
, 
e
x
c
e
p
t
 i
n 
e
x
 

pe
ri
me
nt
s 
on
 r
eg

ul
at

io
n 
of

 t
he
 d
it

ch
 w
at
er
 t
ab
le
 (
Pa

av
il

ai
ne

n 
19

66
a,
b)
. 

In
 

g
r
e
e
n
h
o
u
s
e
 e
x
p
e
r
i
m
e
n
t
s
 w
it

h 
se

ed
li

ng
s 
th
e 
re
la
ti
on
 b
e
t
w
e
e
n
 r
oo
t 
de
p
t
h
 a
n
d
 

de
pt

h 
to

 w
a
t
e
r
 t
ab
le
 i

s 
m
u
c
h
 c

le
ar

er
, 
es

pe
ci

al
ly

 i
f 
th
e 
w
a
t
e
r
 t
ab
le

 h
a
s
 n
ot
 

fl
uc

tu
at

ed
 (
M
a
n
n
e
r
k
o
s
k
i
 1

98
5)
. 

In
 t
he
 f
ie
ld
, 
di
e 

la
te
ra
ll
y 
g
r
o
w
i
n
g
 r
oo

t 
ti
ps
 

of
 y
o
u
n
g
 t
re

es
 a
rc
 b
et
te
r 
ab
le
 t
ha
n 
th
e 
ho

ri
zo

nt
al

 r
oo

ts
 o
f 
ol

d 
tr
ee
s 
to
 f
ol
lo
w 

th
e 
lo

we
ri

ng
 o
f 
th
e 
g
r
o
u
n
d
w
a
t
c
r
 t
ab
le
. 
In
 t
he
 g
re

en
ho

us
e,

 f
lu

ct
ua

ti
on
 o
f 
th

e 

w
a
t
e
r
 t
ab
le
 a
p
p
e
a
r
e
d
 t
o 
re

st
ri

ct
 r
oo
t 
g
r
o
w
t
h
 t
o 
th
e 
s
u
r
f
a
c
e
 l
ay

er
s 
(F

ig
. 
6
 a
n
d
 

M
a
n
n
c
r
k
o
s
k
i
 1
98
5)
. 
In
 t
he
 f
ie
ld
, 
c
o
n
t
i
n
u
o
u
s
 f
lu

ct
ua

ti
on

 o
f 
th
e 
g
r
o
u
n
d
w
a
t
c
r
 

ta
bl
e 
c
a
n
 b
e
 o
n
e
 r
e
a
s
o
n
 f

or
 d
ie
 s
up
er
fi
ci
al
 r
oo
t 
s
y
s
t
e
m
s
 f
o
u
n
d
 o
n
 d
r
a
i
n
e
d
 

p
e
a
t
l
a
n
d
s
.
 

C
O
N
C
L
U
S
I
O
N
S
 

N
u
m
e
r
o
u
s
 s

tu
di
es
 o
f 

tr
ee

 r
oo
ts
 o
n
 d
ra

in
ed

 p
ca

tl
an

ds
 i

nd
ic
at
e 

th
at
 
di

e 

ro
ot
in
g 

la
ye

r 
is
 v
er

y 
th

in
 a
n
d
 c
a
n
n
o
t
 b
e
 m
a
d
e
 
m
u
c
h
 d
e
e
p
e
r
 b
y
 p

ra
ct
ic
al
 

dr
ai

na
ge

 o
pe

ra
ti

on
s.

 
Th

is
 
is

 
b
e
c
a
u
s
e
 
o
f
 a
er
at
io
n 

co
nd
it
io
ns
 
in
 
di

e 
pe

at
, 

w
h
i
c
h
 a

rc
 d

ie
 r

es
ul
t 
of
 p
ea

t 
st
ra
ti
gr
ap
hy
, 

fl
uc

tu
at

io
n 
of

 t
he
 g
r
o
u
n
d
w
a
t
c
r
 

ta
bl
e,
 a
n
d
 t
he
 p
r
e
s
e
n
c
e
 o
f 
mi

ne
ra

l 
nu
tr
ie
nt
s 
av
ai
la
bl
e 
to

 p
la

nt
s 

in
 t
he

 s
u
p
e
r
 

fi
ci
al
 s
oi
l 

la
ye

rs
. 
A
l
t
h
o
u
g
h
 t
he
 g
en

er
al

 o
ut
li
ne
s 
s
e
e
m
 c
le
ar
, 
th

er
e 
ar
c 
m
a
n
y
 

(
1
)
 

D
 =
-
<
 

i 

w
h
e
r
e
 D
;
 =
 t
he
 a
v
e
r
a
g
e
 d
e
p
t
h
 o
f
 t
he
 l
ay

er
 i

, 
a
n
d
 R
;
 t
he
 

a
m
o
u
n
t
 (
l
e
n
g
t
h
,
 m
a
s
s
)
 o
f
 r
o
o
t
s
 
in
 
t
h
e
 l
a
y
e
r
 i

. 

F
i
g
u
r
e
 4
. 

Ve
rt
ic
al
 r
e
a
c
h
 o
f
 t
h
e
 l

iv
in

g 
ro

ot
 t

ip
s 
o
f
 s
o
m
e
 t
re
e 

s
p
e
c
i
e
s
 
in
 
re

la
ti

on
 
to

 
d
e
p
t
h
 
o
f
 t
h
e
 
g
r
o
u
n
d
w
a
t
e
r
 

ta
bl
e 
u
n
d
e
r
 d
if

fe
re

nt
 g
r
o
w
i
n
g
 c
o
n
d
i
t
i
o
n
s
:
 1
 =
 S
c
o
t
s
 

pi
ne
, 
l
o
w
-
s
h
r
u
b
 p
i
n
e
 b
o
g
,
 2
 -

N
o
r
w
a
y
 s
p
r
u
c
e
,
 V
a
c
-

c
i
n
i
u
m
 
m
y
r
t
i
I
I
u
s
-
s
p
r
u
c
e
 s
w
a
m
p
,
 
3
 
-

S
c
a
t
s
 p
in
e,
 

s
m
a
l
l
-
s
e
d
g
e
 S
. 
p
a
p
i
l
l
o
s
u
m
 b
o
g
 (
L
d
h
d
e
 1
9
6
9
)
,
 4
 =
 

l
o
d
g
e
p
o
l
e
 p
i
n
e
,
 
b
l
a
n
k
e
t
 
b
o
g
 
(
B
o
g
g
i
e
 
1
9
7
2
)
,
 5
 
=
 

S
c
o
t
s
 p
in
e,
 c
o
t
t
o
n
 g
r
a
s
s
 p
i
n
e
 b
o
g
,
 6
 -

S
c
o
t
s
 p
in
e,
 

l
o
w
-
s
h
r
u
b
b
y
 c
o
t
t
o
n
 g
r
a
s
s
 p
i
n
e
 b
o
g
,
 7
 -

S
c
o
t
s
 p
i
n
e
,
 

h
e
r
b
-
r
i
c
h
 s
e
d
g
e
 b
i
r
c
h
-
p
i
n
e
 s
w
a
m
p
,
 8
 -

S
c
o
t
s
 p
i
n
e
,
 

l
o
w
-
s
h
r
u
b
b
y
 
c
o
t
t
o
n
 g
r
a
s
s
 p
i
n
e
 
b
o
g
 
(
P
a
a
v
i
l
a
i
n
e
n
 

1
9
6
6
a
)
,
 9
 =
 S
c
o
t
s
 p
i
n
e
,
 
a
n
d
 1
0
 
-

b
i
r
c
h
 s
e
e
d
l
i
n
g
s
 

in
 g
r
e
e
n
h
o
u
s
e
 (
M
a
n
n
e
r
k
o
s
k
i
 
l
9
8
5
)
.
C
o
m
i
i
t
i
o
n
s
4
,
 

6,
 a
n
d
 7
 a
r
e
 f
r
o
m
 e
x
p
e
r
i
m
e
n
t
s
 o
n
 r
e
g
u
l
a
t
i
o
n
 o
f
 t
he
 

le
ve
l 
o
f
 di
tc
h 
wa
te
r,
 5
 a
n
d
 8
 a
r
e
 f
r
o
m
 s
tr
ip
-w
id
th
 e
x
 

p
e
r
i
m
e
n
t
s
,
 a
n
d
 6
 a
m
i
 8
f
r
o
m
 b
o
g
s
 t
h
a
t
 w
e
r
e
 d
r
a
i
n
e
d
 

l
o
n
g
 
b
e
f
o
r
e
 t
h
e
 s
ta
rt
 o
f
 t
h
e
 e
x
p
e
r
i
m
e
n
t
.
 



1
1
3
 

T
h
e
 w
ei
gh
te
d 
(b
y 
le

ng
th

 o
f 
al
l 
ro
ot
s)
 a
v
e
r
a
g
e
 d
ep

th
 

o
f
 t
he

 r
oo
ts
 o
f
 s
o
m
e
 t
re

e 
sp
ec
ie
s 
in

 r
el

at
io

n 
to

 d
e
p
t
h
 

o
f
 g
r
o
u
n
d
w
a
t
e
r
 t
ab
le
 w
i
d
e
r
 d
if

fe
re

nt
 g
r
o
w
i
n
g
 c
o
n
d
i
 

ti
on
s:
 I
t
o
 1
0,
 s
e
e
 F
i
g
.
4
,
 1
1 
-
S
c
o
t
s
 p
in
e,
 l
o
w
-
s
h
r
u
b
 

p
i
n
e
 b
o
g
 (
ll
ei
ku
ra
in
en
 1
95

5)
, 
1
2
 =
 S
co

ts
 p
i
n
e
 s
e
e
d
 

li
ng

s 
in

 g
r
e
e
n
h
o
u
s
e
,
 p
l
a
n
t
e
d
 i
n 
a
 n
a
t
u
r
a
l
 p
e
a
t
 b
lo
ck
, 

13
 =
 t
he
 s
a
m
e
 b
ut
 p
ea

t 
fe
rt
il
iz
ed
 o
n
 i
he
 s
ur

fa
ce

, 
a
n
d
 

1
4
 -

ih
e 
s
a
m
e
 a
s
 1
3,
 b
ut

 f
er
ti
li
ze
r 
w
a
s
 m
i
x
e
d
 i
nt
o 
th

e 

2
0
-
c
m
-
i
h
i
c
k
 l
ay

er
 a
ft

er
 g
ri

nd
in

g,
 m
il
li
ng
, 
or

 c
ul
li
ng
 

(
K
a
u
n
i
s
i
o
 
1
9
7
2
)
.
 
T
h
e
r
e
 
w
a
s
 
n
o
 
si

gn
if

ic
an

t 
r
e
g
r
e
s
 

s
i
o
n
 f
o
r
 l
in
es
 6

, 
7
 a
nt

! 
8.
 

u
n
k
n
o
w
n
 f
ac
to
rs

. 
T
h
e
 r
o
o
t
 s
y
s
t
e
m
s
 o
f
 s
i
n
g
l
e
 t
re
es

, 
e
s
p
e
 

ci
al

ly
 t
re

es
 o
f 
di

ff
er
en
t,
 a
g
e
s
 a
n
d
 s
iz

es
, 
s
h
o
u
l
d
 b
e
 s
tu
di
ed
. 

In
 a
dd
it
io
n,
 t
he
 r
el
at
io
n 
of

 r
oo

t 
s
y
s
t
e
m
s
 a
n
d
 s
oi
l 
ae
ra
ti
on
 

to
 p
ea

t 
st
ra
ti
gr
ap
hy
 
n
e
e
d
 t

o 
b
e
 s
tu
di
ed
 
in

 t
he
 f

ie
ld
. 
A
l
 

pr
es
en
t 
w
e
 h
a
v
e
 o
nl

y 
a 
hy

po
th

es
is

 d
r
a
w
n
 f
r
o
m
 t
he
 r
es

ul
ts

 

of
 o
th
er
 s
tu

di
es

. 
T
h
e
 r
oo

t 
s
y
s
t
e
m
s
 o
f 
th
e 
tr

ee
s 
sh

ou
ld

 a
ls
o 

be
 
m
o
n
i
t
o
r
e
d
 
co

nt
in

uo
us

ly
, 

be
gi

nn
in

g 
al

 
th
e 

li
me

 
of

 

dr
ai
na
ge
. 
Re

su
lt

s 
re
fe
rr
ed
 t
o 
in

 t
hi

s 
co

nt
ex

t 
ar

e 
va

li
d 
on

ly
 

fo
r 
th
e 
tr

ee
 s
p
e
c
i
e
s
 m
e
n
t
i
o
n
e
d
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L
I
T
E
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U
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 C
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T
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gg
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Ef
fe
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 o
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wa
te
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e 
he
ig
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 o
n
 t
he

 d
e
 

v
e
l
o
p
m
e
n
t
 o
i
P
i
n
u
s
 c
on

to
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a 
o
n
 d
e
e
p
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ea
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 S
co
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an
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O
i
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o
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2
3
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3
)
:
3
0
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-
3
1
2
.
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g
g
i
e
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9
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7
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a
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a
b
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p
t
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x
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g
e
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d
e
e
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at
 
in

 
re
la
ti
on
 
to
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r
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P
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n
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s
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l
a
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n
d
 S
oi
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4
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M
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P
.
 a
n
d
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r
m
s
t
r
o
n
g
,
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.
 
19
76
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R
o
l
e
 o
f
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x
y
g
e
n
 

tr
an
sp
or
t 
in

 t
he
 t
ol
er
an
ce
 o
f 
tr

ee
s 

to
 w
at

er
lo

gg
in
g,
 
p.
 

3
6
1
-
3
8
5
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n 
M
.
G
.
R
.
 
C
a
n
n
e
d
 
a
n
d
 F

.T
. 

La
st
, 
Ed

. 
T
r
e
e
 

p
h
y
s
i
o
l
o
g
y
 a
n
d
 y
ie
ld
 i
m
p
r
o
v
e
m
e
n
t
.
 A
c
a
d
e
m
i
c
 P
re
ss
, 

N
e
w
 Y
o
r
k
.
 

Co
ut
ts
, 
M.

P.
 a
n
d
 P
hi

li
ps

on
, 

J.
J.
 1

97
8a

. 
To

le
ra

nc
e 
of

 t
re
e 

ro
ot
s 

to
 w
at
er
lo
gg
in
g.
 I

. 
Su

rv
iv

al
 o
f 
Si

tk
a 
s
p
r
u
c
e
 a
n
d
 

lo
dg

ep
ol

c 
pi
ne
. 
N
e
w
 P
hy
to
l.
 8
0:

63
-7

0.
 

Co
ul
ts
, 
M.

P.
 a
n
d
 P
hi
li
ps
on
, 

J.
J.
 1
97

8b
. 
To
le
ra
nc
e 
of

 t
re
e 

ro
ot
s 

to
 w
a
t
e
r
l
o
g
g
i
n
g
.
 I

I.
 A
d
a
p
t
a
t
i
o
n
 o
f
 S
it

ka
 s
p
r
u
c
e
 

a
n
d
 l
o
d
g
c
p
o
l
e
 p
in

e 
to

 w
a
t
e
r
-
l
o
g
g
e
d
 s

oi
l.

 N
e
w
 P
hy
to
l.
 

8
0
:
7
1
-
7
7
.
 

Fo
rd
, 
E
.
D
.
 
a
n
d
 
D
e
a
n
s
,
 
J.
D.
 
19
77
. 
G
r
o
w
t
h
 
o
f
 
a 

Si
tk
a 

sp
ru
ce
 
pl

an
ta

ti
on

; 
sp

at
ia

l 
di
st
ri
bu
ti
on
 
a
n
d
 
se
as

on
al

 

f
l
u
c
t
u
a
t
i
o
n
s
 o
f
 l
e
n
g
t
h
s
,
 w
e
i
g
h
t
s
 a
n
d
 c
a
r
b
o
h
y
d
r
a
t
e
 c
o
n
 

ce
nt

ra
ti

on
s 
of
 f
in

e 
ro

ot
s.

 P
la

nt
 a
nd

 S
oi
l 
47

:4
63

-4
85
. 

2
5
1
2
0
 

5
0
 

5
0
±
1
(
 

H
S
D
 .0
5
 

5
0
 

1
0
0
 

5
0
 

5
0
 

5
0
 

D
r
y
 
w
e
i
g
M
o
l
 t
h
e
 r
o
o
t
s
.
t
g
m
'
 

5
0
 

1
0
0
 

5
0
 

5
0
 

5
0
 

1
0
0
 

1
5
0
 

Fi
gu

re
 6
 T

he
 w
ei

gh
te

d 
(b

y 
dr

y ̂
 o
f r

oo
ts
) 
av

er
ag

e 
de

pt
h 
of

 th
e 
ro

ot
s 
ha

s 
be
en
 m
ar
ke
d 
wi
th
 a
 s
ho

rt
 b
ar

 i
ns
id
e 
th
e 
sh

ad
ed

 a
re

a 
as
 w
el

l 
as
 a
 c
ur

ve
, 
sh

ow
in

g 
th
e 
re
la
ti
ve
 d
ur
at
io
n 
of

 th
e 
wa

te
r 
ta
bl
e 
at

 d
if

fe
re

nt
 d
ep
th
.'
; 
in
 D
ie

 p
ea
t.
 1

 h
e 
le

ve
l 
of
 th

e 
ho
ri
zo
nt
al
 

li
ne
 c
ro

ss
in

g 
it 
s
h
o
w
s
 t
he
 m
e
a
s
u
r
e
d
 a
ve
ra
ge
 d
ep
th
 o
f 
th
e 
wa

te
r 
ta
bl
e 

in
 t
he
 t
re

at
me

nt
, 
an

d 
it
s 
le

ng
th

 e
qu
al
s 
th

e 
du
ra
ti
on
 

o
f
 t
he
 e
x
p
e
r
i
m
e
n
t
 (
4
9
0
 d
ay

s)
. 
U
S
D
 i

s 
th
e 

le
st

 v
al
ue
 f
o
r
 T
uk
ey
's
 r
a
n
g
e
 t
es
t 
b
e
t
w
e
e
n
 (
tr
ea
tm
en
ts
. 
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Gl
in

sk
i.

J.
an
dS
tc
pn
ie
ws
ki
.W
. 
19
85
. 
So
il
 a
er
at
io
n 
an

d 
it

s 
ro
le
 f
or
 p
la

nt
s.

 C
R
C
 P
re
ss
, 

In
c.

, 
B
o
c
a
 R
at
on

, 
Fl
or
id
a 

2
9
9
 p
. 

He
ik
ur
ai
ne
n,

 L
. 

19
55
. 
R
m
e
m
n
n
i
k
n
 j
uu
ri
st
on
 r
a
k
e
n
n
e
j
a
 

k
u
i
v
a
t
u
k
s
e
n
 
va
ik
ut
us
 
si

ih
en

. 
Rc
fe
ra
t:
 
D
e
r
 
W
u
r
z
e
-

la
uf
ba
u 

de
r 

Ki
ef

er
nb

cs
ti

in
de

 
au
f 
R
e
i
s
e
r
m
o
o
r
b
o
d
e
n
 

u
n
d
 
se
in
e 

B
e
c
i
n
f
l
u
s
s
u
n
g
 
d
u
r
c
h
 
di
e 

En
tw
ii
ss
cr
un
g.
 

A
c
t
a
F
o
r
.
F
c
n
n
.
6
5
(
3
)
;
I
-
8
5
.
 

He
ik
ur
ai
ne
n,
 
L.
 
19

80
. 

K
u
i
v
a
t
u
k
s
e
n
 
ti
la
 j
a 
p
u
u
s
t
o
 
2
0
 

vu
ot

ta
 
va
nh

oi
ll

ao
ji

tu
sa

lu
ei

ll
a.

 
[E

ng
li

sh
 
S
u
m
m
a
r
y
:
 

D
r
a
i
n
a
g
e
 c
on

di
ti

on
 a
n
d
 i
rc

e 
st

an
d 
o
n
 p
ca

tl
an
ds

 d
ra

in
ed

 

2
0
 y
ea
rs
 a
go

.]
 A
c
i
a
 F
or

. 
F
e
n
n
.
 1

67
:1
-3
9.
 

Ka
un
is
to
, 

S.
 1

97
2.

 L
a
n
n
o
i
t
u
k
s
c
n
,
 m
u
o
k
k
a
u
k
s
e
n
 j
a 
ve
si
-

p
i
n
n
a
n
 c
t
i
s
y
y
d
e
n
 
v
a
i
k
u
l
u
s
 k
y
l
v
t
a
i
m
i
e
n
 e
ns
i 
ke
hi
iy
k-

s
c
c
n
 t
ur

vc
al
us

ta
ii

a.
 [
E
ng

l
i
sh

 S
u
m
m
a
r
y
:
 E
ff
ec
t 
o
f
 f
er
 

ti
li
za
ti
on
, 
so

il
 p
re

pa
ra

ti
on

, 
a
n
d
 d
is
ta
nc
e 
of

 w
a
t
e
r
 l
ev

el
 

o
n
 t

he
 i

ni
ti

al
 d
e
v
e
l
o
p
m
e
n
t
 o
f 
S
c
o
t
s
 p
i
n
e
 a
n
d
 N
o
r
w
a
y
 

s
p
r
u
c
e
 s
ee

dl
in
gs
 o
n
 p

ea
t.

] 
C
o
m
m
o
n
.
 l
o
s
t
 F

or
. 
F
e
n
n
.
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(
2)
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. 

L
a
h
d
e
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 E
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19
69

. 
Bi

ol
og

ic
al

 a
ct

iv
it

y 
in

 s
o
m
e
 n
at
ur
al
 a
n
d
 

dr
ai
ne
d 
pe
at

 s
oi

ls
 w
it
h 
sp
ec
ia
l 
re

fe
re

nc
e 
to

 o
xi

da
ti

on
-

r
e
d
u
c
t
i
o
n
 c
on
di
ti
on
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c
t
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n
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a
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k
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Ef
fe
ct
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wa
te
r 
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e 
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uc
tu

at
io

n 

o
n
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c
o
l
o
g
y
 o
f
 p
ea

t 
so

il
. 
Un
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. 
He
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, 
D
e
p
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l
a
n
d
F
o
r
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1
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1
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.
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M
a
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ik
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r
m
e
m
n
n
i
k
n
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ur
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uh
te
is
ii
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ng
li

sh
 

S
u
m
m
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r
y
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ff

ec
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of

 d
ra

in
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e 
o
n
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oo
t 
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st
em
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 p
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C
o
m
m
u
n
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.
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 b
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c
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n
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 p
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D
I
S
T
R
I
B
U
T
I
O
N
 A
N
D
 A
B
U
N
D
A
N
C
E
 O
F
 T
E
S
T
A
T
E
 A
M
O
E
B
A
E
 

(
P
R
O
T
O
Z
O
A
)
 IN T

H
E
 W
A
L
L
Y
 C
R
E
E
K
 W
A
T
E
R
S
H
E
D
,
 

N
O
R
T
H
E
A
S
T
E
R
N
 
O
N
T
A
R
I
O
 

B
.
G
.
 
W
a
r
n
e
r
 

D
e
p
a
r
t
m
e
n
t
 O
f
 E
a
r
t
h
 S
c
l
e
n
c
s
s
 A
n
d
 Q
u
a
t
e
r
n
a
r
y
 S
c
i
e
n
c
e
s
 Institute 

U
n
i
v
e
r
s
i
t
y
 O
f
 W
a
t
e
r
l
o
o
 

W
a
t
e
r
l
o
o
,
 
O
n
t
a
r
i
o
 

C
a
n
a
d
a
 

A
B
S
T
R
A
C
T
 

F
o
u
r
 
Forest 

E
c
o
s
y
s
t
e
m
 
Classification 

(
F
E
C
)
 
Operational 

G
r
o
u
p
s
 
(
O
G
s
)
 
are 

represented within the Wal
l
y C

r
e
e
k
 W
a
t
e
r
s
h
e
d
 in northeastern Ontario. 

E
a
c
h
 of 

the O
G
s
 
contains a

 characteristic t
e
s
t
a
t
e
-
a
m
o
e
b
a
e
 
(Protozoa) 

soil 
m
i
c
r
o
f
a
u
n
a
,
 

with 
Assulina 

m
u
s
c
o
r
u
m
 
a
n
d
 
N
e
b
e
l
a
 
militaris 

the 
m
o
s
t
 
frequently 

occurring 

species. T
h
e
 testate a

m
o
e
b
a
e
 s
h
o
w
 a rapid c

h
a
n
g
e
 in a

b
u
n
d
a
n
c
e
 in r

e
s
p
o
n
s
e
 to 

drainage. Species characteristic of dry microsites, s
u
c
h
 as N

e
b
e
i
a
 militaris a

n
d
 

Hy
a
los

p
hen

i
a subfiava, are m

o
r
e
 a
b
u
n
d
a
n
t
 o
n
 drained sites than o

n
 undrained 

sites. 
O
t
h
e
r
 species, 

s
u
c
h
 a
s N

e
b
e
l
a
 parvula, are 

indifferent to 
microsite type, 

s
h
o
w
i
n
g
 
m
a
r
k
e
d
 increases 

in a
b
u
n
d
a
n
c
e
 on drained sites in O

G
8
,
 O
G
1
2
 
a
n
d
 

O
G
1
4
,
 b
u
t
 s
h
o
w
i
n
g
 l
e
s
s
 of a

 d
i
f
f
e
r
e
n
c
e
 w
i
t
h
i
n
 O
G
1
1
.
 

R
E
S
U
M
E
 

Q
u
a
t
r
e
g
r
o
u
p
e
s
o
p
e
r
a
t
i
o
n
n
e
l
s
t
G
O
j
d
e
l
a
c
l
a
s
s
i
f
i
c
a
t
i
o
n
d
e
s
e
c
o
s
y
s
t
e
m
e
s
f
o
r
e
s
t
i
e
r
s
 

(
C
E
F
)
 sont r

e
p
r
e
s
e
n
t
s
 a
 I'interieur d

u
 bassin h

y
d
r
o
g
r
a
p
h
i
q
u
e
 d
u
 ruisseau Wally 

d
a
n
s
 le nord-est d

e
 I'Ontario. C

h
a
c
u
n
 d
e
 c
e
s
 G
O
 contient u

n
e
 m
i
c
r
o
f
a
u
n
e
 d
e
 sol 

a
 protozoaires a

m
i
b
o
i
d
e
s
 a test caracteristiques, Aussulina m

u
s
c
o
r
u
m
 et N

e
b
e
l
a
 

militaris etant ies 
e
s
p
e
c
e
s
 
les plus frequentes. 

L
'
a
b
o
n
d
a
n
c
e
 d
e
s
 a
m
i
b
e
s
 a
 test 

c
h
a
n
g
e
 r
a
p
i
d
e
m
e
n
t
 e
n
 
reaction au 

drainage. 
L
e
s
 
e
s
p
e
c
e
s
 caracteristiques d

e
s
 

microsites arides, c
o
m
m
e
 
N
e
b
e
l
a
 militaris et Hyalosphenia subfiava, sont plus 

a
b
o
n
d
a
n
t
e
s
 
d
a
n
s
 
les 

stations 
drainees 

q
u
e
 
d
a
n
s
 
les 

stations 
n
o
n
 
drainees. 

D'autres e
s
p
e
c
e
s
 c
o
m
m
e
 N
e
b
e
l
a
 parvula sont indifferentes au type d

e
 microsite, 

a
v
e
c
 u
n
e
 
a
u
g
m
e
n
t
a
t
i
o
n
 
m
a
r
q
u
e
e
 
a
u
 
niveau 

d
e
 
I
'
a
b
o
n
d
a
n
c
e
 
d
a
n
s
 
les stations 

drainees e
n
 G
O
8
,
 G
O
1
2
 et G

O
1
4
,
 m
a
i
s
 a
v
e
c
 u
n
e
 m
o
i
n
s
 g
r
a
n
d
e
 difference d

a
n
s
 

G
O
1
1
.
 

I
N
T
R
O
D
U
C
T
I
O
N
 

Testate a
m
o
e
b
a
e
 arc a

 g
r
o
u
p
 o
f
 a
m
o
e
b
o
i
d
 p
r
o
t
o
z
o
a
 

w
i
t
h
 a discrete shell e

n
c
l
o
s
i
n
g
 the c

y
t
o
p
l
a
s
m
.
 T
h
e
 shell is 

c
o
m
p
o
s
e
d
 o
f layers of organic material secreted b

y
 the 

a
m
o
e
b
a
e
,
 siliceous or c

a
l
c
a
r
e
o
u
s
 plates fitted together, 

a
n
d
 
m
i
n
e
r
a
l
 
grains, fun

g
al h

y
p
h
a
e
,
 or d

i
a
t
o
m
 frustulcs 

i
n
c
o
r
p
o
r
a
t
e
d
 d
u
r
i
n
g
 shell f

o
r
m
a
t
i
o
n
.
 T
h
e
s
e
 characteris 

tics 
render 

the 
shell 

t
a
x
o
n
o
m
i
c
a
l
l
y
 
diagnostic 

at 
ihe 

s
p
e
c
i
e
s
 level. 

T
e
s
t
a
t
e
 a
m
o
e
b
a
e
 
are 

universal 
in 

distribution. 
T
h
e
y
 

are 
f
o
u
n
d
 
in 

fresh 
water, 

forest-floor 
litter, d

a
m
p
 
soil, 

a
n
d
 m
o
s
s
y
 habitats, especially with S

p
h
a
g
n
u
m
,
 a
n
d
 c
o
n
 

stitute a m
a
j
o
r
 c
o
m
p
o
n
e
n
t
 of the m

i
c
r
o
f
a
u
n
a
 in bogs. 

T
h
e
r
e
 
arc 

p
r
o
b
a
b
l
y
 
a
b
o
u
t
 
4
0
 
species 

of 
testate 

a
m
o
e
b
a
e
 in Ihc p

e
a
t
l
a
n
d
s
 o
f
 Ontario. 

M
a
n
y
 s
p
e
c
i
e
s
 arc 

restricted to specialized e
c
o
l
o
g
i
c
a
l
 niches. F

o
r
 e
x
a
m
p
l
e
,
 

S
p
l
i
a
g
n
u
m
f
u
s
c
u
m
 h
u
m
m
o
c
k
s
 m
a
y
 c
o
n
t
a
i
n
 a f

a
u
n
a
 quite 

different f
r
o
m
 that f

o
u
n
d
 in S. m

a
g
e
l
l
a
n
i
c
u
m
 at the base 
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of
 th

e 
hu

mm
oc

k,
 o
r 
th

at
 f
ou
nd
 i
nS

.p
ul

ch
ru

m 
su
bm
er
ge
d 

in
 p

oo
ls

. 
F
r
o
m
 
wh
at
 l

it
tl
e 
w
e
 k
n
o
w
 a

bo
ut
 t

he
 N
or

th
 

Am
er
ic
an
 f

au
na
, 
w
e
 c
on

cl
ud

e 
th

at
 t
he

re
 s
ee

ms
 t

o 
be
 a
 

cl
os
e 
re
la
ti
on
sh
ip
 b
et
we
en
 s

it
e 
mo

is
tu

re
 r
eg
im
e 
on
 t

he
 

o
n
e
 h

an
d,
 a
n
d
 d

is
tr
ib
ut
io
n 
a
n
d
 c

ha
ra
ct
er
 o
f 
pr

ot
oz

oa
n 

c
o
m
m
u
n
i
t
i
e
s
 i
n 
S
p
l
i
a
g
n
u
m
 o
n
 m
e
 o
th

er
. 

Bo
th
 t

he
 n
ar

ro
w 

ec
ol

og
ic

al
 r
eq
ui
re
me
nt
s 
of

 t
he
 a
ni
 

ma
ls
 a
nd

 t
he

ir
 a
bu

nd
an

ce
 i
nd
ic
at
e 
gr

ea
t 
po
te
nt
ia
l 
fo
r 
th
e 

us
e 
of

 t
es

ta
te

 a
m
o
e
b
a
e
 a
s 
in

di
ca

to
rs

 o
f 
hy

dr
ol

og
ic

al
 c
on

 

di
ti

on
s 
in

 p
ea

tl
an

ds
. 
T
h
e
 s
he
ll
s 
ar

c 
re

si
st

an
t 
to

 d
ec

ay
 a
nd

 
m
a
y
 b
e 
pr

es
er

ve
d 
fo
r 
th

ou
sa

nd
s 
of

 y
ea

rs
. 
Co

ns
eq

ue
nt

ly
, 

hy
dr

ol
og

ic
al

 c
ha

ng
es

 i
n 
bo
gs
, 

na
iu
ra
l 
or

 m
an
-i
nd
uc
ed
, 

ca
n 
b
e
 t
ra
ce
d 
ov

er
 l
on

ge
r 
pe

ri
od

s 
th
an
 i

s 
of

te
n 
po
ss
ib
le
 

by
 m
e
a
n
s
 o
f 
co

nt
in

uo
us

 f
ie
ld
 o
bs

er
va

ti
on

s.
 

Th
is

 p
ro
je
ct
 w
a
s
 i
ni
ti
at
ed
 a
sa
 t
es
t 
of

 t
he
 u
se

 o
f 
te

st
at

e 
a
m
o
e
b
a
e
 i

n 
ch
ar
ac
te
ri
zi
ng
 
va

ri
ou

s 
pc

at
la

nd
 
si
te
 
ty

pe
s 

re
pr

es
en
te
d 

in
 a
n
d
 a
r
o
u
n
d
 t

he
 W
a
l
l
y
 C
r
e
e
k
 W
a
t
e
r
s
h
e
d
,
 

an
d 

in
 i
nd

ic
at

in
g 
en

vi
ro

nm
en

ta
l 
ch

an
ge

s 
th

at
 r
cs
ul
L 
fr
om
 

dr
ai

na
ge

 f
or
 p

ca
tl

an
d 

fo
re
st
ry
. 
Th

is
 p
ap
er
 g

iv
es

 s
o
m
e
 

pr
el
im

in
ar

y 
re

su
lt

s,
 
wh

ic
h 

su
gg

es
t 

th
at

 
th
e 

va
ri
ou
s 

Fo
re
st
 E
co

sy
st

em
 C
la
ss
if
ic
at
io
n 
(F
EC
) 

si
te

s r
ep
re
se
nt
ed
 

wi
th
in
 t
he
 W
al

ly
 C
re

ek
 W
at

er
sh

ed
 c
on

ta
in

 a
 c
ha

ra
ct

er
is

 

ti
c 
te
st

at
e-

am
oe

ba
e 

fa
un
a 

th
at

 h
as

 r
e
s
p
o
n
d
e
d
 r
ap
id
ly
 t

o 

dr
ai

na
ge

 
of

 
th
e 

pc
at
la
nd
. 

Te
st
at
e 
a
m
o
e
b
a
e
 
ha
ve
 
th
e 

po
te

nt
ia
l 

to
 b

e 
po
we
rf
ul
 
in

di
ca

to
rs

 o
f 

fo
re

st
 p

ca
tl

an
d 

si
te
-t
yp
e 
cl

as
si

fi
ca

ti
on

s 
an
d 
mo

ni
to

rs
 o
f 
bo

th
 s
ho

rt
-
an

d 
lo

ng
-t

er
m 
en
vi
ro
nm
en
ta
l 
ch

an
ge

s 
th

at
 r
es
ul
t 
fr
om
 f
or
es
t 

ha
rv
es
ti
ng
 a
n
d
 d
ra

in
ag

e.
 

S
T
U
D
Y
 S
I
T
E
 

In
 a

ll
, 
14
 F
E
C
 O
pe

ra
ti

on
al

 G
r
o
u
p
s
 (
OG
s)
 a
re
 i
de
nt
i 

fi
ed
 i
n 
th
e 
Cl
ay
 B
el

 t 
re

gi
on

 o
f 
On

ta
ri

o 
on
 t
he
 b
as

is
 o
f 
fo
r 

es
t 
ve

ge
ta
ti
on
 a
n
d
 s
oi
l 
ch

ar
ac

te
ri

st
ic

s 
(J

on
es

 e
t 
al

. 
19
83
).
 

Fo
ur
 o
f 
th

es
e 
O
G
s
 a
re
 c
ha
ra
ci
er
is
li
c 
of

 l
ow

la
nd

s 
in
 {
he
 

re
gi
on
 a
nd

 a
re
 r
ep
re
se
nt
ed
 i
n 
th
e 
Wa

ll
y 
Cr

ee
k 
Wa

te
rs

he
d 

(F
ig

. 
1 
an

d 
2)

: 
O
G
8
,
 
Fc

a[
hc

im
os

s-
Sp

ha
Sn

um
; 
O
G
1
1
,
 

L
e
d
u
m
;
 
O
G
1
2
,
 A
In
us
-h
cr
b 

po
or
; 
an
d 
O
G
1
4
 
C
h
a
m
a
e
-

da
ph
ne
. 

De
ta

il
ed

 
de
sc
ri
pt
io
ns
 
of

 v
eg
et
at
io
n 

an
d 

so
il

 
ch
ar
ac
te

ri
st

ic
s 
ar
e 
gi

ve
n 
in

 J
on
es
 c
t 
al

. 
(i
bi
d.
).
 N
u
m
e
r
o
u
s
 

p
e
r
m
a
n
e
n
t
 
g
r
o
w
t
h
 
pl
ot
s 

h
a
v
e
 
b
e
e
n
 
es

ta
bl

is
he

d 
a
n
d
 

de
sc

ri
be

d 
in
 t
er

ms
 o
f 
ve

ge
ta

ti
on

, 
pe

at
 p
ro

fi
le

s,
 a
n
d
 f
or

es
t 

co
nd
it
io
ns
 (

e.
g.

, 
R
o
s
e
n
 1
98
6,
Je
gl
ur
n 

19
90
).
 

A
 
la
rg
e 

po
rt
io
n 

of
 d

ie
 
ex
pe
ri
me
nt
al
 
ar
ea
 
ha

s 
b
e
e
n
 

dr
ai
ne
d 

in
 b

ot
h 

cl
ea
re
d 
a
n
d
 
fo
re
st
ed
 
pa
rt
s 

of
 t

he
 
bo

g,
 

wi
th

 d
it

ch
 s
pa

ci
ng

s 
ra

ng
in

g 
f
r
o
m
 
15
 t
o 
7
5
 m
 (

Fi
g.

 3
).
 A
 

se
ri
es
 o
f 
co
nt
ro
l 
pl
ot
s 
ha

s 
be

en
 e
st

ab
li

sh
ed

 i
n 
un
dr
ai
ne
d 

pa
rt

s 
of

 t
he
 w
at

er
sh

ed
 a
n
d
 i

n 
ne

ar
by

 n
at
ur
al
 p
ca

il
an

ds
, 

in
cl
ud
in

g 
bo
gs
 a
n
d
 f

en
s,
 o
ut

si
de

 t
he
 m
a
i
n
 W
a
l
l
y
 C
r
e
e
k
 

e
x
p
e
r
i
m
e
n
t
a
l
 a
re

a.
 

Fi
gu

re
 I
. 
Vi

ew
 o
f
O
G
1
4
 i
n 
th

e 
Wa

ll
y 
Cr

e
ek
 W
at

er
sh

ed
. 

Fi
gu

re
 2
. 
V
i
e
w
 o
f
 O
G
S
 i
n 
th
e 
Wa

ll
y 
C
r
e
e
k
 W
at

er
sh

ed
. 

Fi
gu

re
 3
. 
D
r
a
i
n
e
d
 a
re
a 

in
 t
he

 W
at

ly
 C
r
e
e
k
 W
at

er
sh

ed
. 
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M
E
T
H
O
D
S
 

I
n
f
o
r
m
a
t
i
o
n
 o
n
 v
eg

e
t
at

i
o
n 
c
o
m
p
o
s
i
t
i
o
n
 a
n
d
 c
ov
er
, 
a
n
d
 

o
n
 v
a
r
i
o
u
s
 c
h
e
m
i
c
a
l
,
 h
y
d
r
o
l
o
g
i
c
a
l
,
 p
h
y
s
i
c
a
l
 a
n
d
 t
e
m
p
e
r
 

at
ur
e 
ch
ar
ac
te
ri
st
ic

s 
o
f
 t
he
 p
ea
l 

so
il

, 
ha

s 
b
e
e
n
 c
ol

le
ct
ed
 

f
r
o
m
 e
a
c
h
 p
lo

t.
 S
 u
b
s
a
m
p
l
e
s
 o
f
 t
he
 s
u
r
f
a
c
e
 1
0
 c
m
 o
f
 t
he
 

pe
at

 h
a
v
e
 b
e
e
n
 e
x
a
m
i
n
e
d
 f
or
 t
es
ta
te
 a
m
o
e
b
a
e
.
 T
h
e
 e
c
o
 

lo
gi

ca
l 
da

t
a
 a
re
 i
m
p
o
r
t
a
n
t
 f

or
 d
e
t
e
r
m
i
n
i
n
g
 t
he
 d
is

tr
ib
u 

ti
on
 a
n
d
 c
o
m
p
o
s
i
t
i
o
n
 o
f
 t
e
s
t
a
t
e
-
a
m
o
e
b
a
e
 c
o
m
m
u
n
i
t
i
e
s
 i
n 

t
h
e
 W
a
l
l
y
 C
r
e
e
k
 W
a
t
e
r
s
h
e
d
.
 

P
e
a
t
 s
a
m
p
l
e
s
 w
e
r
e
 c
ut
 w
i
t
h
 a
 s
ho

rt
 c
o
r
e
-
b
o
x
 s
a
m
p
l
e
r
 

si
mi
la
r 
to
 t
ha

t 
de
sc
ri
be
d 
in

 C
ut

le
r 
a
n
d
 M
a
l
c
o
l
m
 (
19
79
).
 

In
 a

ll
, 
5
0
0
 s
a
m
p
l
e
s
 
w
e
r
e
 
c
o
l
l
e
c
t
e
d
 f
o
r 
t
e
s
t
a
t
e
-
a
m
o
e
b
a
e
 

a
n
a
l
y
s
e
s
.
 T
h
e
 p
r
e
s
e
n
t
 p
a
p
e
r
 p
r
o
v
i
d
e
s
 t
h
e
 r
es

ul
ts

 o
f
 a
n
a
l
y
 

se
s 
of

 1
1
5
 s
a
m
p
l
e
s
,
 8
4
 o
f
 w
h
i
c
h
 p
r
o
v
e
d
 t
o 
c
o
n
t
a
i
n
 t
es

ta
te

 

a
m
o
e
b
a
e
.
 T
h
e
y
 a
re
 r
ep

re
se

nt
at

iv
e 
o
f
 t
he
 f
ou

r
 F
E
C
 O
G
s
 

in
 
th
e 
s
l
u
d
y
 
ar

ea
, 
o
n
 
d
r
a
i
n
e
d
 
te
st
 s

it
es

, 
a
n
d
 o
n
 
na
tu
ra
l 

S
p
h
a
g
n
u
m
 f
u
s
c
u
m
 
tr
ee
d 

b
o
g
 
a
n
d
 
C
a
r
e
x
 
o
l
i
g
o
s
p
e
r
m
a
 

p
o
o
r
 t
re
ed
 
f
e
n
 p
lo
ts
 a
d
j
a
c
e
n
t
 
to

 t
h
e
 
m
a
i
n
 
e
x
p
e
r
i
m
e
n
t
a
l
 

a
r
e
a
.
 

Su
bs

at
np

le
s 
of
 p
ea

t,
 e
ac

h 
3 
cm
3,
 w
er

e
 t

ak
en

 o
ut

 o
f 

la
rg

er
 s
a
m
p
l
e
s
 f
r
o
m
 t
h
e
 b
o
x
 s
a
m
p
l
e
r
 f
or
 a
n
a
l
y
s
e
s
 o
f
 t
es
 

ta
te

 a
m
o
e
b
a
e
.
 E
a
c
h
 s
a
m
p
l
e
 w
a
s
 i
n
o
c
u
l
a
t
e
d
 w
i
t
h
 a
 k
n
o
w
n
 

qu
an
ti
ty
 
o
f
 
L
y
c
o
p
o
d
i
u
m
 
c
l
u
v
a
i
w
n
 
s
p
o
r
e
s
 
(
9
0
,
0
0
0
 
to
 

1
0
0
,
0
0
0
 s
p
o
r
e
s
)
 a

t 
t
h
e
 o
u
t
s
e
t
 o
f
 p
r
o
c
e
s
s
i
n
g
.
 
L
a
b
o
r
a
t
o
r
y
 

p
r
o
c
e
s
s
i
n
g
 o
f
 p
e
a
t
 s
a
m
p
l
e
s
,
 a
n
d
 c
o
u
n
t
i
n
g
,
 i
de

nt
if

ic
at

io
n,
 

a
n
d
 c
a
l
c
u
l
a
t
i
o
n
 o
f
 n
u
m
b
e
r
s
 o
f
 s
he

ll
s,

 f
o
l
l
o
w
 
th
e 
p
r
o
c
e
 

d
u
r
e
s
 o
f
 T
o
l
o
n
e
n
 (
1
9
8
6
)
 a
n
d
 W
a
r
n
e
r
 (
1
9
8
7
,
1
9
8
8
)
.
 

R
E
S
U
L
T
S
 

In
 a

ll
, 
2
6
 s
pe
ci
es
 o
r 
s
p
e
c
i
e
s
 g
r
o
u
p
s
 w
e
r
e
 e
n
c
o
u
n
t
e
r
e
d
 

in
 t
he
 s
a
m
p
l
e
s
 f
r
o
m
 t
he
 W
a
l
i
y
 C
r
e
e
k
 W
a
t
e
r
s
h
e
d
 (
Fi

g.
 4
).

 

T
h
e
 
n
u
m
b
e
r
 
o
f
 s
pe

ci
es

 p
er

 s
a
m
p
l
e
 r
a
n
g
e
d
 f
r
o
m
 3

 t
o 
2
1
 

(
X
 
=
 
14

.3
; 

s 
=
 3

.8
).

 A
s
s
u
l
i
n
a
 m
u
s
c
o
r
u
m
 w
a
s
 t
he
 m
o
s
t
 

ch
ar
ac
te
ri
st
ic
 
c
o
m
p
o
n
e
n
t
 
o
f
 
th
e 

fa
un
a,
 
o
c
c
u
r
r
i
n
g
 
in
 

9
5
.
3
%
 o
f
 t
he
 s
a
m
p
l
e
s
.
 N
e
b
e
i
a
 m

il
it
ar
is
 s
h
o
w
s
 t

he
 n
e
x
t
 

m
o
s
t
 f
re
qu
en
t 
o
c
c
u
r
r
e
n
c
e
 i
n 
9
1
 %
 o
f
 t
he
 s
a
m
p
l
e
s
.
 I
n 
o
r
d
e
r
 

o
f
 
d
e
c
r
e
a
s
i
n
g
 
f
r
e
q
u
e
n
c
y
 
o
f
 
o
c
c
u
r
r
e
n
c
e
,
 
C
o
r
y
t
h
i
o
n
 

d
u
b
i
u
m
,
 C
e
n
l
r
o
p
y
x
i
s
 a
rc
el
lo
id
es
-l
yp
e,
 T
r
i
n
e
m
a
 l
in

ea
re
, 

I
l
y
a
l
o
s
p
h
e
n
i
a
 
ov
al
is
, 
E
u
g
l
y
p
h
a
 
tu
be
rc
ul
at
a-
ly
pc
, 
a
n
d
 

N
e
b
e
i
a
 p
a
r
v
u
l
a
 w
e
r
e
 f
o
u
n
d
.
 

T
h
e
 t
ot

al
 n
u
m
b
e
r
 o
f 
sh
el
ls
 e
st
im
at
ed
 p
er

 c
m
3
 v

ar
ie

d 

f
r
o
m
 5
5
 t
o 
1
6
,
6
9
7
 (
X
 
=
 3
,0
46
).
 F
i
g
u
r
e
 5
 i

ll
us
tr
at
es

 t
h
e
 

a
b
u
n
d
a
n
c
e
 o
f 
k
e
y
 s
pe

ci
es

 
in
 
re
la
ti
on
 t

o 
th
e 
s
t
u
d
y
 s
it

es
 

a
n
d
 O
G
 c
l
a
s
s
i
f
i
c
a
t
i
o
n
s
.
 

F
i
g
u
r
e
4
.
 S
e
l
e
c
t
e
d
i
e
i
t
a
t
e
a
m
o
e
b
a
e
f
o
u
n
d
i
n
l
t
e
W
a
l
l
y
C
r
e
e
k
W
a
t
c
r
s
h
e
d
.
(
a
)
A
s
s
u
\
]
n
a
m
w
c
a
T
u
m
,
(
b
)
 A
m
p
h
i
f
r
e
m
a
f
l
a
v
u
m
,
|
'
c
,
)
T
n
n
e
m
a
 

li
nc
ar
e,
 (

d)
 H
y
a
l
o
s
p
h
e
n
i
a
 p
ap

il
io

, 
(e

) 
H
.
 s
ub
fl
av
a,
 a
n
d
 (

f)
 H
.
 c
lc

ga
ns

. 
S
c
a
l
e
 b
a
r
s
 e
q
u
a
l
 2
0
 U
rn
. 



0
 

8
0
 

1
2
0
 

N
j
m
b
e
r
 
p
e
r
 
c
m
 

dr
ai
ne
d 

si
te

s 
H
 u
nd
ra
in
ed
 
si

le
s 

0
 

2
0
 

4
0
 

6
0
 

8
0
 

1
0
0
 

P
e
r
c
e
n
t
 

as
 

r
j
/
c
m
3
 

Fi
gu
re
 S
. 
Gr

ap
hi

c 
re

pr
es

en
ta

ti
on

 o
f 
ik
e 
re
la
ti
ve
 a
bu

nd
an

ce
 o
f 
se
le
ct
ed
 t
es
ta
te
 a
m
o
e
b
a
e
 i
n 
th

e 
Wa

ll
y 
Cr

ee
k 
Wa
te
rs
he
d 
on

 d
ra
in
ed
 a
n
d
 u
nd
ra
in
ed
 s
it
es
. 
Th

e 
so
il
 m
oi

st
ur

e 
co
nt
en
t 
of

 
m
i
c
r
o
s
i
t
e
s
 a
t 
th
e 
t
i
m
e
 o
f
 s
a
m
p
l
i
n
g
 i

s 
a
l
s
o
 s
h
o
w
n
.
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H
y
a
l
o
s
p
h
e
n
i
a
 o
v
a
l
i
s
,
H
.
s
u
J
)
f
l
a
v
a
,
N
e
b
e
l
a
 p
a
r
v
u
l
a
 a
n
d
 

N
.
 m
i
l
i
t
a
r
i
s
 a
r
c
 c
o
m
m
o
n
 c
o
m
p
o
n
e
n
t
s
 o
f
 m
o
s
t
 s
il

cs
 i
n 

al
l 

O
G
s
.
 
N
e
b
e
l
a
 
m
i
l
i
t
a
r
i
s
 
is

 
le
ss
 
f
r
e
q
u
e
n
t
 
in

 
O
G
1
2
 
a
n
d
 

O
G
1
4
.
 H
y
a
l
o
s
p
h
e
n
i
a
 s
u
b
f
l
a
v
a
,
 t
h
o
u
g
h
 p
r
e
s
e
n
t
 o
n
 m
a
n
y
 

pl
ot
s,
 i

s 
m
o
r
e
 c
o
m
m
o
n
 i

n 
O
G
8
 a
n
d
 O
G
1
1
.
 
A
m
p
h
i
i
r
e
m
a
 

f
i
a
v
u
m
,
 
l
l
y
a
i
o
s
p
h
e
n
i
a
 p
a
p
i
t
i
o
,
 
a
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b
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c
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c
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c
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 b
e
t
w
e
e
n
 u
n
d
r
a
i
n
e
d
 a
n
d
 d
r
a
i
n
e
d
 
pl
ot
s 
(
T
a
b
l
e
 

1)
. 
H
y
a
l
o
s
p
h
e
n
i
a
 o
va

li
s,

 N
e
b
e
l
a
 p
a
r
v
u
l
a
 a
n
d
 N
.
 m
il
it
ar
is
 

l
e
n
d
 t
o 
b
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p
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c
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 b
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c
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 p
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c
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i
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c
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e
t
t
e
s
t
 s
it
es
 i
n 
th
e 
W
a
l
l
y
 C
r
e
e
k
 

W
a
t
e
r
s
h
e
d
.
 

S
i
m
i
l
a
r
l
y
,
 

H
y
a
l
o
s
p
h
e
n
i
a
 

s
u
b
f
l
a
v
a
 
a
n
d
 

N
e
b
e
l
a
 
mi
li
ta
ri
s 

a
r
e
 
b
e
s
t
 
r
e
p
r
e
s
e
n
t
e
d
 
o
n
 
dr
ie
r 

si
te

s.
 

Ta
bl
e 

1.
 C
o
m
p
a
r
i
s
o
n
 o
f 
a
b
u
n
d
a
n
c
e
 (
n
u
m
b
e
r
 p
er

 c
m
3
)
 o
f 
se
le
ct
ed
 t
es

ta
te

 a
m
o
e
b
a
e
 o
n
 d
ra

in
ed

 a
n
d
 u
nd

ra
in

ed
 s
it
es
. 
M
e
a
n
 

v
a
l
u
e
s
 a
r
e
 g
i
v
e
n
.
 N
o
t
e
 t
h
e
 a
b
u
n
d
a
n
c
e
 o
f
 N
e
b
e
l
a
 m
il

it
ar

is
 a
n
d
 H
y
a
l
o
s
p
h
e
n
i
a
 s
u
b
f
l
a
v
a
 o
n
 d
r
a
i
n
e
d
 s
it
es
 (
ty

pi
ca
l 
o
f
 

d
r
y
 m
ic
ro

s
it
cs
).
 



1
2
0
 T
h
o
u
g
h
 
o
n
l
y
 
p
r
e
l
i
m
i
n
a
r
y
,
 
th
is
 
s
t
u
d
y
 
c
o
n
f
i
r
m
s
 
t
h
a
t
 

th
er
e
 i
s 
a
 w
i
d
e
 r
a
n
g
e
 o
f
 d
i
ff
er
en
t 
ha
bi
ta
t 
r
e
q
u
i
r
e
m
e
n
t
s
 f
or
 

ce
rt
ai
n 

te
st
at

e 
a
m
o
e
b
a
e
.
 
T
h
e
s
e
 
o
b
s
e
r
v
a
t
i
o
n
s
 
fu
rt
he
r 

s
t
r
e
n
g
t
h
e
n
 t
h
e
 p
o
s
s
i
b
i
l
i
t
y
 o
f
 i
d
e
n
t
i
f
y
i
n
g
 e
n
v
i
r
o
n
m
c
n
l
a
l
-

i
n
d
i
c
a
t
o
r
 s
p
e
c
i
e
s
 
a
n
d
 o
f
 u
s
i
n
g
 
t
e
s
t
a
t
e
 
a
m
o
e
b
a
e
 
b
o
t
h
 
a
s
 

s
e
n
s
o
r
s
 o
f
 p
e
a
d
a
n
d
 s
it
e 
t
y
p
e
 a
n
d
 s
oi

l 
c
o
n
d
i
t
i
o
n
s
 
in
 
b
o
g
 

e
n
v
i
r
o
n
m
e
n
t
s
 i
n 
O
n
t
a
r
i
o
 a
n
d
 a
s
 m
o
n
i
t
o
r
s
 o
f
 e
n
v
i
r
o
n
m
e
n
 

ta
l 
i
m
p
a
c
t
 o
n
 p
e
a
t
l
a
n
d
s
 u
s
e
d
 f
or
 f
or
es
tr
y 
p
u
r
p
o
s
e
s
.
 

A
C
K
N
O
W
L
E
D
G
M
E
N
T
S
 

T
h
i
s
 p
r
o
j
e
c
t
 w
o
u
l
d
 n
o
t
 h
a
v
e
 b
e
e
n
 p
o
s
s
i
b
l
e
 w
i
t
h
o
u
t
 t
he
 

in
te

re
st

 
a
n
d
 
e
n
c
o
u
r
a
g
e
m
e
n
t
 
o
f
 
J
.
K
.
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c
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.
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 c
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c
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c
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.
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a
t
i
a
n
d
 
p
i
n
e
 
(
P
i
n
u
s
 s
p
p
.
)
 
s
t
a
n
d
s
.
 
A
c
c
o
r
d
i
n
g
 t
o 
s
t
a
n
d
a
r
d
 

s
a
m
p
l
i
n
g
 
p
r
o
c
e
d
u
r
e
s
,
 
n
e
e
d
l
e
 
s
a
m
p
l
e
s
 
f
r
o
m
 
th

e 
y
o
u
n
g
e
s
t
 n
e
e
d
l
e
s
 
in
 
th

e 
la

te
st

 

w
h
o
r
l
 a
r
e
 t
a
k
e
n
 f
r
o
m
 5
-
1
0
 t
r
e
e
s
 i

n 
t
h
e
 d
o
m
i
n
a
n
t
 t
re
e 
l
a
y
e
r
 d
u
r
i
n
g
 t
h
e
 w
i
n
t
e
r
 d
o
r
 

m
a
n
t
 p
e
r
i
o
d
.
 A
l
t
h
o
u
g
h
 t
h
e
 c
o
r
r
e
l
a
t
i
o
n
 b
e
t
w
e
e
n
 n
ut
ri
en
t 
c
o
n
c
e
n
t
r
a
t
i
o
n
s
 i
n 
p
e
a
t
 a
n
d
 

n
e
e
d
l
e
s
 i

s 
w
e
a
k
,
 t
h
e
r
e
 i

s 
a
 s
t
r
o
n
g
 c
o
r
r
e
l
a
t
i
o
n
 b
e
t
w
e
e
n
 t
h
e
 n
e
e
d
 f
or
 f
er
ti
li
za
ti
on
 o
f 

t
r
e
e
 s
t
a
n
d
s
 a
n
d
 n
u
t
ri

e
n
t 
c
o
n
c
e
n
t
r
a
t
i
o
n
s
 i

n 
n
e
e
d
l
e
s
.
 

P
r
e
l
i
m
i
n
a
r
y
 
re

su
lt

s 
of
 
a
 
fe

rt
il

iz
at
io
n 

tr
ia
l 
o
n
 
a
 
d
r
a
i
n
e
d
,
 
r
a
i
s
e
d
 
b
o
g
 
in
 
s
o
u
t
h
e
r
n
 

F
i
n
l
a
n
d
 a
r
e
 p
r
e
s
e
n
t
e
d
.
 T
h
e
 t
ri

al
 w
a
s
 e
s
t
a
b
l
i
s
h
e
d
 i
n 
1
9
7
8
 t
o 
s
t
u
d
y
 t
h
e
 e
f
f
e
c
t
s
 o
f 
P
K
 

a
n
d
 
N
P
K
 
fe
rt
il
iz
er
s 

of
 
di

ff
er

in
g 

so
lu

bi
li

ti
es

 
o
n
 
t
h
e
 
g
r
o
w
t
h
 
of
 
S
c
o
t
s
 
p
i
n
e
 
(
P
i
n
u
s
 

sy
iv
es

tr
is

).
 
N
e
e
d
l
e
 s
a
m
p
l
e
s
 w
e
r
e
 t
a
k
e
n
 e
v
e
r
y
 w
i
n
t
e
r
 f
r
o
m
 e
a
c
h
 o
f 
t
h
e
 f
er
ti
li
za
ti
on
 

t
r
e
a
t
m
e
n
t
s
 a
s
 w
e
l
l 
a
s
 f
r
o
m
 a
 n
e
a
r
b
y
 v
ir

gi
n 
b
o
g
.
 
T
h
e
 f
o
l
l
o
w
i
n
g
 n
u
t
r
i
e
n
t
s
 w
e
r
e
 a
n
a
 

ly
ze

d:
 N
, 

P,
 K

, 
C
a
,
 M
g
,
 B

, 
Ci

i,
 M
n
,
 a
n
d
 Z
n.

 A
n
n
u
a
l
 h
e
i
g
h
t
 a
n
d
 b
a
s
a
l
 a
r
e
a
 g
r
o
w
t
h
 

of
 t
h
e
 t
re

e 
s
t
a
n
d
s
 w
e
r
e
 a
ls

o 
m
e
a
s
u
r
e
d
.
 I

n 
c
o
m
p
a
r
i
s
o
n
 w
it

h 
p
u
b
l
i
s
h
e
d
 l

im
it
 v
a
l
u
e
s
,
 

t
h
e
 c
o
n
c
e
n
t
r
a
t
i
o
n
s
 o
f 
N
 a
n
d
 P
 w
e
r
e
 s
e
v
e
r
e
l
y
 d
e
f
i
c
i
e
n
t
 i
n 
t
h
e
 d
r
a
i
n
e
d
 c
o
n
t
r
o
l
 a
r
e
a
 

a
s
 w
e
l
l
 a
s
 o
n
 t
h
e
 v
ir
gi
n 
b
o
g
.
 I

n 
c
o
n
t
r
a
s
t
,
 c
o
n
c
e
n
t
r
a
t
i
o
n
s
 o
f 
B
 a
n
d
 C
u
,
 f
or
 e
x
a
m
p
l
e
,
 

w
e
r
e
 
n
o
t
 d
e
f
i
c
i
e
n
t
.
 

R
E
S
U
M
E
 

E
n
 F
i
n
l
a
n
d
e
.
l
'
a
n
a
l
y
s
e
d
e
s
 a
ig

ui
ll

es
 e
s
t
u
n
e
m
e
t
h
o
d
e
 l
ar
ge
 m
e
n
t
u
t
i
l
i
s
e
e
 p
o
u
r
 d
e
t
e
r
 

m
i
n
e
r
 l
es
 b
e
s
o
i
n
s
 d
e
 f
er

ti
li

sa
ti

on
, 
n
o
t
a
m
m
e
n
t
 d
e
s
 p
i
n
e
d
e
s
 o
c
c
u
p
a
n
t
 d
e
s
 t
o
u
r
b
i
e
r
e
s
 

a
s
s
a
i
n
i
e
s
.
 
D
e
s
 
e
c
h
a
n
t
i
l
l
o
n
s
 d

'a
ig
ui

ll
es

 
d
u
 
ve
rt
ic
il
le
 
!e
 
p
l
u
s
 
r
e
c
e
n
t
 
s
o
n
t
 
p
r
e
l
e
v
d
s
 

s
e
l
o
n
 d
e
s
 m
e
"
t
h
o
d
e
s
 n
o
r
m
a
l
i
s
e
s
 s
u
r
 5
 a
 1
0
 a
r
b
r
e
s
 d
e
 l

'6
ta
ge
 d
o
m
i
n
a
n
t
 p
e
n
d
a
n
t
 

la
 p
e
r
i
o
d
e
 d
e
 d
o
r
m
a
n
c
e
 
hi

ve
rn

al
e.

 
B
i
e
n
 
q
u
e
 
la
 
co

rr
el

at
io

n 
e
n
t
r
e
 
le
s 
t
e
n
e
u
r
s
 
e
n
 

e
l
e
m
e
n
t
s
 n

ut
ri
ti
fs
 d
e
 
la

 t
o
u
r
b
e
 e

t 
d
e
s
 a

ig
ui
ll
es
 s

oi
t 

fa
ib
le
, 

la
 c
or

re
la

ti
on

 e
nt
re
 
le
 

b
e
s
o
i
n
 d
e
 f
er
ti
li
sa
ti
on
 d
e
s
 p
e
u
p
l
e
m
e
n
t
s
 f
or

es
ti

er
s 
el
 l
es
 t
e
n
e
u
r
s
 e
n
 e
l
e
m
e
n
t
s
 n
ut

ri
 

ti
fs
 d
e
s
 a
ig

ui
ll

es
 e
s
t
 f

or
te
. 

L
e
s
 
re
su
lt
at
s 

pr
el
im
 i
n a

 i
re
s 

d'
un

 
es
sa
i 
d
e
 
fe

rt
il

is
at

io
n 
d
'
u
n
e
 
to
ur
bi
er
e 
b
o
m
b
e
e
 

a
s
s
a
i
n
i
e
 d
u
 s
u
d
 d
e
 l

a 
F
i
n
l
a
n
d
e
 s
o
n
!
 p
r
S
s
e
n
t
e
s
.
 L
a
 p
ar

ce
ll

e 
d
'
e
s
s
a
i
 a
 e
te

 e
ta

bl
ie

 e
n
 

1
9
7
8
 a
fi
n 
d'
et
ud
ie
r 
le
s 
ef
fe
ts
d'
ap
po
rt
s 
d
e
 P
K
 e

t 
d
e
 N
P
K
 d
e
 s
ol

ub
il

it
e 
va
ri
ee
 s
ur

 l
a 

c
r
o
i
s
s
a
n
c
e
 
d
e
s
 
pi

ns
 
sy

lv
es

tr
es

. 
D
e
s
 
ec

ha
nt

il
lo

ns
 
d'

ai
gu

il
le

s 
on

t 
et

e 
pr

el
ev

e'
s 

c
h
a
q
u
e
h
i
v
e
r
s
u
r
 d
e
s
 a
rb
re
s 
s
o
u
m
i
s
 a
 c
h
a
c
u
n
 d
e
s
 t
ra
il
em
en
ts
de
 f
er
ti
li
sa
ti
on
 e
t 
su

r 

d
e
s
 a
rb
re
s 
d'

un
 m
a
r
a
i
s
 v
ie
rg
e 

av
oi

si
na

nt
. 
L
e
s
 S
le

'm
en

ts
 n

ut
ri
ti
fs
 s
ui
va
nt
s 
on

t 
et

6 

a
n
a
l
y
s
e
s
 :

 N
, 

P,
 K

, 
C
a
,
 M
g
,
 B

, 
C
u
,
 M
n
 e
t 
Z
n
.
 
L
'
a
c
c
r
o
i
s
s
e
m
e
n
t
 a
n
n
u
e
l
 e
n
 h
a
u
t
e
u
r
 

et
 d
e
 l

a 
s
u
r
f
a
c
e
 t
er
ri
er
e 
d
e
s
 p
e
u
p
l
e
m
e
n
t
s
 a
 6
te

 m
e
s
u
r
e
\
 U
n
e
 c
o
m
p
a
r
a
i
s
o
n
 a
v
e
c
 l
es
 

v
a
l
e
u
r
s
 l
im
it
es
 p
u
b
i
i
e
e
s
 a
 p
e
r
m
i
s
 d
'e

ta
bl

ir
 d
e
 g
r
a
v
e
s
 c
a
r
e
n
c
e
s
 e
n
 N
 e

t 
e
n
 P
 d
a
n
s
 

le
 s
e
c
t
e
u
r
 a
ss

ai
ni

 a
in

si
 q
u
e
 d
a
n
s
 l

e 
m
a
r
a
i
s
 v
ie

rg
e.

 P
a
r
 a
il
le
ur
s,
 l

es
 t
e
n
e
u
r
s
 e
n
 B
 

el
 
e
n
 C
u
 
e'

ta
ie

nt
 
a
d
e
q
u
a
t
e
s
.
 



1
2
4
 

I
N
T
R
O
D
U
C
T
I
O
N
 

T
h
e
 
n
e
e
d
 

fo
r 

fe
rt
il
is
at
io
n 

o
n
 
p
e
a
i
l
a
n
d
s
 
c
a
n
 
b
e
 

e
v
a
l
u
a
t
e
d
 i

n 
s
e
v
e
r
a
l
 w
a
y
s
:
 b
y
 s
i
t
e
-
t
y
p
e
 c
h
a
r
a
c
t
e
r
i
z
a
t
i
o
n
,
 

fe
rt

il
iz

at
io

n 
e
x
p
e
r
i
m
e
n
i
s
,
 
c
h
e
m
i
c
a
l
 
a
n
a
l
y
s
i
s
 
o
f
 p
e
a
t
 
o
r
 

fo
li

ag
e,

 
id
en
ti
fi
ca
ti
on
 
o
f
 v

is
ib

le
 
d
e
f
i
c
i
e
n
c
y
 
s
y
m
p
t
o
m
s
,
 

a
n
d
 r
e
m
o
t
e
 s
e
n
s
i
n
g
 (

e.
g.
, 
V
c
i
j
a
l
a
i
n
c
n
 
1
9
8
4
,
 R
e
i
n
i
k
a
i
n
e
n
 

1
9
8
8
)
.
 
In
 F
i
n
l
a
n
d
,
 a

ll
 t
h
e
s
e
 m
e
t
h
o
d
s
 h
a
v
e
 b
e
e
n
 s
t
u
d
i
e
d
,
 

a
n
d
 n
e
e
d
l
e
 a
n
a
l
y
s
i
s
 i

s 
u
s
e
d
 f
or
 e
s
t
i
m
a
t
i
n
g
 
t
h
e
 f
er
ti
li
za
 

ti
on
 
n
e
e
d
s
 o
f
 S
c
o
t
s
 p
i
n
e
 (
P
i
n
u
s
 s
yl
ve
st
ri
s)

 a
n
d
 N
o
r
w
a
y
 

s
p
r
u
c
e
 (
P
i
c
e
a
 a
b
i
e
s
)
 s
t
a
n
d
s
.
 

In
 t
hi

s 
p
a
p
e
r
 w
e
 d
i
s
c
u
s
s
 t
he
 t
e
c
h
n
i
q
u
e
 o
f
 n
e
e
d
l
e
 a
n
a
l
y
 

si
s 
a
s
 i

t 
is

 u
s
e
d
 
in

 F
i
n
l
a
n
d
.
 
W
e
 a
l
s
o
 p
r
e
s
e
n
t
 s
o
m
e
 p
r
e
 

l
i
m
i
n
a
r
y
 
re

su
lt

s 
o
f
 a
 
fe
rt
il
iz
at
io
n 
e
x
p
e
r
i
m
e
n
t
 i

n 
w
h
i
c
h
 

n
e
e
d
l
e
s
 
h
a
v
e
 b
e
e
n
 a
n
a
l
y
z
e
d
 
a
n
d
 
g
r
o
w
t
h
 
h
a
s
 
b
e
e
n
 
e
v
a
l
 

u
a
t
e
d
 a
n
n
u
a
l
l
y
 o
v
e
r
 a
 1
0
-
y
e
a
r
 p
e
r
i
o
d
 a
f
t
e
r
 f
er

ti
li

za
ti

on
. 

N
E
E
D
L
E
 
A
N
A
L
Y
S
I
S
 
I
N
 
F
I
N
L
A
N
D
 

A
a
l
t
o
n
c
n
 
(
1
9
5
0
)
 
w
a
s
 
t
h
e
 f

ir
st

 t
o 
a
p
p
l
y
 f
ol
ia
r 
a
n
a
l
y
s
i
s
 

in
 F
i
n
l
a
n
d
.
 
H
e
 n
o
t
i
c
e
d
 t
h
at

 t
h
e
 n
u
t
r
i
e
n
t
 c
o
n
c
e
n
t
r
a
t
i
o
n
s
 o
f
 

n
e
e
d
l
e
s
 a
n
d
 l
e
a
v
e
s
 
o
f
 f
or
es
t 
s
h
r
u
b
s
 a
n
d
 h
e
r
b
s
 r
ef

le
ct

, 
to
 

s
o
m
e
 
ex
te
nt
, 

di
e 
t
r
o
p
h
y
 o
f
 f

or
es
t 

si
te

 
ty
pe
s.

 
Pu

us
tj

ii
rv

i 

(
1
9
6
2
,
 
1
9
6
5
)
 u
s
e
d
 p
i
n
e
-
n
e
e
d
l
e
 a
n
a
l
y
s
i
s
 i
n 
hi
s 
s
t
u
d
i
e
s
 t
o 

a
s
s
e
s
s
 t
h
e
 f

er
ti
li
ty
 o
f
 m
i
r
e
 s
it

e 
t
y
p
e
s
 a
n
d
 r
e
a
c
h
e
d
 t
h
e
 i
m
 

p
o
r
t
a
n
t
 c
o
n
c
l
u
s
i
o
n
 t
ha

t,
 a
l
t
h
o
u
g
h
 t
h
e
 c
o
r
r
e
l
a
t
i
o
n
 b
e
t
w
e
e
n
 

nu
tr
ie
nt
 c
o
n
c
e
n
t
r
a
t
i
o
n
s
 i
n 
p
e
a
!
 a
n
d
 n
e
e
d
l
e
s
 i
s 
w
e
a
k
,
 t
h
e
r
e
 

is
 a
 s
t
r
o
n
g
 c
o
r
r
e
l
a
t
i
o
n
 b
e
t
w
e
e
n
 t
h
e
 n
e
e
d
 f
o
r
 f
er
ti
li
za
ti
on
 

o
f
 t
re
e 
s
t
a
n
d
s
 a
n
d
 n
e
e
d
l
e
 n
u
t
r
i
e
n
t
 c
o
n
c
e
n
t
r
a
t
i
o
n
s
.
 

N
u
t
r
i
e
n
t
 d
i
a
g
n
o
s
t
i
c
 s
tu
di
es
 e
x
p
a
n
d
e
d
 i
n 
th
e 
1
9
6
0
s
 i

n 

th
e
 
D
e
p
a
r
t
m
e
n
t
 
o
f
 
P
e
a
d
a
n
d
 
F
o
r
e
s
t
r
y
 
at
 
t
h
e
 
F
i
n
n
i
s
h
 

F
o
r
e
s
t
 R
e
s
e
a
r
c
h
 I
n
s
t
i
t
u
t
e
 (
R
e
i
n
i
k
a
i
n
e
n
 1
9
6
7
,
 P
a
a
r
l
a
h
l
i
 e
t 

al
. 
1
9
7
1
)
.
 
S
u
b
s
c
q
u
c
n
d
y
,
 
n
e
e
d
l
e
 a
n
a
l
y
s
i
s
 
o
f
 p
i
n
e
 s
t
a
n
d
s
 

o
n
 
p
c
a
t
l
a
n
d
s
 
b
e
c
a
m
e
 
c
o
m
m
o
n
 
p
r
a
c
t
i
c
e
.
 
I
n
 
p
r
a
c
t
i
c
a
l
 

st
ud

ie
s,

 t
he

 f
o
l
l
o
w
i
n
g
 s
t
a
n
d
a
r
d
 p
r
o
c
e
d
u
r
e
s
 w
e
r
e
 a
d
o
p
t
e
d
:
 

1)
 s
a
m
p
l
i
n
g
 
t
i
m
e
 
w
a
s
 e
s
t
a
b
l
i
s
h
e
d
:
 
t
h
e
 
w
i
n
t
e
r
 d
o
r
 

m
a
n
t
 p
e
r
i
o
d
,
 D
e
c
e
m
b
e
r
-
M
a
r
c
h
 

2)
 s
a
m
p
l
e
 t
y
p
e
 w
a
s
 d
e
t
e
r
m
i
n
e
d
:
 c
u
r
r
e
n
t
 n
e
e
d
l
e
s
 i
n 

th
e 
la

te
st

 w
h
o
r
l
 o
f
 5
-
1
0
 t
re
es
 i
n 
th
e 
d
o
m
i
n
a
n
t
 t
re

e 

l
a
y
e
r
 

3
)
 
s
a
m
p
l
i
n
g
 
t
e
c
h
n
i
q
u
e
,
 
s
a
m
p
l
e
 
s
t
o
r
a
g
e
 
a
n
d
 
p
r
c
-

t
r
e
a
t
m
e
n
l
 w
e
r
e
 d
e
t
e
r
m
i
n
e
d
.
 

I
n
 a
d
d
i
t
i
o
n
,
 t
h
e
 f
o
l
l
o
w
i
n
g
 i
n
f
o
r
m
a
t
i
o
n
 w
a
s
 r
e
q
u
i
r
e
d
:
 

1)
 
si

te
 t
y
p
e
 
c
h
a
r
a
c
t
e
r
i
z
a
t
i
o
n
,
 d
r
a
i
n
a
g
e
 
c
o
n
d
i
t
i
o
n
s
,
 

e
a
r
l
i
e
r
 f
er

ti
li

za
ti

on
 

2)
 a
g
e
 o
f
 s
t
a
n
d
,
 p
r
o
p
o
r
t
i
o
n
 o
f
 t
re

e 
s
p
e
c
i
e
s
,
 g
r
o
w
t
h
 

m
e
a
s
u
r
e
m
e
n
t
 
o
r
 
e
s
t
i
m
a
t
e
,
 
p
o
s
s
i
b
l
e
 
n
u
t
r
i
e
n
t
 

d
e
f
i
c
i
e
n
c
i
e
s
 a
n
d
 d
a
m
a
g
e
.
 

D
i
a
g
n
o
s
t
i
c
 l
im
it
 v
a
l
u
e
s
 (
T
a
b
l
e
 1

) 
h
a
v
e
 b
e
e
n
 o
b
t
a
i
n
e
d
 

f
r
o
m
 c
o
r
r
e
l
a
t
i
o
n
s
 b
e
t
w
e
e
n
 a
n
a
l
y
t
i
c
a
l
 v
a
l
u
e
s
 a
n
d
 g
r
o
w
t
h
 

p
a
r
a
m
e
t
e
r
s
 
(
P
a
a
r
l
a
h
l
i
 
et

 
al

. 
1
9
7
1
,
 
V
c
i
j
a
l
a
i
n
c
n
 
1
9
7
7
)
.
 

A
l
s
o
,
 t
he
 r
e
l
a
t
i
o
n
s
h
i
p
s
 b
e
t
w
e
e
n
 n
u
t
r
i
e
n
t
s
 a
rc
 u
s
e
d
 t
o 
re
 

v
e
a
l
 n
u
t
r
i
e
n
t
 i
m
b
a
l
a
n
c
e
s
 i
n 
ir

ec
 s
t
a
n
d
s
 (
e.
g.
, 
P
a
a
v
i
l
a
i
n
e
n
 

1
9
7
9
)
.
 
R
e
c
o
m
m
e
n
d
a
t
i
o
n
s
 
f
o
r
 
fe

rt
il

iz
in

g 
s
e
v
e
r
e
l
y
 
a
n
d
 

s
l
i
g
h
t
l
y
 d
e
f
i
c
i
e
n
t
 p
i
n
e
 s
t
a
n
d
s
 o
n
 p
c
a
t
l
a
n
d
s
 a
r
c
 b
a
s
e
d
 o
n
 

d
e
f
i
c
i
e
n
c
y
 l
i
m
i
t
s
 a
n
d
 a
r
e
 p
r
e
s
e
n
t
e
d
 i
n
 T
a
b
l
e
 2
. 

I
n
 
tl
ie
 
w
i
n
t
e
r
 
o
f
 
1
9
8
7
-
1
9
8
8
 
a
 
s
p
e
c
i
a
l
 
p
r
o
g
r
a
m
 
f
o
r
 

fo
re
st
 o
w
n
e
r
s
 c
a
l
l
e
d
 "
l
i
v
e
s
 -

F
o
r
e
s
t
 H
c
a
l
m
 S
e
r
v
i
c
e
"
 w
a
s
 

o
r
g
a
n
i
z
e
d
 
b
y
 
V
i
l
j
a
v
u
u
s
p
a
l
v
e
l
u
 
L
t
d
.
 
(
S
o
i
l
 
a
n
d
 
P
i
a
n
t
 

A
n
a
l
y
s
e
s
 

C
o
m
p
a
n
y
)
,
 

K
e
m
i
r
a
 

L
t
d
.
 

{
M
u
l
t
i
b
r
a
n
c
h
 

C
o
m
p
a
n
y
 

M
a
n
u
f
a
c
t
u
r
i
n
g
,
 

e.
g.
, 

fe
rt
il
iz
er
s)

, 
S
a
m
p
o
 

(
I
n
s
u
r
a
n
c
e
 
C
o
m
p
a
n
y
)
 
a
n
d
 
S
K
O
P
 
(
B
a
n
k
 
U
n
i
o
n
)
.
 
T
h
e
 

a
i
m
s
 
o
f
 
th

is
 
p
r
o
g
r
a
m
 
w
e
r
e
 
to

 
in

te
re

st
 
p
e
o
p
l
e
 
in
 
th

ei
r 

fo
re

st
s 
a
n
d
 f
a
m
i
l
i
a
r
i
z
e
 d
i
e
m
 w
i
t
h
 n
e
e
d
l
e
 a
na
l
y
s
i
s
.
 L
a
n
d
 

o
w
n
e
r
s
 c
o
l
l
e
c
t
e
d
 t
h
e
i
r
 o
w
n
 n
e
e
d
l
e
 s
a
m
p
l
e
s
 a
n
d
 s
e
n
t
 t
h
e
m
 

to
 V
i
l
j
a
v
u
u
s
p
a
l
v
e
l
u
 L
t
d
.
 f
o
r
 a
n
a
l
y
s
i
s
.
 T
h
e
 r
e
s
u
l
t
s
 o
f
 i
h
e
s
c
 

a
n
a
l
y
s
e
s
 w
e
r
e
 u
s
e
d
 i
n 
m
a
k
i
n
g
 r
e
c
o
m
m
e
n
d
a
t
i
o
n
s
 f
o
r
 f
er

 

ti
li
za
ti
on
. 
T
h
e
 
p
r
i
c
e
 o
f
 t
he
 
a
n
a
l
y
s
i
s
 
w
a
s
 
1
8
0
 F
I
M
 (
S
5
0
 

C
A
N
)
 
f
o
r
 N
,
 P
, 
K
,
 C
a
,
 M
g
,
 a
n
d
 B
.
 
If
 a
d
d
i
t
i
o
n
a
l
 C
u
,
 Z
n
,
 

a
n
d
 
M
n
 
w
e
r
e
 
a
n
a
l
y
z
e
d
 
th
e 

p
r
i
c
e
 
w
a
s
 
2
4
0
 
F
I
M
 
(
$
6
5
 

C
A
N
)
;
 i

t 
w
a
s
 2
8
0
 F
I
M
 (
S
7
5
 C
A
N
)
 i
f 
S
 w
a
s
 a
n
a
l
y
z
e
d
.
 I
n 

al
l,
 1
6
0
0
 n
c
c
d
i
c
 s
a
m
p
l
e
s
 w
e
r
e
 a
n
a
l
y
z
e
d
,
 a
 f
i
g
u
r
e
 t
ha
t 
fa

r 

e
x
c
e
e
d
e
d
 
di
e 
2
0
-
4
0
 
s
a
m
p
l
e
s
 
a
n
a
l
y
z
e
d
 
b
e
f
o
r
e
 
t
h
e
 
p
r
o
 

g
r
a
m
.
 O
f
 t
h
e
 s
a
m
p
l
e
s
,
 7
7
%
 w
e
r
e
 f
r
o
m
 f
or
es
t1
; 
o
n
 m
i
n
e
r
a
l
 

so
il

 a
n
d
 
2
3
%
 
w
e
r
e
 
f
r
o
m
 
p
e
a
d
a
n
d
 
fo

re
st

s.
 
M
o
s
t
 
(
7
7
%
)
 

s
a
m
p
l
e
s
 w
e
r
e
 f
r
o
m
 p
i
n
e
;
 t
h
e
 r
e
m
a
i
n
d
e
r
 w
e
r
e
 f
r
o
m
 s
p
r
u
c
e
 

{P
ic
ea
 s
pp

.)
 f

or
es
ts
 (
M
a
l
k
o
n
e
n
1
)
.
 T
h
e
 p
r
o
g
r
a
m
 
wi
ll
 b
e
 

r
e
p
e
a
t
e
d
 a
ft
er
 s
o
m
e
 y
ea
rs
, 
a
n
d
 w
il

l 
b
e
 a
i
m
e
d
 a
t 
c
o
m
b
i
n
 

in
g 

n
c
c
d
i
c
 
a
n
d
 

so
il

 
a
n
a
l
y
s
e
s
 

(D
r.

 
V.

 
M
a
n
t
y
l
a
h
t
i
,
 

V
i
l
j
a
v
u
u
s
p
a
l
v
e
l
u
 L
td

.,
 p
er

s.
 c
o
m
m
.
)
.
 

1 
M
a
l
k
i
S
n
c
n
,
 E
. 
1
9
8
9
.
 I
l
v
c
s
-
m
c
i
s
a
n
i
c
r
v
e
y
s
p
a
l
v
e
l
u
 m
e
l
s
S
n
i
m
k
i
-

m
u
k
s
c
n
 n
i
i
k
o
k
u
l
n
i
c
s
t
a
 (
u
n
p
u
b
l
.
 m
s.
).
 

T
a
b
l
e
 1

. 
D
e
f
i
c
i
e
n
c
y
 l
im

it
 v
a
l
u
e
s
 o
b
t
a
i
n
e
d
 f
r
o
m
 n
e
e
d
l
e
 a
n
a
l
y
s
i
s
 o
f
 p
e
a
t
l
a
n
d
 p
i
n
e
 s
t
a
n
d
s
 (
R
e
i
n
i
k
a
i
n
e
n
 
1
9
8
8
)
 



1
2
5
 

T
a
b
l
e
 2
. 
R
e
c
o
m
m
e
n
d
a
t
i
o
n
s
 
f
o
r
 
fe
rt
il
iz
at
io
n 

b
a
s
e
d
 
o
n
 

n
e
e
d
l
e
 
a
n
a
l
y
s
i
s
 i

n 
p
c
a
t
l
a
n
d
 p
i
n
e
 s
t
a
n
d
s
 (
R
c
i
n
-

i
k
a
i
n
c
n
 
1
9
8
8
)
 

a 
I
n
s
t
e
a
d
 o
f
 u
r
e
a
,
 a
n
o
t
h
e
r
 N
-
f
e
i
t
i
l
i
z
e
r
 c
o
n
t
a
i
n
i
n
g
 M
g
 w
a
s
 

u
s
e
d
.
 

b 
Fe

rt
il

iz
er

s 
co

nt
ai
ni
ng
 C
u
 w
e
r
e
 u
se
d,
 e
it
he
r 
C
u
O
 (
10

 k
g/

 
h
a
)
o
r
C
u
S
O
4
(
3
0
k
g
/
h
a
)
.
 

c 
F
e
r
t
i
l
i
z
e
r
s
 c
o
n
t
a
i
n
i
n
g
 B
 w
e
r
e
 u
s
e
d
,
 a
p
p
r
o
x
.
 2
 k
g
/
h
a
.
 

C
A
S
E
 S
T
U
D
Y
 -

F
E
R
T
I
L
I
Z
A
T
I
O
N
 

E
X
P
E
R
I
M
E
N
T
 O
N
 
L
A
A
V
I
O
S
U
O
 
B
O
G
 

S
t
u
d
y
 a
r
e
a
 

L
a
a
v
i
o
s
u
o
 
(
6
1
°
0
2
'
 
N
,
 
2
5
°
0
0
'
 
E
,
 
1
5
1
 
m
 
a
b
o
v
e
 
s
e
a
 

l
e
v
e
l
)
 
is
 
a
n
 o
m
b
r
o
l
r
o
p
h
i
c
 
r
a
i
s
e
d
 
t
o
g
 c
o
m
p
l
e
x
 
a
b
o
u
t
 6
0
 

h
a
 i

n 
ar

ea
. 
T
h
e
 b
o
g
 l

ie
s 
o
n
 
th
e 
r
e
g
i
o
n
a
l
 
li

mi
t 
b
e
t
w
e
e
n
 

c
o
n
c
e
n
t
r
i
c
 a
n
d
 e
c
c
e
n
t
r
i
c
 r
a
i
s
e
d
 b
o
g
s
.
 T
h
e
 u
p
p
e
r
m
o
s
t
 2
 m
 

o
f
 p
c
a
d
a
n
d
 
a
r
e
 
p
u
r
e
l
y
 
o
m
b
r
o
t
r
o
p
h
i
c
 
{
R
e
i
n
i
k
a
i
n
c
n
 
a
n
d
 

L
i
n
d
h
o
l
m
 
1
9
8
0
,
 
T
o
i
o
n
e
n
 
1
9
8
7
)
.
 
T
h
e
 
v
i
r
g
i
n
 
b
o
g
 
s
u
p
 

p
o
r
t
e
d
 
a
 
s
p
a
r
s
e
 
s
t
a
n
d
 
o
f
 
S
c
o
t
s
 
p
i
n
e
 
p
r
i
o
r
 
t
o
 
d
r
a
i
n
a
g
e
 

(
L
i
n
d
h
o
l
m
 a
n
d
 V
a
s
a
n
d
e
r
 1
9
7
9
,
 V
a
s
a
n
d
c
r
 1
9
8
2
)
.
 

T
a
b
l
e
 3
. 
D
e
s
i
g
n
 o
f
 t
h
e
 f
er
ti
li
za
ti
on
 t

ri
al

 a
t 
L
a
a
v
i
o
s
u
o
 

T
h
e
 s
it

e 
w
a
s
 
d
r
a
i
n
e
d
 
in
 
F
e
b
r
u
a
r
y
 
1
9
7
8
 
b
y
 m
e
a
n
s
 o
f
 

o
p
e
n
 d
i
t
c
h
e
s
 

1 
m
d
c
c
p
w
i
t
h
4
5
-
m
s
p
a
d
n
g
s
.
F
o
r
 t
h
e
 f
er
ti
l 

iz
at
io
n 

tr
ia

l,
 1
2
 p
lo
ts
, 
e
a
c
h
 4
0
 x
4
0
 m
,
 
w
e
r
e
 e
s
t
a
b
l
i
s
h
e
d
 

in
 
M
a
y
 
a
n
d
 
J
u
n
e
 
o
f
 
1
9
7
8
.
 
T
h
e
r
e
 
w
e
r
e
 
si
x 

t
r
e
a
t
m
e
n
t
s
,
 

i
n
c
l
u
d
i
n
g
 
a
n
 
u
n
f
e
r
t
i
l
i
z
e
d
 
co
nt
ro
l,
 
w
i
t
h
 
t
w
o
 
re

pl
ic
at
es
. 

T
h
e
 
fe
rt
il
iz
er
s 
u
s
e
d
 (
T
a
b
l
e
 3
)
 
w
e
r
e
 p
r
o
d
u
c
t
s
 o
f
 K
e
m
i
r
a
 

L
t
d
.
,
 s
o
m
e
 o
f
 w
h
i
c
h
 a
r
c
 u
s
e
d
 i
n 
l
a
r
g
e
-
s
c
a
l
e
 p
r
a
c
t
i
c
e
 a
n
d
 

o
t
h
e
r
s
 
o
n
l
y
 
f
o
r
 
te

st
 
p
u
r
p
o
s
e
s
.
 
T
h
e
 
la
Lt
cr
 
t
y
p
e
s
 
i
n
c
l
u
d
e
 

u
r
e
a
f
o
r
m
a
l
d
c
h
y
d
c
 
(t
ra
de
 
n
a
m
e
 
N
i
t
r
o
f
o
r
m
)
,
 
Si
il
in

ji
ir

vi
 

ap
at

it
e,

 w
h
i
c
h
 i

s 
a 
h
a
r
d
,
 
m
a
g
m
a
t
i
c
 r
o
c
k
 p
h
o
s
p
h
a
t
e
 f
r
o
m
 

th
e 

Si
ii

in
ji

ir
vi

 p
h
o
s
p
h
a
t
e
 
m
i
n
e
,
 a
n
d
 b

io
ti

tc
, 
a
 m
i
c
a
-
t
y
p
e
 

m
i
n
e
r
a
l
 a
l
s
o
 f
r
o
m
 t
h
e
 S
ii

ii
nj

ar
vi

 p
h
o
s
p
h
a
t
e
 m
i
n
e
.
 

M
A
T
E
R
I
A
L
S
 A
N
D
 
M
E
T
H
O
D
S
 

S
a
m
p
l
e
s
 f
or
 n
e
e
d
l
e
 a
n
a
l
y
s
i
s
 w
e
r
e
 t
a
k
e
n
 b
e
t
w
e
e
n
 1
9
7
9
 

a
n
d
 
1
9
8
8
,
 e
x
c
e
p
t
 i
n 
1
9
8
0
.
 N
e
e
d
l
e
s
 w
e
r
e
 c
o
l
l
e
c
t
e
d
 f
o
r
 s
ix

 

y
e
a
r
s
 o
n
 i
li
c 
v
i
r
g
i
n
 b
o
g
.
 
T
h
e
 l
e
a
d
e
r
 a
n
d
 b
a
s
a
l
 a
r
e
a
 g
r
o
w
t
h
 

w
e
r
e
 
m
e
a
s
u
r
e
d
 
o
n
 
th
e 

fe
rt

il
iz

ed
 
pl
ot
s 
(
L
i
n
d
h
o
l
m
 
a
n
d
 

V
a
s
a
n
d
c
r
 1
9
8
8
)
.
 T
h
e
 n
ut
ri
en
t 
c
o
n
t
e
n
t
s
 o
f
 n
e
e
d
l
e
s
 f
r
o
m
 a
 

s
i
m
i
l
a
r
 r

ai
se
d,
 
u
n
d
r
a
i
n
c
d
 
b
o
g
 
at
 
K
a
u
r
a
s
t
e
n
s
u
o
,
 4
0
0
 
m
 

di
st

an
t,

 
w
e
r
e
 
u
s
e
d
 
f
o
r
 
c
o
m
p
a
r
a
t
i
v
e
 
p
u
r
p
o
s
e
s
.
 
N
e
e
d
l
e
 

s
a
m
p
l
e
s
 w
e
r
e
 a
n
a
l
y
z
e
d
 a
t 
V
i
l
j
a
v
u
u
s
p
a
l
v
c
l
u
 L
t
d
.
 f
or

 N
,
 P
, 

K
,
 C
a
,
 M
g
,
 B
,
 C
u
,
 M
n
,
 a
n
d
 Z
n
.
 

R
E
S
U
L
T
S
 A
N
D
 D
I
S
C
U
S
S
I
O
N
 

In
 t
he
 v
ir
gi
n 
b
o
g
 a
n
d
 i
n 

ll
ic
 c
o
n
t
r
o
l
 a
re
a,
 t
he
 c
o
n
c
e
n
 

t
r
a
t
i
o
n
s
 
o
f
 N
 
a
n
d
 
P
 
w
e
r
e
 
s
e
v
e
r
e
l
y
 
d
e
f
i
c
i
e
n
t
 
a
n
d
 
K
 
w
a
s
 

s
l
i
g
h
t
l
y
 d
e
f
i
c
i
e
n
t
 
in
 
t
h
e
 
v
i
r
g
i
n
 b
o
g
 
(c
f.
 
T
a
b
l
e
s
 

1 
a
n
d
 
4)
. 

T
h
e
 v
a
l
u
e
s
 o
f
 a
ll

 n
u
t
r
i
e
n
t
s
 w
e
r
e
 h
i
g
h
e
r
 o
n
 t
he
 f
er

ti
li

ze
d 

t
h
a
n
 
o
n
 
t
h
e
 c
o
n
t
r
o
l
 
p
l
o
t
s
,
 
b
u
t
 
in
 
s
o
m
e
 
c
a
s
e
s
 
w
e
r
e
 
st

il
l 

v
e
r
y
 l
o
w
 f
o
r
 N
 a
n
d
 P
 o
n
 
t
h
e
 f
er

ti
li

ze
d 
p
l
o
t
s
 (
T
a
b
l
e
 4
).

 



1
2
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T
a
b
l
e
 4
. 

Va
ri
at
io
n 
in

 n
e
e
d
l
e
 n
ui

ri
en

t 
c
o
n
c
e
n
t
r
a
t
i
o
n
s
 o
n
 i
he
 v
a
r
i
o
u
s
 f

er
ti

li
za

ti
on

 p
lo

ts
 (
A
)
 a
n
d
 i
n 
th
e 
un
fe
rt
il
iz
ed
 c
on
tr
ol
 a
re
a 
(
B
)
 a
i 

L
a
a
v
i
o
s
u
o
 a
n
d
 
at

 l
li

e 
v
i
r
p
i
n
 b
o
g
 o
f
 K
a
u
r
a
s
t
c
n
s
u
o
 (
C
)
 b
e
t
w
e
e
n
 
1
9
7
9
 
a
n
d
 
1
9
8
8
.
 

E
l
e
m
e
n
t
 

B
 

N
(
g
/
k
g
)
 

P
 (
g/
kg
) 

K
<
g
/
k
g
)
 

C
a
 (
g
/
k
g
)
 

M
g
 
(
g
/
k
g
)
 

B
 
(
m
g
/
k
g
)
 

C
u
 
(
m
g
/
k
g
)
 

M
n
 (
m
g
/
k
g
)
 

Z
n
 
(
m
g
/
k
g
)
 

1
.
1
2
-
2
-
0
2
 

1
.
2
3
-
1
.
8
0
 

4.
5 

-
6
.
0
 

2
.
2
 
-
3
.
9
 

0
.
6
8
-
1
.
1
9
 

1
3
-
4
1
 

2
.
6
 
-
7
.
1
 

2
0
0
 -

7
5
0
 

4
5
-
1
2
0
 

1
.
0
5
-
1
.
2
3
 

0
.
9
5
-
1
.
1
8
 

4
.
4
 
-
5
.
0
 

2
.
2
 
-
2
.
7
 

0
.
8
8
-
1
.
0
5
 

1
9
-
3
3
 

2
.
8
 
-
3
.
9
 

3
7
0
 -

6
2
0
 

5
8
-
7
7
 

L
O
O
-

1
.
1
0
 

0
.
9
9
-

1.
17
 

3
.
9
 
-
4
.
4
 

2
.
5
 
-
3
.
0
 

1
.
0
3
-
1
.
1
9
 

2
7
-
3
5
 

2
.
6
 
-
3
.
2
 

3
9
0
 -

6
2
0
 

4
8
-
5
7
 

T
h
e
 N
 c
o
n
c
e
n
t
r
a
t
i
o
n
s
 i
n
c
r
e
a
s
e
d
 s
h
a
r
p
l
y
 a
ft

er
 t
he
 t
re
at
 

m
e
n
t
s
 o
n
 t
h
e
 p
l
o
t
s
 f
er
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b
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.
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.
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b
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c
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b
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.
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c
r
o
n
u
t
r
i
c
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.
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c
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.
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p
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c
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 D
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E
F
E
R
T
I
L
I
Z
A
T
I
O
N
 O
F
 A
N
 1
8
-
Y
E
A
R
-
O
L
D
 J
A
P
A
N
E
S
E
 
L
A
R
C
H
 

{
L
A
R
I
X
L
E
P
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P
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P
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R
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.
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 C
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e
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d
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n
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n
 
1
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r
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l
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p
e
a
t
l
a
n
d
 
p
l
a
n
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t
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a
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a
n
e
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a
r
c
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a
r
i
x
 l
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p
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e
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w
i
t
h
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P
K
 
a
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N
P
K
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e
i
g
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t
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r
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w
t
h
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s
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h
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P
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h
e
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h
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 f
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.
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K
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 p
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b
u
t
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i
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n
i
f
i
c
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n
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l
y
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r
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t
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n
l
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t
h
e
 
s
e
c
o
n
d
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e
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r
.
 
T
h
e
 
o
v
e
r
a
l
l
 
3
-
y
e
a
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1
9
8
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1
9
8
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)
 

g
r
o
w
t
h
 
i
n
c
r
e
m
e
n
t
s
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h
e
i
g
h
t
 
a
n
d
 
d
i
a
m
e
t
e
r
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e
r
e
 
a
l
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o
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if

ic
an

tl
y 
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r
e
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t
e
r
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h
e
 

N
P
K
 f
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n
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y
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e
s
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fo
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en
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n
c
e
n
t
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s
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 d
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y
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t
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i 

c
a
t
e
d
 u
p
t
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e
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N
,
 
P
 a
n
d
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 p
lo
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 f

er
ti

li
ze

d 
w
i
t
h
 t
h
e
s
e
 
e
l
e
m
e
n
t
s
.
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li
ar
 n
ut
ri
en
t 
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e
c
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o
r
s
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n
d
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c
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t
e
d
 t
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t
 
N
,
 
P
 a
n
d
 K
 w
e
r
e
 
s
e
v
e
r
e
l
y
 d
e
f
i
c
i
e
n
t
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 t
h
e
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er
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d 
c
o
n
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A
l
t
h
o
u
g
h
 u
p
t
a
k
e
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f 
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l 
t
h
r
e
e
 
e
l
e
m
e
n
t
s
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a
s
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i
g
h
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h
e
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li
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d 
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s,
 
fo
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w
e
i
g
h
t
s
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n
c
r
e
a
s
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tl
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n
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y
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h
e
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N
 
w
a
s
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p
p
l
i
e
d
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c
o
m
b
i
n
a
t
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o
n
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i
t
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P
 

a
n
d
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.
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E
S
U
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n
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9
8
6
,
 u
n
e
 p
l
a
n
t
a
t
i
o
n
 d
e
 m
e
l
e
z
e
s
 d
u
 J
a
p
o
n
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L
a
r
i
x
 t
e
p
t
o
i
e
p
i
s
)
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e
 
1
8
 
a
n
s
 e
t
a
b
l
i
e
 

s
u
r
 u
n
e
 t
o
u
r
b
i
e
r
e
 
a
 d
e
 
n
o
u
v
e
a
u
 
e
t
e
 f

er
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a
u
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P
K
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N
P
K
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L
a
 c
r
o
i
s
s
a
n
c
e
 e
n
 

h
a
u
t
e
u
r
 d
e
s
 a
r
b
r
e
s
 d
e
s
 p
a
r
c
e
l
l
e
s
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ra
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a
u
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P
K
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it
 b
e
a
u
c
o
u
p
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l
u
s
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m
p
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r
t
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n
t
e
 

q
u
e
 
c
e
l
l
e
 
d
e
s
 
a
u
t
r
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s
 
t
r
a
i
t
e
m
e
n
t
s
 
fe
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il
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L
'
a
c
c
r
o
i
s
s
e
m
e
n
t
 
d
u
 
d
i
a
m
e
t
r
e
 
et

ai
t 

e
g
a
l
e
m
e
n
t
 s
u
p
e
r
i
e
u
r
d
a
n
s
 l
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 p
a
r
c
e
l
l
e
s
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r
a
i
t
e
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P
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 c
o
u
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m
a
i
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e
u
l
e
m
e
n
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u
p
e
r
i
e
u
r
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u
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o
u
r
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 d
e
 l
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d
e
u
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e
m
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L
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a
c
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e
n
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g
e
n
e
r
a
l
 d
e
 l

a 
h
a
u
t
e
u
r
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d
u
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i
a
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 c
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 d
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n
n
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i
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n
i
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v
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p
l
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l
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n
s
 
le
s 

p
a
r
c
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N
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d
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e
n
 

e
l
e
m
e
n
t
s
 
nu
tr
it
if
s 
d
u
 
f
e
u
i
l
l
a
g
e
,
 
e
t
a
b
l
i
e
s
 
e
n
 
p
o
u
r
c
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c
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 d
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 d
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 c
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 d
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 d
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p
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w
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p
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w
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p
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p
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p
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c
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 l
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 d
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i
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i
o
n
 o
f
 [
h
e
 s
t
u
d
y
 a
r
e
a
.
 

M
E
T
H
O
D
S
 
A
N
D
 
M
A
T
E
R
I
A
L
S
 

T
h
e
 S
i
c
p
h
c
n
v
i
U
c
 B
o
g
 s
it

e 
is
 a
n
 o
m
b
r
o
l
r
o
p
h
i
c
 p
l
a
t
e
a
u
 

b
o
g
 (
W
e
l
l
s
 a
n
d
 P

ol
le

tt
 
1
9
8
5
)
 
th

at
 w
a
s
 
d
i
t
c
h
e
d
 
in
 
1
9
6
6
 

w
i
t
h
 a
 P
a
r
k
g
a
t
c
-
T
y
n
e
 p
l
o
w
 (
T
h
o
m
p
s
o
n
 
1
9
7
8
)
 w
i
t
h
 
1.

8-

m
 
f
u
r
r
o
w
 
sp
ac

in
gs
. 

In
 
1
9
6
8
,
 
th
e 

si
te

 
w
a
s
 p
l
a
n
t
e
d
 
w
i
d
i
 

b
l
a
c
k
 
s
p
r
u
c
e
,
 
N
o
r
w
a
y
 
s
p
r
u
c
e
 
(
P
i
c
e
a
 a
bi
es
),
 
l
o
d
g
c
p
o
l
e
 

p
i
n
e
,
 
J
a
p
a
n
e
s
e
 
b
i
r
c
h
 
(
B
e
t
u
l
a
 
er
ma
ni
'i
),
 
a
n
d
 
J
a
p
a
n
e
s
e
 

l
ar
c
h.
 A
 t
o
p
-
d
r
e
s
s
i
n
g
 o
f
 5
7
 g
 p
e
r
 t
r
e
e
 o
f
 g
r
o
u
n
d
 m
i
n
e
r
a
l
 

r
o
c
k
 p
h
o
s
p
h
a
t
e
 w
a
s
 a
p
p
l
i
e
d
 i
n 
1
9
6
8
 a
nd

,
 i

n 
1
9
7
0
,
1
2
8
 g
 

of
 P
K
 
fe
rt
il
iz

er
 (
2
0
%
 P
2
O
2
,
 2
0
%
 K
2
O
)
 
w
e
r
e
 s
im

il
ar

ly
 

a
p
p
l
i
e
d
.
 

a
(
l
)
 B
i
n
n
s
e
t
a
l
.
 1
9
8
0
;
 (
2
)
L
e
y
t
o
n
 1
9
5
6
;
 (
3)
 L
e
y
t
o
n
 1
9
5
7
 

In
 
th
e 
e
a
r
l
y
 f

al
l 
o
f
 1
9
8
5
,
 
fo
li
ar
 
s
a
m
p
l
e
s
 o
f
 J
a
p
a
n
e
s
e
 

la
rc
h 
w
e
r
e
 
c
o
l
l
e
c
t
e
d
 
f
r
o
m
 
t
h
e
 
fi
rs
t 
a
n
d
 
s
e
c
o
n
d
 
la

te
ra

l 

b
r
a
n
c
h
e
s
 b
e
l
o
w
 t
he
 t
o
p
 a
n
d
 w
e
r
e
 k
e
p
t
 c
o
o
l
 d
u
r
i
n
g
 t
ra

ns
 

p
o
r
t
 
tO

 
th
e 
d
r
y
i
n
g
 
o
v
e
n
s
,
 
in
 
w
h
i
c
h
 
t
h
e
y
 
w
e
r
e
 
d
r
i
e
d
 
at
 

7
5
°
C
 
fo
r 

3 
to

 4
 
d
a
y
s
 
b
e
f
o
r
e
 
b
e
i
n
g
 
fi

ne
ly

 
g
r
o
u
n
d
 
in
 
a 

b
l
e
n
d
e
r
.
 T
o
t
a
l
 N
 a
n
d
 P
 w
e
r
e
 d
e
t
e
r
m
i
n
e
d
 w
i
t
h
 a
 T
c
c
h
n
i
c
o
n
 

A
u
t
o
-
A
n
a
l
y
z
e
r
 I
I 
a
f
t
e
r
 0
.
5
-
g
 s
a
m
p
l
e
s
 h
a
d
 b
e
e
n
 d
i
g
e
s
t
e
d
 

at
 3
9
0
°
C
 
in
 a
 m
i
x
t
u
r
e
 o
f
 2
5
 
m
i
 o
f
 c
o
n
c
e
n
t
r
a
t
e
d
 
H
2
S
O
4
 

a
n
d
 
10
 g
 o
f
 c
at
al
ys
t 
(
1
5
 K
2
S
O
4
:
0
.
7
 H
g
O
)
.
 T
h
e
 s
ol

ut
io

n 

w
a
s
 
a
l
l
o
w
e
d
 
to

 
co
ol
, 
m
e
n
 
w
a
s
 
d
i
l
u
t
e
d
 
to
 
2
5
0
 
m
l
 
w
i
t
h
 

w
a
t
e
r
 (
A
n
o
n
.
 
1
9
7
6
)
.
 
T
o
t
a
l
 
m
e
t
a
l
s
 
(
K
,
 C
a
,
 
M
g
 a
n
d
 C
u
)
 

w
e
r
e
 
d
e
t
e
r
m
i
n
e
d
 
w
i
t
h
 
a 

P
c
r
k
i
n
-
E
l
m
c
r
 
M
o
d
e
l
 
2
3
8
0
 

A
t
o
m
i
c
 
A
b
s
o
r
p
t
i
o
n
 
S
p
c
c
t
r
o
p
h
o
t
o
m
e
t
c
r
 
af

te
r 

1
.
0
 
g
 
o
f
 

dr
ie

d 
s
a
m
p
l
e
 h
a
d
 b
e
e
n
 d
r
y
-
a
s
h
e
d
 i

n 
a
 m
u
f
f
l
e
 f
u
m
a
c
e
 a
t 

4
7
5
°
C
.
 T
h
e
 a
s
h
 w
a
s
 d
i
s
s
o
l
v
e
d
 i
n 
6
N
 H
C
l
,
 a
n
d
 d
i
g
e
s
t
e
d
 

w
i
d
i
 H
F
a
n
d
 1

 m
l
o
f
a
q
u
a
r
c
g
i
a
(
3
H
C
l
:
l
 
H
N
O
3
)
 s
o
l
u
t
i
o
n
 

(
m
o
d
i
f
i
e
d
 a
ft

er
 D
e
s
j
a
r
d
i
n
s
 [
1
9
7
8
]
)
.
 

A
 r
a
n
d
o
m
i
z
e
d
 c
o
m
p
l
e
t
e
 b
l
o
c
k
 d
e
s
i
g
n
 f
or
 t
he
 f
er
ti
li
za
 

ti
on

 
e
x
p
e
r
i
m
e
n
t
 
(F

ig
. 

2
)
 
w
a
s
 
e
s
t
a
b
l
i
s
h
e
d
 
in

 
t
h
e
 
e
a
r
l
y
 

s
p
r
i
n
g
 o
f
 1
9
8
6
.
 
H
e
i
g
h
t
s
 a
n
d
 d
i
a
m
e
t
e
r
s
 o
f
 a
ll

 t
re

es
 w
i
t
h
i
n
 

th
e 
pl
ot
s 
w
e
r
e
 m
e
a
s
u
r
e
d
 a
t 
1.
3 
m
 a
b
o
v
e
 t
he
 g
r
o
u
n
d
.
 
T
h
i
s
 

w
a
s
 
f
o
l
l
o
w
e
d
 
b
y
 
t
h
e
 e
s
t
a
b
l
i
s
h
m
e
n
t
 
o
f
 P
, 
P
K
,
 a
n
d
 
N
P
K
 

fe
rt
il
iz
at
io
n 
t
r
e
a
t
m
e
n
t
s
,
 c
o
n
s
i
s
t
i
n
g
 o
f
 2
0
0
 k
g
/
h
a
 e
l
e
m
e
n
 

ta
l 
N
 
(
4
3
5
 
k
g
/
h
a
 
u
r
e
a
 
[4

6-
0-

0]
),

 6
0
 
k
g
/
h
a
 e
l
e
m
e
n
t
a
l
 
P
 

(
2
8
0
 k
g
/
h
a
 t
ri

pl
e 
s
u
p
e
r
p
h
o
s
p
h
a
t
e
 [
0-
46
-0
])
, 
a
n
d
 
1
0
0
 k
g
/
 

h
a
 e
l
e
m
e
n
t
a
l
 
K
 
(
2
0
0
 k
g
/
h
a
 
m
u
r
i
a
t
e
 o
f
 p
o
t
a
s
h
 
|
0
-
0
-
6
0
]
)
.
 

H
e
i
g
h
t
s
 
a
n
d
 
d
i
a
m
e
t
e
r
s
 
w
e
r
e
 
r
c
m
c
a
s
u
r
c
d
 
in
 
th

e
 
fa
ll
 
in
 

1
9
8
6
,
1
9
8
7
 a
n
d
 
1
9
8
8
.
 



1
3
1
 

P
E
R
T
 I 
LI

 /
I
T
 I
O
N
 T
R
E
A
T
M
E
N
T
S
 

C
 

-
C
O
N
T
B
O
L
 
(
0
 
F
E
R
T
I
L
I
Z
E
R
 

P
 

-
P
H
O
S
P
H
O
R
U
S
 

P
K
 

-
P
H
O
S
P
H
O
R
U
S
 
-
P
O
T
A
S
S
I
U
M
 

N
P
K
 
-
N
I
T
R
O
G
E
N
-
'
 
P
H
O
S
P
H
O
R
U
S
 

■ 
P
O
T
A
S
S
I
U
M
 

'"
n 

-"
ao

o 
kp

h*
 H
 (
4J

S 
fc
gf
tt
 l
ir

ea
 

(
4
6
-
0
-
0
)
}
 

p
 

-
6
D
 k
g
^
h
a
P
 (
2
8
0
 k

g.
 h
*
 T
R
I
P
L
E
 S
U
P
E
R
P
H
O
S
P
H
A
T
E
 

(
0
-
4
6
-
0
 »
 

K
 

-
1
M
 k
t-
't
u 
K
 
(
2
0
0
 k
ft
.r
u 
M
U
R
I
A
T
E
 
O
F
 P
O
T
A
S
H
 

1
Q
-
0
-
6
O
)
)
 

, 
E
x
p
e
r
i
m
e
n
t
a
l
 d
e
s
i
g
n
 o
f
 t
he
 J
a
p
a
n
e
s
e
 l
ar
ch
 f
er

ti
li

za
 

ti
on
 
e
x
p
e
r
i
m
e
n
t
 

in
 
St

ep
he

nv
ii

ie
 
D
o
g
 
(
s
h
o
w
i
n
g
 

e
n
l
a
r
g
e
d
 v
i
e
w
 o
f
 a
 p
lo
t)
. 

R
e
l
a
t
i
v
e
 
n
u
t
r
i
e
n
t
 
c
a
m
e
 i
t
 

F
i
g
u
r
e
 
3.
 
In
te
rp
re
ta
ti
on
 
o
f
 d
ir
ec
ti
on
al
 
di
ff
er
en
ce
s 

(n
ut
ri
en
t 

v
e
c
t
o
r
s
)
 
in

 
n
u
t
r
i
e
n
!
 
c
o
n
c
e
n
t
r
a
t
i
o
n
,
 
n
u
t
r
i
e
n
t
 
c
o
n
t
e
n
t
 

a
n
d
 
d
r
y
 
w
e
i
g
h
t
 
o
f
 
p
l
a
n
t
s
 
(
f
r
o
m
 
T
i
m
m
e
r
 
a
n
d
 

A
r
m
s
t
r
o
n
g
 1
1
9
8
7
]
)
.
 

A
 
t
w
o
-
w
a
y
 
a
n
a
l
y
s
i
s
 
o
f
 
v
a
r
i
a
n
c
e
 
(S
te
el
 
a
n
d
 
T
b
r
r
i
c
 

1
9
6
0
)
,
 
a
n
d
 
st

at
is

ti
ca

l 
c
o
m
p
a
r
i
s
o
n
s
 
o
f
 t
r
e
a
t
m
e
n
t
 
m
e
a
n
s
 

w
i
t
h
 S
l
u
d
c
n
t
-
N
e
w
m
a
n
-
K
e
u
l
'
s
 t

es
t,
 (
F
r
c
u
n
d
 e
la
l.
 
19
86
),
 

w
e
r
e
 c
o
m
p
u
t
e
d
 a
c
c
o
r
d
i
n
g
 t
o 
th
e 
f
o
l
l
o
w
i
n
g
 e
x
p
e
r
i
m
e
n
t
a
l
 

m
o
d
e
l
:
 

Yj
j 
=
 j

i 
+
 B
;
 +
 F
j
 +
 E

,j
 

w
h
e
r
e
:
 

Yj
j 
=
 i
he
 r
es
po

ns
e 
of

 t
he
 p
lo
t 

in
 t
he
 i
* 
bl

oc
k 
un
de
r 
th
e 

^
 l
ev

el
 o
f 
fe
rt
il
iz
at
io
n 
in

 t
he
 i
^ 
bl
oc
k;
 

\i
 =
 t
h
e 
o
v
e
r
a
l
l
 e
x
p
e
r
i
m
e
n
t
a
l
 m
e
a
n
;
 

Bj
 =
 t
he
 e
ff
ec
t 
of
 t
he
 i
* 
bl

oc
k 

(i
 =
 1

,2
,3
);

 

F;
 =
 t
he
 e
ff
ec
t 
of

 t
he
 i
^ 

fe
ru
li
za
ti
on
 t
rc

ai
mc

nl
 

G
-

1,
2,
3,
4)
; 

Ej
j 
=
 t
h
e
 e
x
p
e
r
i
m
e
n
t
a
l
 e
rr

or
. 

R
E
S
U
L
T
S
 

H
e
i
g
h
t
 a
n
d
 
D
i
a
m
e
t
e
r
 G
r
o
w
t
h
,
 a
n
d
 F
o
l
i
a
r
 

W
e
i
g
h
t
s
 

H
e
i
g
h
t
 i
n
c
r
e
m
e
n
t
s
 (
T
a
b
l
e
 2
) 
di
ff
er
ed
 s
ig
ni
fi
ca
nt

ly
 (
P
 

<
 
0.

05
) 
a
m
o
n
g
 
fe

rt
il

iz
at

io
n 

tr
ea
tm
en
ts
 
fo
r 

1
9
8
7
 
(
P
 
=
 

0.
00

51
),

 f
or
 1
9
8
8
 (
P 
=
 0
.
0
3
3
8
)
 a
n
d
 f
or
 t
he
 3
-
y
e
a
r
 p
er
io
d 

f
r
o
m
 
1
9
8
6
 t
o 
1
9
8
8
 
(
P
 =
 0
.
0
0
0
2
)
.
 A
 c
o
m
p
a
r
i
s
o
n
 o
f
 t
he
 

m
e
a
n
s
 o
f
 h
e
i
g
h
t
 i
n
c
r
e
m
e
n
t
s
 (
T
a
b
l
e
 2
) 
s
h
o
w
s
 c
on
tr
ol
 <
 P
 

<
 P
K
 <
 N
P
K
 t
r
e
a
t
m
e
n
t
s
 f
or
 a

ll
 o
f
 t
he

se
 g
r
o
w
t
h
 p
er

io
ds

. 

In
 1
9
8
7
,
 h
e
i
g
h
t
 g
r
o
w
t
h
 i
n 
th
e 
N
P
K
 t
r
e
a
t
m
e
n
t
 (
2
0
.
4
7
 c
m
)
 

w
a
s
 s
i
g
n
i
f
i
c
a
n
t
l
y
 g
r
e
a
t
e
r
 t
h
a
n
 t
ha

t 
in
 a
ll

 o
t
h
e
r
 t
r
e
a
t
m
e
n
t
s
.
 

H
o
w
e
v
e
r
,
 i
n 
1
9
8
8
,
 h
e
i
g
h
t
 g
r
o
w
t
h
 i
n 
b
o
t
h
 t
h
e
 N
P
K
 (
2
5
.
7
1
 

c
m
)
 
a
n
d
 
P
K
 
(1
9.
39
 
c
m
)
 
tr
ea
tm
en
ts
 
w
a
s
 
si

gn
if

ic
an
tl
y 

gr
ea
te
r 
th

an
 i
n 
th
e 
P
 (
12
.8
8 
c
m
)
 a
n
d
 c
on
tr
ol
 (
8.
74
 c
m
)
 

tr
ea

tm
en

ts
. 
F
o
r
 t
he
 3
-y
ea
r 
pe
ri
od
 
1
9
8
6
-
1
9
8
8
,
 g
r
o
w
t
h
 o
f 

tr
ee

s 
in

 t
he
 N
P
K
 t
r
e
a
t
m
e
n
t
 (
4
6
.
8
4
 c
m
)
 w
a
s
 s
ig

ni
fi
ca
nt
ly
 

g
r
e
a
t
e
r
 t
h
a
n
 t
ha

t 
in
 a
ll

 o
t
h
e
r
 t
r
e
a
t
m
e
n
t
s
,
 a
n
d
 g
r
o
w
t
h
 i
n 
t
h
e
 

P
K
 t
r
e
a
t
m
e
n
t
 (
2
1
.
2
6
 c
m
)
 
w
a
s
 
si
gn
if
ic
an
tl
y 
g
r
e
a
t
e
r
 t
h
a
n
 

th
at

 
in
 
th
e 
P
 (
1
6
.
2
8
 
c
m
)
 
a
n
d
 c
on
tr
ol
 
(
1
0
.
7
9
 
c
m
)
 
tr

ea
t 

m
e
n
t
s
.
 

T
h
e
 
r
e
s
p
o
n
s
e
 
o
f
 
d
i
a
m
e
t
e
r
 
g
r
o
w
t
h
 
to

 
fe

rt
il
iz
at
io
n 

(
T
a
b
l
e
 3
) 
a
p
p
e
a
r
s
 t
o 
h
a
v
e
 b
e
e
n
 m
u
c
h
 s
l
o
w
e
r
 t
h
a
n
 d
ia
t 
o
f
 

h
e
i
g
h
t
 
g
r
o
w
t
h
.
 
Si

gn
if

ic
an

t 
di

ff
er

en
ce

s 
(
P
 
<
 
0
.
0
5
)
 
in
 

d
i
a
m
e
t
e
r
 
i
n
c
r
e
m
e
n
t
 
a
m
o
n
g
 
t
r
e
a
t
m
e
n
t
s
 
o
c
c
u
r
r
e
d
 
o
n
l
y
 

d
u
r
i
n
g
 t
he
 3
-
y
c
a
r
 g
r
o
w
t
h
 p
e
r
i
o
d
 (
P
 =
 0
.0
04
6)
. 
A
l
t
h
o
u
g
h
 

a
n
n
u
a
l
 d
i
a
m
e
t
e
r
 i
n
c
r
e
m
e
n
t
s
 w
e
r
e
 g
e
n
e
r
a
l
l
y
 g
r
e
a
t
e
r
 i
n 
t
h
e
 

P,
 P
K
 a
n
d
 N
P
K
 t
r
e
a
t
m
e
n
t
s
 t
h
a
n
 i
n 
th
e 
co
nt
ro
l,
 c
o
m
p
a
r
i
 

s
o
n
 o
f
 d
ie
 m
e
a
n
s
 (
T
a
b
l
e
 3
) 
in

di
ca

te
d 
th

at
 o
n
l
y
 g
r
o
w
t
h
 i
n 

th
e 
N
P
K
 t
r
e
a
t
m
e
n
t
 (
9
.
1
7
 m
m
)
 d
u
r
i
n
g
 t
he
 3
-
y
e
a
r
 p
e
r
i
o
d
 

w
a
s
 s
ig
ni
fi
ca
nl
ly
 g
r
e
a
t
e
r
 t
h
a
n
 d
ia

t 
in
 a
ll

 o
t
h
e
r
 t
r
e
a
t
m
e
n
t
s
.
 

Fo
li
ar
 
w
e
i
g
h
t
s
 
(
T
a
b
l
e
 
4)
 
di
ff
er
ed
 
si

gn
if

ic
an

tl
y 

(
P
 
<
 

0.
05

) 
a
m
o
n
g
 

fe
rt

il
iz

at
io

n 
tr
ea
tm
en
ts
 

in
 
1
9
8
7
 
(
P
 
=
 

0
.
0
0
0
9
)
,
 b
u
t
 n
o
t
 i
n 
1
9
8
8
 (
P
 =
 0
.0
68
0)
. 
A
l
t
h
o
u
g
h
 f

ol
ia
r 

w
e
i
g
h
t
 
i
n
c
r
e
a
s
e
d
 
w
i
t
h
 
al

l 
t
h
r
e
e
 
fc
ru
li
za
ti
on
 
t
r
e
a
t
m
e
n
t
s
 

(P
, 
P
K
 a
n
d
 N
P
K
)
,
 t
h
e
 d
i
f
f
e
r
e
n
c
e
 w
a
s
 s
ig
ni
fi
ca
nt

 o
n
l
y
 i
n 

th
e 
N
P
K
 t
re

at
me

nt
. 
Fo
li
ar
 g
r
o
w
d
i
 r
e
s
p
o
n
s
e
 i
n 
Lh
c 
P
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 d
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c
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c
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c
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r
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ig
ni
fi
ca
nt
 d
if

fe
re

nc
es

 

be
tw
ee
n 

th
e 
tw

o.
 T
he

re
 a
rc

 t
w
o
 d
is

ti
nc

t 
la

ye
rs

 i
n 
pe

at
 

ma
te
ri
al
, 

th
e 
ac

ro
tc

lm
 a
n
d
 t

he
 c
at

ot
el

m 
(I

va
no

v 
19

81
; 

I
n
g
r
a
m
 1
9
7
8
,
1
9
8
3
;
 C
h
a
s
o
n
 a
n
d
 S
ic
ge
l 
19
86
),
 w
it

h 
v
e
r
y
 

di
ff
er
en
t 

hy
dr

au
li

c 
co

nd
uc

ti
vi

ti
es

. 
T
h
e
 

au
ge

r-
ho
le
 

m
e
t
h
o
d
,
 f

or
 m
e
a
s
u
r
i
n
g
 
hy

dr
au

li
c 

co
nd
uc
ti
vi
ty
, 

is
 c
o
n
 

si
de
re
d 
di
e 
be
st
 f
ie

ld
 m
e
t
h
o
d
 b
ec

au
se

 i
t 
is
 m
o
r
e
 r
ep

re
se
n 

ta
ti

ve
 o
f 
th
e 
na
tu
ra
l 
he

te
ro

ge
ne

it
y 
of
 t
he
 s
oi

l 
th
an
 o
th
er
 

m
e
t
h
o
d
s
 t

ha
t 
us

e 
sm

al
le

r 
sa

mp
le

s 
(
C
h
a
s
o
n
 a
n
d
 S

ic
ge

l 



1
4
2
 

19
86

)
. 

H
y
d
r
a
u
l
i
c
 
c
o
n
d
u
c
t
i
v
i
t
y
 
m
e
a
s
u
r
e
d
 
ai

 
di
ff
er
en
t 

g
r
o
u
n
d
w
a
t
e
r
 
ta
bi
c 

he
ig
ht
s,
 
in

 a
 p
ca
tl
an
d 

ne
ar

 Q
u
e
b
e
c
 

Ci
ty

, 
w
a
s
 s
h
o
w
n
 t
o 

fa
ll
 r
ap

id
ly

 t
o 
a 
d
e
p
t
h
 o
f
2
0
 c
m
,
 a
n
d
 t
o 

re
ma
in
 s
ta

bl
e 
fo
r 
th
e 
ne

xt
 4
0
 c
m1
. 
T
h
e
 r
el
at

io
n 
b
e
t
w
e
e
n
 

K
 
a
n
d
 
d
e
p
t
h
 
w
a
s
 
s
i
m
i
l
a
r
 
to

 
th

at
 
f
o
u
n
d
 
b
y
 
P
i
l
i
v
a
n
c
n
 

(
1
9
7
3
)
 
in

 S
p
h
a
g
n
u
m
 p
e
a
t
.
 

S
I
T
E
 D
E
S
C
R
I
P
T
I
O
N
 

T
h
e
 s

it
e 

is
 l
oc

at
ed

 a
t 
S
t
-
B
r
u
n
o
-
d
e
-
K
a
m
o
u
r
a
s
k
a
,
 
1
5
0
 

k
m
 f
r
o
m
 Q
u
e
b
e
c
 C
i
t
y
 a
t 
la

ti
tu

de
 4
7
°
3
0
'
 N
 a
n
d
 l
o
n
g
i
t
u
d
e
 

6
9
°
4
3
'
 W
.
 

T
h
e
 w
a
t
e
r
s
h
e
d
 a
r
e
a
 i
s 
2
3
0
 h
a
 a
n
d
 
th
e 
p
c
a
t
l
a
n
d
 o
c
c
u
 

pi
es

 7
0
 h

a,
 o
r 
3
0
%
 o
f 
th
e 
ar

ea
. 
T
h
e
 l
en

gt
h 
of

 t
he
 m
a
i
n
 

di
tc
h 

is
 3
 k
m
 a
n
d
 t
he
 w
i
d
t
h
 o
f
 t
he
 w
a
t
e
r
s
h
e
d
 i

s 
0.
8 
k
m
.
 

T
h
e
 t
ot

al
 l
en
gt
h 
o
f
 l
at
er
al
 d
il

ch
es

 i
s 
7
 k
m
.
 
To

ta
l 
dr

ai
n 

a
g
e
 
in

te
ns

it
y 

is
 
1
4
0
 
m/

li
a 

w
i
t
h
 
a
 
s
p
a
c
i
n
g
 
o
f
 
1
2
0
 
m
 

b
e
t
w
e
e
n
 
th

e 
la

te
ra

l 
di
lc
he
s.
 
T
h
e
 
di

tc
he

s 
w
e
r
e
 
d
u
g
 
in
 

A
u
g
u
s
t
 o
f 
19
85
. 
T
h
e
 d
ep
th
 o
f 
th
e 
m
a
i
n
 d
it

ch
 a
t 
th
e 
si
te
 i
s 

a
b
o
u
t
 1

.5
 m
.
 

T
h
e
 c
e
n
te

r
 o
f
 t
he
 p
c
a
t
l
a
n
d
 i
s 
o
c
c
u
p
i
e
d
 b
y
 a
 r
ai
se
d 
b
o
g
;
 

ih
e 

v
e
g
e
t
a
t
i
o
n
 
in

c
lu

d
e
s 

s
t
u
n
t
e
d
 
b
l
a
c
k
 
s
p
r
u
c
e
 
(
P
i
c
e
a
 

m
a
r
i
a
n
a
)
,
 

al
l 

f
r
o
m
 
la

ye
ri

ng
, 

c
r
i
c
a
c
e
o
u
s
 
pl

an
ts

, 
a
n
d
 

S
p
h
a
g
n
u
m
.
 A
t
 t
he
 e
d
g
e
 o
f 
th
e 
b
o
g
 i

s 
a 
s
w
a
m
p
 i
n 
w
h
i
c
h
 

b
l
a
c
k
 s
p
r
u
c
e
 g
r
o
w
s
 m
u
c
h
 b
et
te
r 
a
n
d
 t
he
 l
o
w
e
r
 v
eg
et
at
io
n 

is
 d
o
m
i
n
a
t
e
d
 b
y
 C
a
r
e
x
 s
pe
ci
es
. 
T
h
i
s
 g
i
v
e
s
 w
a
y
 g
r
a
d
u
a
l
l
y
 

to
 
s
w
a
m
p
 
d
o
m
i
n
a
t
e
d
 
by
 
ea

st
er

n 
wh

it
e 

ce
da

r 
(T
hu
ja
 

o
c
c
i
d
e
n
t
a
l
i
s
)
.
 

T
h
e
 c
e
n
te

r
 o
f
 t
he
 b
o
g
 h
a
s
 ±
 2
 m
 o
f
 o
r
g
a
n
i
c
 m
at
er
ia
l 

un
de

rl
ai

n 
b
y
 
fl
uv
ia
l 

ma
te

ri
al

 
o
n
 
gl

ac
ia

l 
ti

ll
. 
T
h
e
 
fi

ne
 

fl
uv

ia
l 
ma
te

ri
al

 f
o
r
m
s
 a
n
 
i
m
p
e
r
m
e
a
b
l
e
 l

ay
er
, 
d
e
p
o
s
i
t
e
d
 

b
y
 f
l
o
o
d
i
n
g
 o
f
 a
d
j
a
c
e
n
t
 R
i
v
i
e
r
e
 d
u
 L
o
u
p
,
 w
h
i
c
h
 h
a
s
 a
ls
o 

le
ft

 a
 n
at
ur

al
 l
ev
ee
. 
O
n
 t

he
 u
p
p
e
r
 p
ar

t 
of

 t
he
 w
at
er
sh
ed
, 

th
er
e 

is
 g
la
ci
al
 t

il
l 
w
i
t
h
 a
 f
ra

g
i
pa

n
 a
t 
±
 5
0
 c
m
.
 A
 n
e
t
w
o
r
k
 

o
f
 s
or
te
d 
p
o
l
y
g
o
n
s
 r
es
ts
 o
n
 t
he
 f
ra

gi
pa

n,
 c
o
v
e
r
e
d
 b
y
 1
0
 t
o 

1
5
 
c
m
 
o
f
 
o
r
g
a
n
i
c
 
ma
te
ri
al
; 

th
es
e 

p
o
l
y
g
o
n
s
 
c
o
n
t
i
n
u
e
 

u
n
d
e
r
 d
e
e
p
e
r
 l
ay
er
s 
of

 o
rg

an
ic

 m
at

er
ia

l 
fo

r 
a
n
 u
n
k
n
o
w
n
 

di
st
an
ce
. 
T
h
e
 p
o
l
y
g
o
n
s
 a
re
 o

f 
th
e 
s
a
m
e
 
ki

nd
 
as
 t

ho
se
 

f
o
u
n
d
 i

n 
th
e 
p
e
r
m
a
f
r
o
s
t
 a
re
as
 o
f 
th
e 
no
rt
h,
 
ex

ce
pt

 d
ia

l 

t
h
e
y
 a
rc
 
h
i
d
d
e
n
 b
e
n
e
a
t
h
 a
n
 o
r
g
a
n
i
c
 
ho

ri
zo
n.
 
T
h
e
y
 
u
n
 

d
o
u
b
t
e
d
l
y
 h
a
v
e
 a
 g
r
e
a
t
 i
n
f
l
u
e
n
c
e
 o
n
 g
r
o
u
n
d
w
a
t
e
r
 m
o
v
e
 

m
e
n
t
 a
n
d
 o
n
 t
he
 s
h
a
p
e
 o
f
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hc
 w
a
t
e
r
 t
ab

le
. 

M
A
T
E
R
I
A
L
 A
N
D
 
M
E
T
H
O
D
S
 

T
h
i
s
 s
tu

dy
 d
ea

lt
 w
it
h 

th
e 
ra
is
ed
 b
o
g
 a
re
a 
on
ly
. 
W
a
t
e
r
 

we
ll
s 
w
e
r
e
 e
st
ab
li
sh
ed
 o
n
 t
hr
ee
 l
in
es
 (
A,

 B
 a
n
d
 C
)
 (
Fi

g.
 

1)
, 
st

ar
ti

ng
 i
n 
th
e 
m
a
i
n
 d
it
ch
, 
at

 d
is
ta
nc
es
 o
f 
0.
0 
(d

it
ch

),
 

1 
Be
ll
ca
u,
 P
. 
19

88
. 
D
r
a
i
n
a
g
e
d
'
u
n
c
p
e
s
s
i
c
r
e
n
o
i
r
e
i
s
p
h
a
i
g
n
e
c
t
 

a
 n
d
m
o
p
a
n
l
h
c
 m
u
c
r
o
n
c
.
 U
n
i
v
.
 L
a
v
a
l
,
 M
a
s
t
e
r
'
s
 t
he

si
s 

2
.
5
,
5
,
1
0
,
2
0
 a
n
d
 4
0
 m
.
 O
n
e
 l
in

e 
(l

in
e 
B
)
 w
a
s
 e
st

ab
li

sh
ed

 

in
 t
he
 
m
i
d
d
l
e
 o
f
 t
w
o
 
la
te
ra
l 

di
tc
he
s,
 a
n
d
 
th
e 
o
t
h
e
r
 t
w
o
 

w
e
r
e
 e
st

ab
li

sh
ed
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0
 m
 f
r
o
m
 d

ie
 l
at
er
al
 d
it
ch
es
. 

F
i
g
u
r
e
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. 
E
x
p
e
r
i
m
e
n
t
a
l
 d
e
s
i
g
n
 w
i
t
h
 w
a
t
e
r
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e
l
l
s
 (
po
in
ts
) 
a
l
o
n
g
 

s
u
r
v
e
y
 l
in

es
 A
, 
B
 a
n
d
 C
.
 

In
 1
9
8
6
,
5
1
 r
ea

di
ng

s 
w
e
r
e
 t
ak
en
 b
e
t
w
e
e
n
 2
0
 M
a
y
 a
n
d
 

3 
N
o
v
e
m
b
e
r
,
 
a
n
d
 
in

 
19
87
, 

1
0
3
 
re

ad
in

gs
 
w
e
r
e
 
ta
ke
n 

b
e
t
w
e
e
n
 2
0
 A
pr

il
 a
n
d
 3
0
 O
ct

ob
er

. 
R
e
a
d
i
n
g
s
 w
e
r
e
 t
ak
en
 

wi
th

 a
 h
o
m
e
m
a
d
e
 d
e
v
i
c
e
 i
n 
w
h
i
c
h
 t
he
 w
a
t
e
r
 s
ur

fa
ce

 i
s 

u
s
e
d
 a
s 
a
 c
o
n
d
u
c
t
o
r
 b
e
t
w
e
e
n
 t
w
o
 e
le

ct
ro

de
s 
l
i
n
k
e
d
 t

o 
a
 

b
u
z
z
e
r
.
 

St
at

is
ti

ca
l 
an
al
ys
is
 w
a
s
 c
ar
ri
ed
 o
ut

 w
i
t
h
 t
he

 t
hr

ee
 l
in

es
 

as
 r
ep

li
ca

ti
on

s 
a
n
d
 t
he
 w
el
ls
 a
s 
fi

xe
d 

ef
fe

ct
s.
 T
h
e
 4
0
-
m
 

di
st
an
ce
 w
a
s
 n
ot

 r
et
ai
ne
d 
in

 t
he
 a
na
ly
si
s 
b
e
c
a
u
s
e
 l
in

es
 A
 

a
n
d
 C
 w
e
r
e
 2
0
 m
 f
r
o
m
 l
at
er
al
 d
it
ch
es
. 

H
y
d
r
a
u
l
i
c
 
c
o
n
d
u
c
t
i
v
i
t
y
 
w
a
s
 
m
e
a
s
u
r
e
d
 
a
c
c
o
r
d
i
n
g
 
to
 

ih
c 
au

ge
r-

ho
le

 m
e
t
h
o
d
 (
va

n 
Be
er
s 
19
58
) 
as
 i

t 
is
 u
se

d 
fo

r 

l
a
y
e
r
e
d
 s

oi
l 
w
h
e
n
 t
he
 w
a
t
e
r
 t
ab
le
 l
ie
s 
in
 t
he
 u
p
p
e
r
 l
ay

er
. 

T
h
i
s
 m
e
t
h
o
d
 g
i
v
e
s
 K
i
 a
n
d
 K
2
 v
al
ue
s.
 T
h
e
 r
e
a
d
i
n
g
s
 w
e
r
e
 

t
a
k
e
n
 t
wi

ce
, 
e
x
c
e
p
t
 f
or
 h
o
l
e
 n
u
m
b
e
r
 o
n
e
 (
T
a
b
l
e
 1

).
 

T
o
C
d
 
po
ro
si
ty
, 

vo
lu

me
tr

ic
 
w
a
t
e
r
 
co
nt
en
t,

 
a
n
d
 
b
u
l
k
 

de
ns

it
y 
we
re
 m
ea
su
re
d 
on
 b
lo

ck
s 
of

 ±
 3
0 
c
m
 2
3 
ob

ta
in

ed
 

f
r
o
m
 l
ar
ge
r 
b
l
o
c
k
s
 o
f
±
 3
0
 x
 2
0
 x
 2
0
 c
m
 c
u
t
 w
i
t
h
 a
 c
h
a
i
n
-

sa
w.
 
T
h
e
s
e
 a
na

ly
se

s 
w
e
r
e
 
c
o
m
p
l
e
t
e
d
 a
c
c
o
r
d
i
n
g
 
to
 
th
e 

m
e
t
h
o
d
s
 o
ut
li
ne
d 
b
y
 t
he
 C
a
n
a
d
a
 S
oi

l 
S
u
r
v
e
y
 C
o
m
m
i
t
t
e
e
 

(
M
c
K
e
a
g
u
e
 1
9
7
8
)
 f

or
 p
a
r
a
f
f
i
n
-
c
o
a
t
e
d
 s
a
m
p
l
e
s
.
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T
a
b
l
e
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. 
H
y
d
r
a
u
l
i
c
 c
o
n
d
u
c
t
i
v
i
t
y
 t

ri
al
s 
fi
el
d 
da

t
a 

-
H
o
l
e
s
 p
r
o
t
e
c
t
e
d
 f
r
o
m
 c
o
l
l
a
p
s
i
n
g
 b
y
 a
 1
0
-
c
m
 
p
l
a
s
u
c
 d
r
a
i
n
 

b
N
 =

 w
ai
er
-i
ab
le
 d
ep

th
 

C
F
 
=
 d
e
p
t
h
 o
f
 h
o
l
e
 

d
H
 =
 d
ep

th
 o
f 
ho

le
 b
el
ow
 w
at

er
 t
ab

le
 

e
Y
0
=
 d
is

ta
nc

e 
b
e
t
w
e
e
n
 w
a
t
e
r
 t
ab
le
 a
nc
! 
w
a
t
e
r
 i

n 
h
o
l
e
 a
t 
t
i
m
e
 o
f
 f
ir
st
 r
e
a
d
i
n
g
 

fK
] 
=
 h
yd

ra
ul

ic
 c
on
du
ct
iv
it
y 
of
 u
pp
er
 l
ay

er
 

K
2
 =
 h
y
d
r
a
u
l
i
c
 c
o
n
d
u
c
t
i
v
i
t
y
 o
f
 l
o
w
e
r
 l
a
y
e
r
 

R
E
S
U
L
T
S
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N
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 D
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C
U
S
S
I
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D
a
t
a
 
t
a
k
e
n
 
b
e
f
o
r
e
 
1
5
 J
u
n
e
 
w
e
r
e
 n
o
t
 i
n
c
l
u
d
e
d
 
in
 
t
h
e
 

a
n
a
l
y
s
i
s
 o
f
 t
he
 w
a
t
e
r
 t
ab

le
 b
e
c
a
u
s
e
,
 b
e
f
o
r
e
 t
hi
s 
da
te
, 
th
e 

fr
os

t 
w
a
s
 
s
o
 c
lo
se
 t

o 
th
e 

su
rf

ac
e 

th
at

 
th
e 
s
h
a
p
e
 
o
f
 L
hc
 

w
a
t
e
r
 t
ab

le
 w
a
s
 a
ff

ec
te

d.
 U
n
d
e
r
 b
l
a
c
k
 
s
p
r
u
c
e
,
 f

ro
st

 h
a
s
 

b
e
e
n
 o
b
s
e
r
v
e
d
 u
nt

il
 t
he
 e
n
d
 o
f
 J
ul
y.
 
F
i
g
u
r
e
 2
 s
h
o
w
s
 t
he
 

w
a
t
e
r
-
t
a
b
l
e
 
pr
of
il
es
 
fo
r 
1
9
8
6
 
a
n
d
 
1
9
8
7
 
as
 
t
h
e
 h
i
g
h
e
s
t
,
 

l
o
w
e
s
t
,
 a
n
d
 m
e
a
n
 a
lt

it
ud

es
 f
or
 t
he
 t
h
r
e
e
 l
in

es
. 

T
a
b
l
e
 
2
 
p
r
e
s
e
n
t
s
 
t
h
e
 
d
a
t
a
 
in
 
t
e
r
m
s
 
o
f
 
w
a
t
e
r
-
t
a
b
l
e
 

al
ti
tu
de
, 
de
pt
h,
 a
n
d
 h
y
d
r
a
u
l
i
c
 h
e
a
d
 f

or
 a
ll

 t
he
 d
is
ta

nc
es

. 

T
h
e
 w
a
t
e
r
 t
ab
le
 w
a
s
 h
or

iz
on

ta
l 

st
ar

ti
ng

 a
t 
10
 m
 f
r
o
m
 t
he

 

di
tc

h,
 
a
n
d
 
th
e 

w
a
t
e
r
-
t
a
b
l
e
 
d
e
p
t
h
 
w
a
s
 
l
o
w
e
s
t
 
at
 
4
0
 
m
 

b
e
c
a
u
s
e
 
di
e 

so
il
 
s
u
r
f
a
c
e
 
is

 
sl

ig
ht

ly
 
l
o
w
e
r
 a
t 
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is
 p

oi
nt

. 
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l
t
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9
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6
 
w
a
s
 
a 

w
e
t
t
e
r
 
s
e
a
s
o
n
 
t
h
a
n
 
1
9
8
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,
 
t
h
e
 

h
y
d
r
a
u
l
i
c
 h
e
a
d
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a
s
 v
e
r
y
 c
o
n
s
t
a
n
t
 f
o
r
d
i
s
t
a
n
c
c
s
 o
f
 1
0
 m
 o
r
 

m
o
r
e
 f
or
 b
o
t
h
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rs
. 
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h
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d
i
f
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e
r
e
n
c
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x
p
l
a
i
n
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—
'
—
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3
0
 

4
0
 

0
 

1
0
 

2
0
 

D
i
s
t
a
n
c
e
 
(
m
)
 

3
0
 

4
0
 

F
i
g
u
r
e
 2
, 
So

il
 s
ur
fa
ce
 (
do

tt
ed

 l
in

e)
, 
w
a
t
e
r
 w
el

ls
 (
a
r
r
o
w
s
)
 a
n
d
 t
he

 h
ig

he
st

, 
lo
we
st
, 
a
n
d
 m
e
a
n
 g
r
o
u
n
d
w
a
t
c
r
 t
ab

le
 (
s
h
a
d
e
d
 r
a
n
g
e
)
 f
r
o
m
 

I
S
 J
u
n
e
 t
o 
3
0
 O
c
t
o
b
e
r
,
 
1
9
8
6
 (
a)

 a
n
d
 1
9
8
7
 (
b)
. 



1
4
4
 

T
a
b
l
e
 2
.
 D
a
t
a
 f
o
r
 t
h
e
 w
a
t
e
r
 t
a
b
l
e
 a
t 
t
h
e
 d
i
f
f
e
r
e
n
t
 d
i
s
t
a
n
c
e
s
 a
f
t
e
r
 
1
5
 J
u
n
e
 

(
E
a
c
h
 d
i
s
t
a
n
c
e
 r
e
p
r
e
s
e
n
t
s
 t
h
e
 m
e
a
n
 o
f
 t
h
e
 p
o
i
n
t
s
 a
l
o
n
g
 t
h
r
e
e
 l
i
n
e
s
 o
f
 w
a
t
e
r
 w
e
l
l
s
.
)
 

w
h
y
 t
h
e
 w
a
t
e
r
 t
a
b
l
e
 w
a
s
 s
l
i
g
h
t
l
y
 d
e
e
p
e
r
 i
n 
1
9
8
7
 t
h
a
n
 i

n 

1
9
8
6
 f
or

 d
i
s
t
a
n
c
e
s
 o
f
 5
 a
n
d
 2
.5
 m
.
 T
h
e
 d
i
f
f
e
r
e
n
c
e
 i
n 
1
9
8
6
 

i
n 
t
h
e
 m
e
a
n
 a
l
t
i
t
u
d
e
 o
f
 t
h
e
 g
r
o
u
n
c
i
w
a
t
c
r
 t
a
b
l
e
 b
e
t
w
e
e
n
 t
h
e
 

d
i
s
t
a
n
c
e
s
 o
f
 2
.
5
 a
n
d
 2
0
 m
 w
a
s
 0
.
1
2
 m
,
 w
i
t
h
 a
 t
ot
al
 v
a
r
i
a
 

ti
on

 o
f
 0
.
1
7
 
m
 a

t 
th
e 
2
.
5
-
m
 d
is

t
an

c
e
 a
n
d
 0
.
1
5
 
m
 
at
 t

he
 

2
0
-
m
 
di
st
an
ce
. 

T
h
e
 
d
i
f
f
e
r
e
n
c
e
 
in

 
1
9
8
7
 
w
a
s
 
0
.
1
3
 
m
 

b
e
t
w
e
e
n
 2
.
5
 a
n
d
 2
0
 m
,
 w
i
t
h
 a
 t
ot

al
 v
a
r
i
a
t
i
o
n
 o
f
 0
.
2
1
 m
a
t
 

2
.
5
 m
,
 a
n
d
 0
.
1
5
 a
t 
2
0
 m
.
 

In
 
f
r
e
s
h
l
y
 o
p
e
n
e
d
 s
oi
l 
pi
ts
 a
n
d
 a
t 
t
h
e
 s
i
d
e
s
 o
f
 d
i
t
c
h
e
s
,
 

w
a
t
e
r
 s
e
e
p
e
d
 o
u
t
 o
f
 i
h
e
 a
c
r
o
t
e
l
m
,
 b
u
t
 n
o
t
 o
u
t
 o
f
 t
h
e
 c
a
l
o
-

t
c
l
m
,
 w
h
i
c
h
 s
ta

rt
s 
a
b
o
u
t
 0
.
5
0
 m
 b
e
l
o
w
 t
h
e
 s
u
r
f
a
c
e
.
 

H
y
d
r
a
u
l
i
c
;
 
c
o
n
d
u
c
t
i
v
i
t
y
 
w
a
s
 
m
e
a
s
u
r
e
d
 
to

 
d
e
t
e
c
t
 
a
n
y
 

d
i
f
f
e
r
e
n
c
e
 b
e
t
w
e
e
n
 t
h
e 
t
w
o
 l
ay

er
s.

 B
e
c
a
u
s
e
 t
h
e 
a
c
r
o
t
e
l
m
 

w
a
s
 n
o
t
 v
e
r
y
 
th

ic
k,

 i
t 
w
a
s
 d
if
fi
cu
lt
 t

o 
a
c
h
i
e
v
e
 t
he
 m
i
n
i
 

m
u
m
 c
o
n
d
i
t
i
o
n
s
 r
e
q
u
i
r
e
d
 f
o
r
 t
h
e
 a
u
g
e
r
-
h
o
l
e
 m
e
t
h
o
d
,
 a
n
d
 

c
o
n
s
e
q
u
e
n
t
l
y
 e
x
p
e
r
i
m
e
n
t
a
l
 e
r
r
o
r
 i
n
c
r
e
a
s
e
d
.
 B
e
c
a
u
s
e
 t
he
 

s
u
r
f
a
c
e
 o
f
 d
i
e
 p
e
a
t
 w
a
s
 h
u
m
m
o
c
k
y
,
 t
h
e
 w
a
t
e
r
-
t
a
b
l
e
 d
c
p
d
i
 

o
f
 t
h
e
 d
e
e
p
 
h
o
l
e
 
h
a
d
 t
o
 b
e
 a
d
j
u
s
t
e
d
 t
o 
t
h
e
 
s
a
m
e
 g
r
o
u
n
d
 

s
u
r
f
a
c
e
 l
e
v
e
l
 a
s
 d
i
e
 w
a
t
e
r
-
t
a
b
l
e
 d
e
p
t
h
 o
f
 t
h
e
 s
h
a
l
l
o
w
 h
o
l
e
.
 

T
h
e
 r
es

ul
ts

 a
rc
 p
r
e
s
e
n
t
e
d
 
in

 T
a
b
l
e
 
1.

 T
h
e
 c
a
l
c
u
l
a
t
e
d
 K

/>
 

v
a
l
u
e
s
 a
r
e
 n
e
g
a
t
i
v
e
 b
e
c
a
u
s
e
 o
f
 e
x
p
e
r
i
m
e
n
t
a
l
 e

rr
or

. 
T
h
e
 

K
j
 
v
a
l
u
e
s
 
a
r
e
 
v
e
r
y
 
h
i
g
h
,
 
a
n
d
 
d
i
e
 
K
2
 
v
a
l
u
e
s
 
s
h
o
u
l
d
 
b
e
 

c
l
o
s
e
 t
o 
0,
 a
n
 i
n
d
i
c
a
t
i
o
n
 t
h
a
t
 t
h
e
 c
a
t
o
t
e
l
m
 c
o
u
l
d
 b
e
 c
o
n
 

s
i
d
e
r
e
d
 a
n
 
i
m
p
e
r
v
i
o
u
s
 l
a
y
e
r
 f
o
r
 d
r
a
i
n
a
g
e
 p
u
r
p
o
s
e
s
.
 

O
n
 
d
i
e
 b
a
s
i
s
 o
f
 t
h
e
 m
e
a
n
 a
l
t
i
t
u
d
e
 o
f
 t
h
e
 g
r
o
u
n
d
w
a
t
e
r
 

t
a
b
l
e
 (
T
a
b
l
e
 2
),
 t
h
e
 d
i
f
f
e
r
e
n
c
e
 b
e
t
w
e
e
n
 t
h
e
 2
.
5
 +
 5
-
m
 d
i
s
 

t
a
n
c
e
s
 a
n
d
 t
he
 
1
0
 +
2
0
-
m
 d
i
s
t
a
n
c
e
s
 w
a
s
 v
e
r
y
 s
i
g
n
i
f
i
c
a
n
t
 

(p
 <
 0
.
0
1
,
 T
a
b
l
e
 3
).
 T
h
e
 2
.5
-
a
n
d
 5
-
m
 d
i
s
t
a
n
c
e
s
 w
e
r
e
 a
l
s
o
 

s
i
g
n
i
f
i
c
a
n
t
l
y
 d
i
f
f
e
r
e
n
t
 (
p
<
 0
.
0
1
)
.
 T
h
e
 d
i
f
f
e
r
e
n
c
e
 b
e
t
w
e
e
n
 

th
e 

10
-
a
n
d
 2
0
-
m
 
d
i
s
t
a
n
c
e
s
 
w
a
s
 
n
o
t
 s
ig
ni
fi
ca
nt

 
(a
t 
p
 ■
 

0
.
0
5
)
.
 T
h
e
s
e
 f
i
n
d
i
n
g
s
 h
e
l
d
 f
o
r
 b
o
t
h
 y
e
a
r
s
.
 

A
 p
o
s
i
t
i
v
e
 c
o
r
r
e
l
a
t
i
o
n
 b
e
t
w
e
e
n
 t
h
e
 v
o
n
 P
o
s
t
 h
u
m
i
f
i
c
a
-

l
i
o
n
 
s
c
a
l
e
 a
n
d
 
b
u
l
k
 d
e
n
s
i
t
y
 
li
as
 
b
e
e
n
 
r
e
p
o
r
t
e
d
 
(S

il
t:

 
a
n
d
 

S
t
a
n
c
k
 
1
9
7
7
)
.
 A
c
c
o
r
d
i
n
g
 t
o 
th

at
 c
o
r
r
e
l
a
t
i
o
n
,
 a
 b
u
l
k
 d
e
n
 

si
ty

 
b
e
t
w
e
e
n
 
0
.
1
0
 
a
n
d
 
0
.
1
5
 
(
T
a
b
l
e
 4
)
 
w
o
u
l
d
 
i
n
d
i
c
a
t
e
 
a
 

v
o
n
 P
o
s
t
 d
e
g
r
e
e
 o
f
 n
u
l
l
i
f
i
c
a
t
i
o
n
 
b
e
t
w
e
e
n
 
3
 
a
n
d
 
6.
 
T
h
e
 

fi
el
d 
d
a
t
a
 i
n
d
i
c
a
t
e
d
 a
 h
u
m
i
f
i
c
a
i
i
o
n
 v
a
l
u
e
 s
li

gh
tl
y 
h
i
g
h
e
r
,
 

a
b
o
u
t
 7

. 
O
n
 
t
h
e
 o
t
h
e
r
 h
a
n
d
,
 
t
h
e
 r
e
l
a
t
i
o
n
 
b
e
t
w
e
e
n
 
K
 a
n
d
 

t
h
e
 d
e
g
r
e
e
 o
f
 d
e
c
o
m
p
o
s
i
t
i
o
n
 h
a
s
 b
e
e
n
 e
s
t
a
b
l
i
s
h
e
d
 a
s
 n
e
g
 

a
t
i
v
e
l
y
 c
o
r
r
e
l
a
t
e
d
 (
P
a
i
v
a
n
e
n
 
1
9
7
3
)
.
 

T
h
e
 b
u
l
k
 d
e
n
s
i
t
y
 
d
a
i
a
 b
e
l
o
w
 4
5
 
c
m
 
(
T
a
b
l
e
 4
)
 d
o
 
n
o
t
 

s
u
g
g
e
s
t
 a
 h
i
g
h
 d
e
g
r
e
e
 o
f
 d
e
c
o
m
p
o
s
i
t
i
o
n
 a
n
d
 c
e
r
t
a
i
n
l
y
 n
o
t
 

a
n
 
e
x
t
r
e
m
e
l
y
 
l
o
w
 
h
y
d
r
a
u
l
i
c
 
c
o
n
d
u
c
t
i
v
i
t
y
.
 
A
n
o
t
h
e
r
 
p
r
o
 

c
e
s
s
 m
u
s
t
 b
e
 i
n
v
o
l
v
e
d
.
 I
t 

is
 p
o
s
s
i
b
l
e
 t
h
a
t
 t
h
e
 p
o
r
e
s
 o
f
 t
h
e
 

c
a
t
o
t
e
l
m
 
a
r
c
 
o
b
s
t
r
u
c
t
e
d
 
b
y
 
c
o
l
l
o
i
d
a
l
 
m
a
t
t
e
r
 
b
e
c
a
u
s
e
,
 

w
i
t
h
 
h
a
n
d
-
s
q
u
e
e
z
i
n
g
,
 
d
a
r
k
 
w
a
t
e
r
 
i
s
s
u
e
d
 
f
r
o
m
 

t
h
e
 

ma
te
ri
al
. 

It
 w
a
s
 
v
e
r
y
 u
n
s
t
a
b
l
e
,
 a
l
m
o
s
t
 t
u
r
n
i
n
g
 
to
 
l
i
q
u
i
d
 

af
te

r 
b
e
i
n
g
 d
i
s
t
u
r
b
e
d
.
 F
o
r
 t
hi

s 
r
e
a
s
o
n
 t
li

e 
s
i
d
e
s
 o
f
 t
h
e
 d
e
e
p
 

T
a
b
l
e
 3
. 
A
n
o
v
a
 f
o
r
 
1
9
8
6
 a
n
d
 
1
9
8
7
 d
a
t
a
 f
o
r
 d
i
s
t
a
n
c
e
s
 
f
r
o
m
 
t
h
e
 m
a
i
n
 d
i
t
c
h
 

(
2
.
5
 
m
 
[1

],
 5
 m
 
[2
],
 
1
0
 m
 
[3
] 
a
n
d
 2
0
 m
 
[4

]}
 

Y
e
a
r
 

S
o
u
r
c
e
 

d
f
 

S
S
 

M
S
 



1
4
5
 

T
a
b
l
e
4
.
B
u
l
k
d
e
n
s
i
t
y
o
n
h
u
m
i
d
b
a
s
i
s
 (
m
e
a
n
 o
f
 3
 s
a
m
p
l
e
s
)
 

D
e
p
t
h
 

To
ta
l 
po
ro

si
ly

 
W
a
t
e
r
 

B
u
l
k
 d
en
si
ty
 

(c
m)

 
(
%
)
 

(
%
)
 

(g
 c
m-

3>
 

h
o
l
e
s
 h
a
d
 t

o 
b
e
 r
e
t
a
i
n
e
d
 b
y
 a
 p
la

st
ic

 d
ra
in
. 
A
n
o
t
h
e
r
 r
ea
 

s
o
n
 f
or

 t
he
 l
o
w
 h
y
d
r
a
u
l
i
c
 c
o
n
d
u
c
t
i
v
i
t
y
 c
o
u
l
d
 b
e
 i
he
 i
nf

lu
 

e
n
c
e
 o
f
 m
e
t
h
a
n
e
 g
as

, 
as
 a
n
 i
nh

ib
it

or
 o
f
 w
a
t
e
r
 m
o
v
e
m
e
n
t
,
 

r
e
p
o
r
t
e
d
 b
y
 M
a
t
h
u
r
 e
t 

al
. 
(
1
9
9
0
)
 i
n 
th
es
e 
p
r
o
c
e
e
d
i
n
g
s
.
 

C
O
N
C
L
U
S
I
O
N
 

O
n
 t

hi
s 
r
a
i
s
e
d
 b
o
g
 s

it
e,

 s
t
u
d
y
 o
f
 f
r
e
s
h
l
y
 o
p
e
n
 p
it

s 
a
n
d
 

th
e 
p
o
s
i
t
i
o
n
i
n
g
 o
f
 t
he
 g
r
o
u
n
d
w
a
t
c
r
 t
ab
le
 o
v
e
r
 a
 t
w
o
-
y
e
a
r
 

p
e
r
i
o
d
 i
n
d
i
c
a
t
e
d
 l
ha

l 
Ih
e 
c
a
t
o
t
e
l
m
,
 w
h
i
c
h
 s
ta
rt
ed

 0
.
5
0
 m
 

b
e
l
o
w
 t
h
e
 s
ur
fa

c
e,
 
w
a
s
 i
m
p
e
r
m
e
a
b
l
e
 a
s
 
fa

r 
as
 d
r
a
i
n
a
g
e
 

w
a
s
 c
o
n
c
e
r
n
e
d
.
 
T
h
i
s
 
w
a
s
 c
o
n
f
i
r
m
e
d
 
b
y
 
h
y
d
r
a
u
l
i
c
 c
o
n
 

du
ct
iv
it
y 
m
e
a
s
u
r
e
m
e
n
t
s
 f
or
 l
a
y
e
r
e
d
 s
oi

ls
. 

E
v
a
p
o
t
r
a
n
s
p
i
r
a
t
i
o
n
 i

s 
a
 s
ig
ni
fi
ca
ni
 f
ac
to
r 

in
 l
o
w
e
r
i
n
g
 

th
e 
g
r
o
u
n
d
w
a
t
e
r
 t
ab

le
 (
Du
li
l 

ct
 a

l.
 1
9
8
9
)
.
 T
h
e
 m
a
x
i
m
u
m
 

d
e
p
t
h
 r
e
a
c
h
e
d
 b
y
 t
h
e
 w
a
t
e
r
 t
ab
le
 i
s 
e
x
p
l
a
i
n
e
d
 b
y
 t
h
e
 c
o
m
 

b
i
n
e
d
 
e
f
f
e
c
t
s
 o
f
 d
i
t
c
h
i
n
g
 a
n
d
 
e
v
a
p
o
t
r
a
n
s
p
i
r
a
t
i
o
n
.
 
W
i
t
h
 

o
u
t
 e
v
a
p
o
t
r
a
n
 s
pi
ra
l 
io
n,
 d
i
t
c
h
i
n
g
 w
o
u
l
d
 b
e
 l
es

s 
ef
fi
ci
en
t 

in
 l
o
w
e
r
i
n
g
 
th
e 
w
a
t
e
r
 t
ab
le
s 

t
h
a
n
 
w
a
s
 
o
b
s
e
r
v
e
d
 
in
 
th

is
 

s
t
u
d
y
.
 

If
 w
e
 a
s
s
u
m
e
 t

ha
i 
a 
d
i
s
t
a
n
c
e
 o
f
 2
.5
 m
 f
r
o
m
 
t
h
e
 d
it
ch
 

w
o
u
l
d
 b
e
 a
p
p
r
o
x
i
m
a
t
e
l
y
 e
q
u
i
v
a
l
e
n
t
 t
o 
a
 s
p
a
c
i
n
g
 o
f
 5
 m
,
 

w
i
t
h
 a
n
 i
m
p
e
r
m
e
a
b
l
e
 l
ay

er
 a
t 
0
.
5
0
 m
,
 i
t 
w
o
u
l
d
 b
e
 u
se
le
ss
 

to
 d
i
t
c
h
 a

t 
a
 l
o
w
e
r
 l
ev

el
, 
u
n
l
e
s
s
 p
o
s
s
i
b
l
e
 c
h
a
n
g
e
s
 i

n 
i
h
e
 

p
h
y
s
i
c
a
l
 
p
r
o
p
e
r
t
i
e
s
 
o
f
 t
h
e
 c
a
t
o
i
e
l
m
 
o
v
e
r
 t
h
e
 
l
o
n
g
 
t
e
r
m
 

w
e
r
e
 
c
o
n
s
i
d
e
r
e
d
.
 
D
i
t
c
h
i
n
g
 
w
i
t
h
 
5
-
m
 
s
p
a
c
i
n
g
 
w
o
u
l
d
 

c
r
e
a
t
e
 a
 w
e
l
l
 a
e
r
a
t
e
d
 z
o
n
e
 d
e
e
p
 e
n
o
u
g
h
 f
o
r
 g
r
o
w
i
n
g
 t
re

es
, 

b
u
t
 w
il

l)
 
L
h
c
 h
i
g
h
 p
o
r
o
s
i
t
y
 o
f
 t
h
e
 a
c
r
o
t
e
l
m
 
(
T
a
b
l
e
 4
)
 a
n
d
 

it
s 
h
i
g
h
 w
a
t
e
r
 y
i
e
l
d
 (
B
o
c
l
t
c
r
 
1
9
6
4
)
,
 o
v
e
r
d
r
a
i
n
a
g
e
 o
f
 t
h
e
 

a
c
r
o
t
e
l
m
 m
u
s
t
 b
e
 c
o
n
s
i
d
e
r
e
d
.
 

A
C
K
N
O
W
L
E
D
G
M
E
N
T
S
 

I 
a
m
 d
e
e
p
l
y
 g
ra
te
fu
l 
to

 R
.
 L
a
g
a
c
e
 a
n
d
 J

. 
B
e
a
u
l
i
e
i
i
 f
or
 

r
e
v
i
s
i
n
g
 t
h
e
 t
ex

t.
 M
a
n
y
 l
h
a
n
k
s
 t
o 
J
.
M
.
 G
i
r
a
r
d
 w
h
o
 h
e
l
p
e
d
 

m
e
 
w
i
t
h
 
t
h
e
 s

ta
ti

st
ic

s 
a
n
d
 
to

 
R
.
 
A
n
g
e
r
s
 
w
h
o
 
g
a
v
e
 
m
e
 

t
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i
t
e
 e
l
a
b
o
r
e
e
s
 e
n
 l
ab
or

at
oi

re
. 
D
a
n
s
 l

e 
c
a
s
 d
e
 l
a 
c
o
u
c
h
e
 d
e
 2
0
 a
 5
0
 c
m
,
 l

es
 

co
nd
uc
ti
vi
ty
's
 c
a
l
c
u
l
e
e
s
 e
ta
ie
nt

 t
re
s 
p
r
e
s
 d
e
 c
el

le
s 
m
e
s
u
r
e
'
e
s
.
 U
n
e
 m
e
t
h
o
d
e
 s
im
i-

la
ir

e 
b
a
s
e
 e
 s
ur
 l
a 
re

la
ti

on
 e
nt

re
 l
a 
p
r
o
f
o
n
d
e
u
r
e
t
 I
'i
nd
ic
ed
e 
v
o
n
 P
os
t,
 e
t 
en
tr
e 
I'

in
di

ce
 

d
e
 v
o
n
 P
o
s
t
 e
t 

la
 c
on

du
ct

iv
it

e,
 a
 d
o
n
n
e
 d
e
s
 v
al

eu
rs

 p
lu

s 
e 
l
e
v
e
e
s
 q
u
e
 l
a 
co
nd
uc
ti
vi
ty
 

m
e
s
u
r
e
e
 
a
u
 
c
h
a
m
p
.
 
L
e
s
 
re
su

lt
at

s 
et

ai
en

t 
te
ls
 q
u
e
 
I
'
a
p
p
r
o
c
h
e
 
p
e
u
t
 
et
re
 
r
e
c
o
m
-

m
a
n
d
e
e
 p
o
u
r
c
o
m
p
a
r
e
r
d
e
s
 s
ta

ti
on

s 
et

 l
es
 c
l
a
s
s
e
r
 s
e
i
o
n
 l
eu

rp
ot

en
ti

el
 d
e
 d
r
a
i
n
a
g
e
 

et
 a
in

si
 q
u
'
a
 d
e
s
 (
in

s 
d
e
 p
la

ni
fi

ca
ti

on
 p
re

li
mi

na
ir

e 
d
u
 d
r
a
i
n
a
g
e
.
 I

I 
es

t 
to

ut
ef

oi
s 
s
o
u
-

ha
it
ab
le
 d
e
 m
e
s
u
r
e
r
 d
i
r
e
c
t
e
m
e
n
t
 l

a 
co

nd
uc

ti
vi

te
 h
y
d
r
a
u
l
i
q
u
e
 d
a
n
s
 l

e 
c
a
s
 d
'
e
t
u
d
e
s
 

h
y
d
r
o
 l
og
 i
q
u
e
s
 o
u
 d
e
 m
o
d
e
r
a
t
i
o
n
 d
e
s
 e
ff

et
s 
d
e
 I

'a
 m
a
n
a
g
e
m
e
n
t
 d
e
 l
o
s
s
e
s
.
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I
N
T
R
O
D
U
C
T
I
O
N
 

In
 
se
ve
ra
l 

st
ud
ie
s 

th
e 

ef
fi

ci
en

cy
 
o
f
 
d
r
a
i
n
a
g
e
 
as
 
a 

m
e
a
n
s
 o
f 
m
o
d
i
f
y
i
n
g
 t
he
 w
a
t
e
r
 r
e
g
i
m
e
 (
Tr
ot
ti
cr
 1
9
8
6
)
 a
n
d
 

o
f
 i
m
p
r
o
v
i
n
g
 g
r
o
w
i
n
g
 c
o
n
d
i
t
i
o
n
s
 o
f
 f
or
es
t 
si
te
s 
(
H
i
l
l
m
a
n
 

19
87
) 
ha

s 
b
e
e
n
 d
em

on
st

ra
ie

d.
 A
 w
a
t
e
r
 t
ab
le
 o
f 
at
 l
ea

st
 3
0
 

to
 4
0
 c
m
 u
n
d
e
r
 t
he
 s

oi
l 
su
rf
ac
e 
sh

ou
ld

 a
ss

ur
e 
su

ff
ic
ie
nt
 

ae
ra
ti
on
 t
o 
in
cr
ea

se
 t
he
 g
r
o
w
t
h
 o
f 
m
a
n
y
 t
re

e 
sp
ec

ie
s 
si
g 

ni
fi
ca
nt
ly
 (
P
a
i
v
a
n
c
n
 
19
73
, 
B
r
a
e
k
k
e
 
19
83
).
 
T
h
e
 d
o
w
n
 

w
a
r
d
 m
o
v
e
m
e
n
t
 o
f 
th
e 
w
a
t
e
r
 t
ab
le
 a
ft

er
 r
ai

nf
al

l 
m
u
s
t
 b
e
 

su
ff

ic
ie

nt
ly

 r
ap
id

 t
o 
ma
in
ta
in
 
g
o
o
d
 g
r
o
w
i
n
g
 c
on

di
ti
on
s 

(T
ot
h 
a
n
d
 G
il
la
rd

 1
98

8)
. 
Ev
ap
ot
ra
ns
pi
ra
ti
on
 a
n
d
 d
ra
in
 

a
g
e
 a
re
 r
es
po
ns

ib
le

 f
or
 t
he
 d
ec

li
ni

ng
 l
ev
el
 o
f 
th
e 
w
a
t
e
r
 

ta
bl
e.
 

H
y
d
r
a
u
l
i
c
 c
on
du
ct
iv
it
y 

is
 a
 k
e
y
 f
ac
to
r 

in
 t
he
 p
re

di
c 

ti
on

 o
f 
th
e 
po

te
nt

ia
l 
be
ne
fi
t;
 o
f 
pc
at
la
nd
 d
ra
in

ag
e.

 T
h
e
 

co
nt

ri
bu

ti
on

 o
f
 d
r
a
i
n
a
g
e
 c
a
n
 b
e
 e
v
a
l
u
a
t
e
d
 b
y
 m
a
t
h
e
m
a
t
i
 

ca
l 
mo

de
ls

 (
Gu
yo

n 
19
78
, 

Ri
cd

l 
19
84
, 

Be
ll
ca
u1

),
 w
it

h 
h
y
d
r
a
u
l
i
c
 c
o
n
d
u
c
t
i
v
i
t
y
 a
s
 t
he
 m
o
s
t
 i
m
p
o
r
t
a
n
t
 p
a
r
a
m
e
t
e
r
 

(
L
a
g
a
c
e
 1
9
8
1)

.
 B
e
c
a
u
s
e
 m
e
a
s
u
r
e
m
e
n
t
 o
f
 h
y
d
r
a
u
l
i
c
 c
o
n
 

du
ct
iv
it
y 

is
 q
ui
te

 l
ab

or
io

us
, 

it
 c
o
u
l
d
 b
e
 u
se
fu
l 
to
 e
va

lu
at

e 

th
is

 p
a
r
a
m
e
t
e
r
 b
y
 i
nd
ir
ec
t 
m
e
a
n
s
 f
or
 t
he
 c
on
di
ti
on
s 
f
o
u
n
d
 

in
 C
a
n
a
d
a
.
 T
h
e
 o
b
j
e
c
t
 o
f
 t
hi
s 
s
t
u
d
y
 w
a
s
 t
o 
re
la
te
 h
y
d
r
a
u
 

li
c 
co
nd
uc
ti
vi
ty

, 
m
e
a
s
u
r
e
d
 b
ot

h 
in

 t
he
 l
ab

or
at

or
y 
a
n
d
 i

n 

1 
B
e
l
l
e
a
u
,
 P

. 
1
9
8
8
.
 
D
r
a
i
n
a
g
e
 d
'
u
n
c
p
c
s
s
i
c
r
c
 n
o
i
r
e
 a
 s
p
h
a
i
g
n
c
 

et
 
a 
n
e
m
o
p
a
m
h
e
 m
u
c
r
o
n
f
i
.
 
U
n
i
v
.
 
L
a
v
a
l
,
 T
h
e
s
e
 d
e
 m
ai
tr
is
e.
 

8
2
 p
. 

th
e 

fi
el
d,
 w
it

h 
me
as
ur
es
 o
f 
bu

lk
 d
en
si
ty
 a
nd

 d
eg

re
e 

of
 

d
e
c
o
m
p
o
s
i
t
i
o
n
.
 S
I
T
E
 A
N
D
 M
E
T
H
O
D
 

T
h
e
 s
tu
dy
 t
o
o
k
 p
la
ce
 i
n 
1
9
8
8
 o
n
 1
2 
fo

re
st

 s
it
es
 (
Ta

bl
e 

1)
 
lo

ca
te

d 
in
 
th
e 

Sa
in
t 
L
a
w
r
e
n
c
e
 
L
o
w
l
a
n
d
s
 
(F
ig

. 
1)

. 

G
r
o
u
p
 1

 s
it

es
 w
e
r
e
 l
oc
at
ed
 a
t 
Sa
in
t-
Gi
ll
es
 d
e
 L
ot
bi
ni
er
e 

a
n
d
 S
a
i
n
t
-
J
e
a
n
 C
h
r
y
s
o
s
t
o
m
c
,
 w
h
i
l
e
 G
r
o
u
p
 2
 s
it
es
 w
e
r
e
 a
t 

L
e
m
i
e
u
x
.
 S
ev

er
al

 o
f
 t
he
 s
it

es
 h
a
d
 b
e
e
n
 d
ra

in
ed

 p
re

vi
ou

s 

ly
 b
y
 d
i
g
g
i
n
g
 1

 -
m
-
d
e
e
p
 d
it
ch
es
 w
i
t
h
 1

:1
 s
id
e 
sl
op

es
. 

T
h
e
 a
v
e
r
a
g
e
 J
ul

y 
m
a
x
i
m
u
m
 
a
n
d
 J
a
n
u
a
r
y
 
m
i
n
i
m
u
m
 

t
e
m
p
e
r
a
t
u
r
e
s
 w
e
r
e
 2
4
 a
n
d
 -
1
7
°
C
,
 r
es
pe
ct
iv
el
y.
 T
ot
al
 p
r
e
 

ci
pi
ta
ti
on
 
f
r
o
m
 
M
a
y
 
to

 S
e
p
t
e
m
b
e
r
 
a
v
e
r
a
g
e
d
 
5
0
0
 
m
m
,
 

a
n
d
 
th
e 

po
te

nt
ia

l 
e
v
a
p
o
t
r
a
n
s
p
i
r
a
t
i
o
n
 
ca
lc
ul
at

e
d
 
b
y
 

T
h
o
m
t
h
w
a
i
i
c
'
s
 m
e
t
h
o
d
 w
a
s
 5
6
0
 m
m
 (
W
i
l
s
o
n
 1
97
1)

.
 T
h
e
 

le
ng
th
 
o
f
 
th
e 

v
e
g
e
t
a
t
i
v
e
 
s
e
a
s
o
n
 
a
v
e
r
a
g
e
d
 
1
8
5
 
d
a
y
s
 

(
D
u
m
a
s
-
R
o
u
s
s
e
a
u
 1
9
7
5
)
.
 

T
h
e
 s
at
ur
at
ed
 h
yd

ra
ul

ic
 c
on

du
ct

iv
it

y 
(K

fi
d)

 i
n 
m
/
d
a
y
 

w
a
s
 m
e
a
s
u
r
e
d
 i
n 
th
e 

fi
el
d 
b
y
 t
he
 a
u
g
e
r
 h
ol

e 
m
e
t
h
o
d
 (
v
a
n
 

B
e
e
r
s
 
19
70
).
 W
i
t
h
 
th

is
 t
e
c
h
n
i
q
u
e
,
 t
he
 r
at

e 
at
 w
h
i
c
h
 t
he
 

w
a
t
e
r
 e
n
t
e
r
e
d
 a
 c
y
l
i
n
d
r
i
c
a
l
 h
o
l
e
 
1
0
 c
m
 i

n 
d
i
a
m
e
t
e
r
 w
a
s
 

m
e
a
s
u
r
e
d
 a
ft

er
 r
e
m
o
v
a
l
 o
f
 t
he
 w
at
er
. 
T
h
e
 h
o
l
e
 w
a
s
 e
x
c
a
 

va
te
d 
wi

th
 a
n
 a
u
g
e
r
 a
n
d
 t
he
 s
id

es
 w
e
r
e
 r
et
ai
ne
d 
wi

th
 a
 

p
e
r
f
o
r
a
t
e
d
 d
r
a
i
n
a
g
e
 p
ip

e.
 F
i
v
e
 h
o
l
e
s
 w
e
r
e
 d
u
g
 t
o 
a 
d
e
p
t
h
 

o
f
 
1 
m
 
at
 e
a
c
h
 s

it
e.
 T
w
o
 
m
e
a
s
u
r
e
m
e
n
t
s
 w
e
r
e
 o
b
t
a
i
n
e
d
 

f
r
o
m
 e
a
c
h
 h
o
l
e
.
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S
l
-
G
i
l
l
e
s
 

F
i
g
u
r
e
 I

. 
L
o
c
a
t
i
o
n
 o
f
 s
t
u
d
y
 s
it

es
. 

T
w
o
 p
e
a
t
 s
a
m
p
l
e
s
 w
e
r
e
 c
ol

le
ct

ed
 h
or
iz
on
ta
ll

y 
at
 1

0-
, 

20
-,
 
30
-,
 
50
-,
 
70
-,
 
a
n
d
 
9
0
-
c
m
 
d
e
p
t
h
s
 
w
i
t
h
 
a
l
u
m
i
n
u
m
 

c
y
l
i
n
d
e
r
s
 1
5
 c
m
 i
n 
l
e
n
g
t
h
 a
n
d
 7
.
3
5
 c
m
 i

n 
d
i
a
m
e
t
e
r
.
 I
n 
th
e 

u
n
d
e
c
o
m
p
o
s
e
d
 s
u
r
f
a
c
e
 l
ay

er
, 
th
e 
s
a
m
p
l
e
s
 w
e
r
e
 c
u
t
 m
a
n
 

ua
ll
y.
 A
 c
o
n
s
t
a
n
t
-
c
h
a
r
g
e
 p
e
r
m
e
a
m
c
t
c
r
 w
a
s
 u
s
e
d
 t
o 
m
e
a
 

su
re

, 
t
w
i
c
e
 o
n
 e
a
c
h
 s
a
m
p
l
e
,
 t
he
 h
o
r
i
z
o
n
t
a
l
 
c
o
n
d
u
c
t
i
v
i
t
y
 

in
 t
he
 l
a
b
o
r
a
i
o
r
y
 (
K]
ab
)-

T
h
e
 c
o
n
d
u
c
t
i
v
i
t
y
 i
n 
t
h
e
 h
o
r
i
z
o
n
 

ta
l 
d
i
r
e
c
t
i
o
n
 
is
 h
i
g
h
e
r
 t
h
a
n
 t
ha

t 
in

 d
ie
 
ve

rt
ic

al
, 
o
w
i
n
g
 t

o 

th
e 

or
ie

nt
at

io
n 

o
f
 
th
e 

fi
be
rs
 
(E
di
l 

ct
 
al
. 

19
86
).
 
T
h
e
 

h
y
d
r
a
u
l
i
c
 
gr

ad
ie
nt
s 
w
e
r
e
 
m
a
i
n
t
a
i
n
e
d
 
b
e
t
w
e
e
n
 
1.
4 
a
n
d
 

7.
4.
 
T
h
i
s
 
v
ar
ie
d,
 
d
e
p
e
n
d
i
n
g
 
o
n
 
th
e 
c
o
n
d
u
c
t
i
v
i
t
y
 
o
f
 t
he
 

pe
at

, 
h
i
g
h
e
r
 
gr
ad
ie
nt
s 

b
e
i
n
g
 
u
s
e
d
 
fo
r 

le
ss
 
c
o
n
d
u
c
t
i
v
e
 

p
e
a
t
s
 t
o 
r
e
d
u
c
e
 H
i
e
 m
e
a
s
u
r
i
n
g
 t
i
m
e
s
.
 C
a
r
e
 w
a
s
 t
a
k
e
n
 t
ha

t 

th
e 
h
y
d
r
a
u
l
i
c
 c
h
a
r
g
e
 w
a
s
 n
o
t
 s
o
 h
i
g
h
 t
ha

t 
ar
ti
fi
ci

al
 c
h
a
n
 

ne
ls
 w
o
u
l
d
 b
e
 c
r
e
a
t
e
d
,
 g
i
v
i
n
g
 a

rt
if
ic
ia
l 
i
n
c
r
e
a
s
e
s
 i
n 

K]
a|

, 

(
I
n
g
r
a
m
 
ct
 
al
. 

1
9
7
4
,
 
R
y
c
r
o
f
t
 
et

 
al
. 

1
9
7
5
,
 
W
a
i
n
e
 
et

 a
l.

 

19
85

).
 B
u
l
k
 d
en

si
ty

 w
a
s
 o
bt

ai
ne

d 
af
te
r 
th
e 
s
a
m
p
l
e
s
 h
a
d
 

b
e
e
n
 d
ri

ed
 a
t 
1
0
0
°
C
 f
or
 2
4
 h
r 
(
T
a
b
l
e
 2
).
 

R
E
S
U
L
T
S
 A
N
D
 D
I
S
C
U
S
S
I
O
N
 

F
i
e
l
d
-
m
e
a
s
u
r
e
d
 H
y
d
r
a
u
l
i
c
 C
o
n
d
u
c
t
i
v
i
t
y
 

F
i
l
c
d
-
m
c
a
s
u
r
e
d
 
hy

dr
au

li
c 

co
nd

uc
ti

vi
ty

 
(K

n<
i)

, 
e
x
 

p
r
e
s
s
e
d
 a
s 
a
 f
un
ct
io
n 
o
f
 w
a
t
e
r
-
t
a
b
l
e
 c

ic
pt
ii
 (

Fi
g.

 2
),

 w
a
s
 

l
o
w
e
r
 a
t 
G
r
o
u
p
 
1 

si
te
s 
t
h
a
n
 a
t 
G
r
o
u
p
 2
 s

it
es
, 
w
h
e
r
e
 t
he

 

pe
at
 l
ay

er
 w
a
s
 d
ee
pe
r.
 T
h
e
 l
i
g
n
e
o
u
s
 
na
tu
re
 o
f
 t
he
 p
e
a
t
 

(
T
a
b
l
e
 1
) 
a
n
d
 t
he
 l
o
w
e
r
 b
u
l
k
 d
e
n
s
i
t
y
 (
Fi

g.
 3
} 
fo
r 
G
r
o
u
p
 2
 

e
x
p
l
a
i
n
 
m
o
s
t
 
of
 
t
h
e
s
e
 
di

ff
er

en
ce

s.
 
T
h
e
 
va

ri
at
io

n 
in
 

p
e
r
m
e
a
b
l
e
 d
e
p
t
h
 b
e
n
e
a
t
h
 t
he
 h
o
l
e
s
 c
o
u
l
d
 a
l
s
o
 a
c
c
o
u
n
t
 f
or

 

s
o
m
e
 
o
f
 
th
e 

di
ff

er
en

ce
s.

 
T
h
e
 
h
i
g
h
e
r
 
d
e
g
r
e
e
 
o
f
 
p
e
a
t
 

d
e
c
o
m
p
o
s
i
t
i
o
n
 f
or
 G
r
o
u
p
 2
, 
fo
r 
a 
g
i
v
e
n
 b
u
l
k
 d
e
n
s
i
t
y
 (
Fi

g.
 

4)
, 

di
d 

n
o
t
 
of
fs
et
 
th
e 

ef
fe
ct
s 

o
f
 
b
u
l
k
 
de
ns

it
y 

o
n
 

c
o
n
d
u
c
t
i
v
i
t
y
.
 

B
u
l
k
 D
e
n
s
i
t
y
 
in
 
R
e
l
a
t
i
o
n
 t
o
 D
e
p
t
h
 a
n
d
 v
o
n
 P
o
s
t
 

D
e
c
o
m
p
o
s
i
t
i
o
n
 

B
u
l
k
 d
e
n
s
i
t
y
 (
D
)
 d
e
c
r
e
a
s
e
d
 i

n 
b
o
t
h
 d
i
r
e
c
t
i
o
n
s
 f
r
o
m
 a
 

m
a
x
i
m
u
m
 v
a
l
u
e
 a
t 
a 
d
e
p
t
h
 (
Z)
 o
f
 5
0
 c
m
 (
Fi

g.
 3
).

 T
h
e
 Z
-
D
 

re
la

ti
on

 (
eq
ua
ti
on
s 

1 
a
n
d
 2
) 
w
a
s
 s
ta

ti
st

ic
al

ly
 s
ig

ni
fi
ca
nt
 

b
u
t
 
e
x
p
l
a
i
n
e
d
 
o
n
l
y
 
6
9
%
 
a
n
d
 
3
0
%
 
o
f
 t
h
e
 
v
a
r
i
a
t
i
o
n
 
fo
r 

g
r
o
u
p
s
 
1 
a
n
d
 2

, 
re
sp
ec
ti
ve
ly
. 
T
h
e
 c
oe

ff
ic

ie
nt

s 
o
f
 v
ar
ia
 

ti
on

 w
e
r
e
,
 r
e
s
p
e
c
t
i
v
e
l
y
,
 1
7
.
7
 a
n
d
 3
5
.
5
%
.
 

D
 =
 0
.
0
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u
e
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1 L
a
n
d
 R
e
s
o
u
r
c
e
 R
e
s
e
a
r
c
h
 

2 
Na
ti
on
al

 R
e
s
e
a
r
c
h
 C
ou

nc
il

 o
f 

3 
un
iv
er
si
ty
 o
f 
Ne

uc
ha

te
l,
 

C
e
n
t
r
e
 

C
a
n
a
d
a
 

N
e
u
c
h
a
t
e
l
,
 S
w
i
t
z
e
r
l
a
n
d
 

A
g
r
i
c
u
l
t
u
r
e
 C
a
n
a
d
a
 

O
t
t
a
w
a
,
 
O
n
t
a
r
i
o
 

O
t
t
a
w
a
,
 
O
n
t
a
r
i
o
 

A
B
S
T
R
A
C
T
 

W
e
 p
os

tu
la

te
 t
ha

t 
th

e 
m
e
t
h
a
n
e
 p
r
o
d
u
c
e
d
 b
y 
ba

ct
er

ia
 i

n 
d
e
e
p
 a
n
a
e
r
o
b
i
c
 l
ay

er
s 
of
 

p
ea
t
s
 i

s 
t
ra

p
p
ed

 (
oc

cl
ud

ed
) 
by

 t
he

 p
ea
t 

ma
tr
ix
 
a
n
d
 t
he

 h
yd

ro
st

at
ic

 p
re
ss
ur
e 

of
 

ov
er

ly
in

g 
wa
te
r.
 
T
h
e
 m
e
t
h
a
n
e
 i

s 
o
u
t
g
a
s
s
e
d
 w
h
e
n
e
v
e
r
 t
he

 w
at
er
, 
su
pe
rs
at
ur
at
ed
 

wi
th
 m
e
t
h
a
n
e
 o
r 
m
i
x
e
d
 w
it
ti
 p
re

ss
ur

iz
ed

 m
e
t
h
a
n
e
,
 i

s 
su
bj
ec
te
d 

to
 p
re

ss
ur

e,
 c
o
n
 

ce
nt
ra
ti
on
 o
r 
t
e
m
p
e
r
a
t
u
r
e
 g
ra

di
en
ts
 i

n 
a
u
g
e
r
 h
ol

es
 o
r 
n
e
a
r
 d
it

ch
es

. 
T
h
e
 e
vo
lv
ed
 

g
a
s
 b
u
b
b
l
e
s
 b
lo
ck
 s
o
m
e
 p
o
r
e
 s
p
a
c
e
s
 a
s 
a 

re
su

lt
 o
f 
th

e 
J
a
m
i
n
 e
ff
ec
t,
 r
e
d
u
c
e
 e
ff
ec
 

ti
ve
 p
o
r
e
 s
p
a
c
e
,
 a
n
d
 i
so

la
te

 s
o
m
e
 p
o
r
e
 w
a
t
e
r
 f
r
o
m
 t
he

 h
yd

ra
ul

ic
 g
ra
di
en
t.
 

R
E
S
U
M
E
 

N
o
u
s
 a
v
a
n
g
o
n
s
 I

'h
yp
ot
he
se
 q
u
e
 l

e 
m
e
t
h
a
n
e
 p

ro
du

it
 p
ar
 l
es
 b

ac
te

ri
es

 d
a
n
s
 l

es
 

c
o
u
c
h
e
s
 p
r
o
f
o
n
d
e
s
 d
e
 t
ou

rb
e 
o
u
 I
'o

xy
ge

ne
 f

ai
t 
de

fa
ut

 e
st

 r
et

en
u 

(p
ar

 o
cc
lu
si
on
) 

d
a
n
s
 l

a 
ma

tr
ic

e 
et
 p
a
r
 l
a 
c
h
a
r
g
e
 h
yd
ro
st
at
iq
ue
 d
e
 I
'e

au
 q
ui

 r
ec
ou
vr
e 

la
 t
ou

rb
e.

 L
e
 

m
e
t
h
a
n
e
 s
e
 d
e
g
a
g
e
 l
or

sq
ue

 I
'e
au
, 
su

rs
at

un
Se

 d
e
 c
e 
g
a
z
o
u
 m
e
l
a
n
g
e
e
 a
c
e
 g
a
z
 s
o
u
s
 

pr
es

si
on

, 
es

t 
s
o
u
m
i
s
e
 
a 
d
e
s
 
gr

ad
ie

nt
s 
d
e
 
pr

es
si

on
, 
d
e
 
co
nc
en
tr
at
io
n,
 
o
u
 
d
e
 

t
e
m
p
e
r
a
t
u
r
e
 d
a
n
s
 l
es
 t
ro

us
 d
e
 t
ar
ie
re
 o
u
 p
r
e
s
 d
e
s
 f
os

s6
s.

 L
e
s
 b
ul
le
s 
d
e
 g
a
z
 q
ui

 s
e
 

d
e
g
a
g
e
n
t
 
bl

oq
ue

nt
 
un
 
ce

rt
ai

n 
n
o
m
b
r
e
 
d'
es
pa
ce
s 

la
cu
na
ir
es
 
(e
ff
et
 
d
e
 
Ja
mi
n)
, 

re
du
is
en
t 

le
s 
e
s
p
a
c
e
s
 l
ac
un
ai
re

s 
ef
fi
ca
ce
s 

et
 e
m
p
e
c
h
e
n
t
 u
n
e
 p
ar
ti
e 
d
e
 I

'e
au

 d
e
 

po
ro

si
te

 d
'e
tr
e 
s
o
u
m
i
s
e
 a
u
 g
r
a
d
i
e
n
t
 h
y
d
r
a
u
l
i
q
u
e
.
 

I
N
T
R
O
D
U
C
T
I
O
N
 

T
h
e
 h
yd

ro
lo

gi
ca

l 
be

ha
vi

or
 o
f
 p
ea
t,
 e
sp
ec
ia
ll
y 
h
u
m
i
 

fi
ed
 p
ea

t,
 h
as
 b
e
e
n
 f
o
u
n
d
 b
y
 n
u
m
e
r
o
u
s
 w
o
r
k
e
r
s
 t
o 
de
vi
 

at
e 
se

ve
re

ly
 a
n
d
 w
i
d
e
l
y
 f
r
o
m
 D
a
r
c
y
'
s
 L
a
w
 (
R
y
c
r
o
f
t
 e
t 

al
. 

19
75
a)
. 
T
h
e
 a
n
o
m
a
l
i
e
s
 h
a
v
e
 g
en
er
al
ly
 b
e
e
n
 a
tt

ri
bu
te
d 

to
 

"
n
o
n
d
a
r
c
i
a
n
"
 b
eh
av

io
r 
of

 t
he
 h
u
m
i
f
i
e
d
 p
ea

t 
la
ye
rs
 o
ft

en
 

fo
un

d 
at
 d
ep

th
, 
a
n
d
 a
 n
ee

d 
ha

s 
b
e
e
n
 e
xp

re
ss

ed
 f
or
 a
 n
e
w
 

c
o
n
c
e
p
t
 
o
f
 
p
ea

l
 
h
y
d
r
o
l
o
g
y
.
 
F
o
r
 
e
x
a
m
p
l
e
,
 
un

it
 
p
e
r
m
e
 

ab
il

it
y,

 
s
u
p
p
o
s
e
d
l
y
 
a 

co
ns
ta
nt
 
pr
op
er
ty
 
of

 
a 

p
o
r
o
u
s
 

m
e
d
i
u
m
,
 v
ar
ie
s 

in
 t
he
 c
as
e 
o
f
 s
o
m
e
 p
ea

ts
 w
it

h 
th
e 
th
ic
k 

ne
ss
 o
f 

th
e 

pe
at

, 
th
e 
wa
te
r-
pr
es
su
re
 g
ra
di
en
t 
a
n
d
 
ti
me
. 

Co
ns
eq
ue
nt
ly
, 

in
 p

ca
tl
an
ds
, 

un
li

ke
 i

n 
mi

ne
ra

l 
so

il
s,
 
(a
) 

dr
ai

na
ge

 
is

 
s
o
m
e
t
i
m
e
s
 
be
tt
er
 
ac

hi
ev

ed
 
b
y
 
1
-
m
-
d
e
e
p
 

di
tc
he
s 
th

an
 b
y
 m
u
c
h
 d
e
e
p
e
r
 d
it
ch
es
; 
(b
) 
th
e 
w
a
t
e
r
 t
ab
le
 

in
 u
p
 t
o 
9
0
%
 o
r
a
 d
il

ch
er

i 
ar
ea
 c
a
n
 b
e
 a
t 
th
e 
s
a
m
e
 l
ev

el
 a
s 

in
 a
n 
u
n
d
r
a
i
n
e
d
 a
re
a 
af

te
r 
ru
no
ff
; 
a
n
d
 (
c)
 t
he
 w
a
t
e
r
 t
ab

le
 

b
e
t
w
e
e
n
 d
it
ch
es
 g
en
er
al
ly
 h
as

 i
he
 s
h
a
p
e
 o
f 
a 
b
o
w
,
 w
i
t
h
 

w
a
t
e
r
 c
lo
se
r 
to

 t
he
 s
u
r
f
a
c
e
 i
n 
th
e 
m
i
d
d
l
e
 o
f
 a
 H
a
t
 s
it
e.

 

A
 f
u
n
d
a
m
e
n
t
a
l
 p
ri
nc
ip
le
 o
f
 h
yd

ro
lo

gy
, 
Da

r
c
y
'
s
 L
a
w
,
 

st
ip
ul
at
es
 t

ha
t 

th
e 

ra
te

 o
f 
f
l
o
w
 o
f 
a 
h
o
m
o
g
e
n
e
o
u
s
 f

lu
id

 

th
ro

ug
h 
a 
sa
tu
ra
te
d 
p
o
r
o
u
s
 m
e
d
i
u
m
 i

s 
d
e
t
e
r
m
i
n
e
d
 b
y
 t
he

 

p
r
e
s
s
u
r
e
 
g
r
a
d
i
e
n
t
,
 

v
i
s
c
o
s
i
t
y
 
o
f
 
th
e 

fl
ui
d,
 
a
n
d
 
t
h
e
 

m
e
d
i
u
m
'
s
 u
ni

t 
pe
rm
ea
bi
li
ty
 (
th
e 
sa
tu
ra
te
d 
hy

dr
au

li
c 
c
o
n
 

du
ct

iv
it

y,
 K
sa

l)
. 
w
h
i
c
h
 i

s 
a 
co

ns
ta

nt
 p
ro

pe
rt

y 
o
f
 a
 p
hy

si
 

ca
ll
y 
a
n
d
 
c
h
e
m
i
c
a
l
l
y
 
st
ab
le
 
m
e
d
i
u
m
.
 
In
 
D
a
r
c
y
'
s
 
L
a
w
,
 

Ks
at
 
d
o
e
s
 
n
o
t
 
c
h
a
n
g
e
 
w
i
i
h
 
di
st
an
ce
 
tr
av
el
le
d 

in
 
th

e 

m
e
d
i
u
m
,
 
ti

me
 o

r 
th
e 

pr
es

su
re

 
gr
ad
ie
nt
. 

In
 
th
e 
ca

se
 o
f
 

pe
at
, 
h
o
w
e
v
e
r
,
 
K,
a,
 
h
a
s
 
b
e
e
n
 
f
o
u
n
d
 
to

 c
h
a
n
g
e
 w
i
t
h
 
th

e 



1
5
4
 

l
e
n
g
t
h
 o
f
 t
he
 m
e
d
i
u
m
 t
r
a
v
e
r
s
e
d
,
 w
i
t
h
 t
i
m
e
 a
n
d
 w
i
t
h
 t
he
 

p
r
e
s
s
u
r
e
 
gr
ad

ie
nt

. 
In
 
a
 
fi

el
d 
e
x
p
e
r
i
m
e
n
t
 
w
i
t
h
 
s
e
e
p
a
g
e
 

tu
be
s,
 
Ks
al
 
o
f
 p
e
a
l
 
w
a
s
 f
o
u
n
d
 b
y
 
G
a
l
v
i
n
 a
n
d
 H
a
n
r
a
h
a
n
 

(
1
9
6
7
)
 
to
 
v
a
r
y
 
w
i
t
h
 
b
o
t
h
 
l
i
m
e
 a
n
d
 
p
r
e
s
s
u
r
e
 
gr

ad
ie

nt
s,

 

w
i
l
h
i
n
 r
el
ev
an

t 
li
mi
ts
, 

fo
r 
u
p
 l

o 
7
 m
o
n
t
h
s
.
 T
h
e
y
 a

tt
ri

b 

ut
ed

 t
he
se
 a
n
d
 o
th
er
 a
n
o
m
a
l
i
e
s
,
 s
u
c
h
 a
s 
th
e 
r
e
d
u
c
t
i
o
n
 i
n 

e
f
f
e
c
t
i
v
e
n
e
s
s
 o
f
 d
r
a
i
n
s
 
d
e
e
p
e
r
 t
h
a
n
 
1.

1 
m
,
 t
o 
e
n
t
r
a
p
p
e
d
 

ai
r.
 H
o
w
e
v
e
r
,
 a
ir

 d
o
c
s
 n
o
t
 o
c
c
u
r
 i
n
 d
e
e
p
 a
n
a
e
r
o
b
i
c
 l
a
y
e
r
s
.
 

R
y
c
r
o
f
t
 c

t 
al

. 
(
1
9
7
5
a
,
b
)
 
o
b
s
e
r
v
e
d
 
th
e 
s
a
m
e
 d
ev
ia
ti
on
s 

f
r
o
m
 D
a
r
c
y
'
s
 L
a
w
 i

n 
th

ei
r 
o
w
n
 
e
x
p
e
r
i
m
e
n
t
s
.
 N
o
n
e
t
h
e
 

le
ss
, 
R
y
c
r
o
f
t
 c
t 
a!
. 
(
1
9
7
5
b
)
 a
n
d
 D
a
i
 a
n
d
 S
p
a
r
l
i
n
g
 (
1
9
7
3
)
 

n
o
t
e
d
 t
ha
t 
th
e 
c
h
a
n
g
e
 i
n 

KS
il
[ 
w
i
t
h
 t
i
m
e
 w
a
s
 l
i
m
i
t
e
d
 m
a
i
n
 

ly
 t
o 
2
0
 m
i
n
 i
n 
a 
s
e
e
p
a
g
e
 t
u
b
e
 a
n
d
 i
n 
a 
ca

vi
ty

, 
a
n
d
 s
h
o
u
l
d
 

t
h
e
r
e
f
o
r
e
 b
e
 i
g
n
o
r
e
d
.
 

I
n
g
r
a
m
 
ct
 a

!.
 
(
1
9
7
4
)
 a
n
d
 
R
y
c
r
o
f
t
 c
t 
a
l
 
(
1
9
7
5
b
)
 
r
e
a
 

s
o
n
e
d
 t

ha
t 
h
u
m
i
f
i
e
d
 p
ea

t
 d
o
c
s
 n
o
t
 a
l
w
a
y
s
 c
o
m
p
l
y
 w
i
l
h
 

D
a
r
c
y
'
s
 L
a
w
 b
e
c
a
u
s
e
 t
h
e
 p
ea
t,
 b
e
i
n
g
 a
n
 u
n
s
t
a
b
l
e
 m
e
d
i
u
m
 

th
at

 c
h
a
n
g
e
s
 i

ts
 p
or

os
it

y,
 d
o
e
s
 n
o
t
 m
e
e
t
 d
ie
 r
e
q
u
i
r
e
m
e
n
t
s
 

o
f
 t
ha

t 
l
a
w
.
 T
h
i
s
 c
o
n
t
e
n
t
i
o
n
,
 h
o
w
e
v
e
r
,
 
h
a
d
 b
e
e
n
 
f
o
u
n
d
 

ea
rl

ie
r 
b
y
 E
g
g
l
c
s
m
a
n
n
 
a
n
d
 
M
a
k
c
l
a
 
(
1
9
6
4
)
 
to

 b
e
 
fa
ls
e,
 

a
l
t
h
o
u
g
h
,
 a
s 
e
x
p
e
c
t
e
d
,
 h
u
m
i
f
i
e
d
 p
ea
ts
, 
b
e
i
n
g
 c
o
m
p
o
s
e
d
 

o
f
 f
in

er
 p
ar
ti
cl

es
, 
t
e
n
d
 t
o 
h
a
v
e
 l
o
w
e
r
 K
s
a
i
 v
a
l
u
e
s
 t
h
a
n
 t
he
 

co
ar
se
r,
 u
n
d
e
c
o
m
p
o
s
c
d
 p
ea

t;
 t
hi
s 
f
o
l
l
o
w
s
 t
h
e 
a
n
a
l
o
g
y
 o
f
 

th
e 
di
ff
er
en
ce

 b
e
t
w
e
e
n
 f
in
e 
cl

ay
 a
n
d
 c
o
a
r
s
e
 s
an

d.
 A
s
 t
he
 

o
l
d
e
r
 a
n
d
 d
e
e
p
e
r
 l
a
y
e
r
s
 c
l
o
s
e
r
 t
o
 t
h
e
 m
i
n
e
r
a
l
 s
u
b
s
t
r
a
t
u
m
 

w
i
t
h
i
n
 a
 p
c
a
t
l
a
n
d
 t
en

d
 t
o 
b
e
 m
o
r
e
 h
u
m
i
f
i
e
d
,
 t

he
ir

 d
ev
i 

at
io
n 

f
r
o
m
 
D
a
r
c
y
'
s
 L
a
w
 
w
a
s
 
a
s
c
r
i
b
e
d
 
to

 
h
u
m
i
f
i
c
a
t
i
o
n
 

a
n
d
,
 r
ec
en
tl
y 
(
H
c
m
o
n
d
 a
n
d
 G
o
l
d
m
a
n
 1
9
8
5
)
,
 l
o 
st

re
ss

 a
n
d
 

c
o
m
p
r
e
s
s
i
o
n
 r
es
ul
ti
ng
 f
r
o
m
 t
he
 b
u
r
d
e
n
 o
f
 o
v
e
r
l
y
i
n
g
 p
e
a
l
 

a
n
d
 t

he
 w
e
i
g
h
t
 o
f
 d
ie
 o
p
e
r
a
t
o
r
s
 o
f
 t
he
 m
e
a
s
u
r
e
m
e
n
t
 i
n 

s
t
r
u
m
e
n
t
s
.
 
H
o
w
e
v
e
r
,
 G
a
l
v
i
n
 
a
n
d
 H
a
n
r
a
h
a
n
 
(
1
9
6
7
)
 
h
a
d
 

s
t
r
e
s
s
e
d
 
ea

rl
ie

r 
th

at
 
c
o
m
p
r
e
s
s
i
o
n
 
o
f
 
th
e 
d
e
e
p
e
r
 
la

ye
rs

 

c
o
u
l
d
 n
o
t
 h
a
v
e
 b
e
e
n
 a
 f
ac
to
r 
in

 t
h
e
 c
a
s
e
 o
f
 a
 4
.
0
6
-
m
-
d
e
e
p
 

l
a
y
e
r
 
o
f
 
p
e
a
t
 
s
u
p
e
r
s
a
t
u
r
a
t
e
d
 
w
i
t
h
 
w
a
t
e
r
 
(
8
0
%
 
b
y
 

v
o
l
u
m
e
)
,
 a
s 
w
a
t
e
r
 i

s 
i
n
c
o
m
p
r
e
s
s
i
b
l
e
.
 
A
s
 w
el

l,
 U
 s
h
o
u
l
d
 

b
e
 r
e
m
e
m
b
e
r
e
d
 t

ha
t 
K
s
a
l
 o
f
 a
 m
i
n
e
r
a
l
 
so

il
, 
w
i
t
h
i
n
 
re

le
 

v
a
n
t
 l
im

it
s,

 d
o
e
s
 n
o
t
 c
h
a
n
g
e
 w
i
l
h
 d
e
p
t
h
 o
r 
ti

me
. 
T
h
e
 v
ar

i 

at
io
n
 o
f
 K
s
a
t
 w
i
t
h
 t
i
m
e
 i
n 
l
a
b
o
r
a
t
o
r
y
 c
o
l
u
m
n
s
 o
f
 p
e
a
l
 w
a
s
 

s
u
s
p
e
c
t
e
d
 
to

 b
e
 
a 

re
su
lt
 o
f
 p
l
u
g
g
i
n
g
 
o
f 
s
o
m
e
 p
o
r
e
s
 
b
y
 

m
i
c
r
o
b
i
a
l
 
b
o
d
i
e
s
 
a
n
d
 d

et
ri

tu
s 

(s
ee

 
I
n
g
r
a
m
 
el

 a
l.

 
1
9
7
4
;
 

R
y
c
r
o
f
t
 c
t 

al
. 
19
75
a,
b)
, 
b
u
t
 d
ii
s 
c
o
u
l
d
 n
o
t
 b
e
 c
o
n
f
i
r
m
e
d
 

c
o
n
c
l
u
s
i
v
e
l
y
 b
y
 a
t
t
e
m
p
t
s
 t
o 
st

er
il

iz
e 
th
e 
p
e
a
l
 w
i
t
h
 C
u
 o
r 

f
o
r
m
a
l
d
e
h
y
d
e
,
 
as
 
th
es
e 

t
re

a
t
me

n
t
s 

c
o
u
l
d
 
h
a
v
e
 
c
a
u
s
e
d
 

oi
li

er
 a
lt
er
at
io

ns
 a
s 
we
ll
. 

A
n
o
t
h
e
r
 i
nt

er
es

ti
ng

 a
n
o
m
a
l
y
 w
a
s
 w
e
l
l
 d
o
c
u
m
e
n
t
e
d
 b
y
 

S
t
e
w
a
r
t
 a
n
d
 L
a
n
c
e
 (
1
9
8
3
)
 i

n 
a
 s
t
u
d
y
 i

n 
th
e 
P
c
n
n
i
n
e
s
 i

n 

E
n
g
l
a
n
d
.
 T
h
e
y
 o
b
s
e
r
v
e
d
 t
ha

i 
th
e 
m
a
i
n
 r
ol
e 
o
f
d
i
 t
ch

es
 w
a
s
 

to
 r
e
m
o
v
e
 
r
u
n
o
f
f
 f
r
o
m
 
s
u
r
f
a
c
e
 l
a
y
e
r
s
 b
e
f
o
r
e
 
th
e 
w
a
t
e
r
 

w
e
n
t
 t
h
r
o
u
g
h
 t
h
e
 u
s
u
a
l
 b
o
w
-
s
h
a
p
e
d
 w
a
t
e
r
 t
ab
le
 b
e
t
w
e
e
n
 

di
tc
he
s,
 s
o
 t
ha

t,
 a
ft
er
 r
un
of
f,
 t
he
 w
a
t
e
r
 t
ab

le
 i
n 
u
p
 t
o 
9
0
%
 

o
f
 t
he
 d
i
t
c
h
e
d
 a
r
e
a
 w
a
s
 a

t 
th
e 
s
a
m
e
 
le
ve
l 
a
s
 
in

 t
he
 u
n
-

d
i
t
c
h
e
d
 a
r
e
a
.
 

F
a
c
e
d
 
w
i
t
h
 
t
h
e
s
e
 
b
a
f
f
l
i
n
g
 
a
n
o
m
a
l
i
e
s
 
a
n
d
 
o
t
h
e
r
 c
o
n
 

fl
ic

ti
ng

 
o
b
s
e
r
v
a
t
i
o
n
s
 
a
n
d
 
e
x
p
l
a
n
a
t
i
o
n
s
 
(e
.g
.,
 
B
o
c
l
t
e
r
 

1
9
6
5
,
 
S
t
u
r
g
e
s
 
1
9
6
8
,
 
K
o
r
p
i
j
a
a
k
o
 
a
n
d
 
R
a
d
f
o
r
t
h
 
1
9
7
2
,
 

P
a
i
v
a
n
e
n
 1
9
7
3
,
C
h
a
s
o
n
a
n
d
S
i
c
g
e
l
 1
9
8
6
)
,
G
c
o
r
g
c
(
1
9
7
5
)
 

a
n
d
 o
th
er
s 
h
a
v
e
 e
x
p
r
e
s
s
e
d
 t
he
 n
e
e
d
 f
or
 a
 n
e
w
 c
o
n
c
e
p
t
 o
f
 

t
h
e
 p
c
a
i
-
w
a
t
c
r
 s
y
s
t
e
m
.
 

W
e
 
b
e
l
i
e
v
e
 
th

at
 
a 

se
ri

es
 
o
f
 
st
ud
ie
s 
b
y
 
a 
g
r
o
u
p
 
o
f
 

C
a
n
a
d
i
a
n
 s
ci

en
ti

st
s 
p
r
o
v
i
d
e
s
 t
he
 b
as

is
 f
or
 a
 f
ea
si

bl
e 
n
e
w
 

c
o
n
c
e
p
l
 o
f
 p
c
a
i
i
a
n
d
 h
y
d
r
o
l
o
g
y
.
 T
h
e
 f
o
l
l
o
w
i
n
g
 s
ec

ti
on

s 

o
u
t
l
i
n
e
 t
h
e
s
e
 s
tu
di
es
. 

S
t
u
d
y
 
1 
(
M
a
t
h
u
r
a
n
d
 
L
e
v
e
s
q
u
e
 1
9
8
5
)
 

A
l
l
 
v
i
s
u
a
l
l
y
 
d
i
s
c
e
r
n
i
b
l
e
 
la
ye
rs
 
in
 
a 
C
o
u
t
e
a
u
x
 
c
o
r
e
 

(
C
o
u
t
e
a
u
x
 1
9
6
2
)
 f
r
o
m
 t
he
 s
ur
fa
ce
 t
o 
a
 d
e
p
t
h
 o
f
 2
0
 c
m
 i
n 

t
w
o
 r
ep
re
se
nt
at
iv
e 
a
r
e
a
s
 i
n 
e
a
c
h
 o
f
 e
ig

ht
 v
ir
gi
n 
p
e
a
t
l
a
n
d
s
 

w
e
r
e
 m
e
a
s
u
r
e
d
 a
n
d
 s
a
m
p
l
e
d
.
 T
h
e
 s
a
m
p
l
e
s
 w
e
r
e
 a
n
a
l
y
z
e
d
 

b
y
 s
t
a
n
d
a
r
d
 m
e
t
h
o
d
s
 t
o 
ch
ar
ac
te
ri
ze
 t
he

ir
 s
ta

te
 o
f
 h
u
m
i
f
i
 

ca
ti
on
 
(
T
a
b
l
e
 
1)

. 
W
e
i
g
h
t
e
d
 
m
e
a
n
s
 
w
e
r
e
 c
al

cu
la

te
d 

fo
r 

e
a
c
h
 p
r
o
p
e
r
t
y
 f
or
 v
a
r
i
o
u
s
 d
e
p
t
h
s
.
 

T
h
e
 a
u
g
e
r
-
h
o
l
e
 m
e
t
h
o
d
 o
f
 v
a
n
 B
e
e
r
s
 (
1
9
8
3
)
 w
a
s
 u
s
e
d
 

to
 m
e
a
s
u
r
e
 K
sa
, 
o
f
 t
hr

ee
 p
e
a
l
 l
ay

er
s 
(0
 t
o 
6
0
,
0
 t
o 
1
0
0
,
 a
n
d
 

0
 t
o 
1
2
5
 c
m
 d
e
e
p
)
 s
ep
ar
at
el
y,
 a
t 
1
0
 h
o
l
e
s
 f
or
 e
a
c
h
 d
e
p
t
h
 

(
T
a
b
l
e
 1

).
 T
h
e
 w
a
t
e
r
 t
ab
le
s 
w
e
r
e
 w
i
t
h
i
n
 2
 t
o 
1
0
 c
m
 o
f
 L
h
c
 

s
u
r
f
a
c
e
 d
u
r
i
n
g
 t
h
e
 m
e
a
s
u
r
e
m
e
n
t
s
.
 

A
t
 
s
e
v
e
n
 
o
f
 t

he
 
ei

gh
t 

pe
at

la
nd

s,
 
K5
a,
 
w
a
s
 
f
o
u
n
d
 
to
 

d
e
c
r
e
a
s
e
 
re
gu
la
rl
y 

w
i
t
h
 
de
pt
h,
 
a
l
t
h
o
u
g
h
 
th
e 

st
al

e 
o
f
 

h
u
m
i
f
i
c
a
i
i
o
n
 
i
n
c
r
e
a
s
e
d
 
w
i
t
h
 
d
e
p
t
h
 
at

 
o
n
l
y
 
o
n
e
 
o
f
 
th

e 

ei
gh

t 
si

te
s 
(
T
a
b
l
e
 
1)

. 
M
u
l
t
i
p
l
e
 
li
ne
ar
 r
eg
re
ss
io
n
 (
M
L
R
)
 

a
n
a
l
y
s
i
s
 
r
e
v
e
a
l
e
d
 
si
gn
if
ic
an
t 
n
e
g
a
t
i
v
e
 c
o
r
r
e
l
a
t
i
o
n
s
 (
P
 =
 

0
.
9
9
)
 b
e
t
w
e
e
n
 d
e
p
t
h
 a
n
d
 K
s
a
t
 a
n
d
 a
 g
e
n
e
r
a
l
 l
a
c
k
 o
f
 c
o
r
r
e
 

la
ti
on
 o
f
 d
e
p
t
h
 o
r
 K
s
a
[
 w
i
l
h
 p
r
o
p
e
r
t
i
e
s
 r
e
l
a
t
e
d
 t
o 
t
h
e
 s
ta

te
 

o
f
 h
u
m
i
f
i
c
a
t
i
o
n
.
 

T
h
e
 g
e
o
m
e
t
r
i
c
 m
e
a
n
 K
sa
t 
v
a
l
u
e
s
 o
f
 t
he
 0
 t
o 
6
0
 c
m
,
 0
 l
o 

1
0
0
 c
m
,
 a
n
d
 0
 t
o 
1
2
5
 c
m
 
d
e
e
p
 l
ay

er
s 

at
 t

he
 e
ig
ht
 s
it
es
 

w
e
r
e
 5
.3
9,
3.
16
 a
n
d
 2
.3

2 
m
 d
"1

, 
re

sp
ec

ti
ve

ly
. 

It
 c
an
 b
e 
in
 

fe
rr

ed
 f
r
o
m
 t
he

se
 v
a
l
u
e
s
 d
ia

t 
th
e 
6
0
 t
o 
1
0
0
 c
m
 a
n
d
 1
0
0
 t
o 

1
2
5
 c
m
 l
ay
er
s 
w
e
r
e
 n
ea
rl
y 
i
m
p
e
r
v
i
o
u
s
 t
o 
wa
te
r,
 b
u
t
 t

hi
s 

w
a
s
 
n
o
t
 
tr
ue
. 
N
e
v
e
r
t
h
e
l
e
s
s
,
 
t
h
e
 
d
a
t
a
 c
o
u
l
d
 
n
o
t
 
b
e
 
e
x
 

p
l
a
i
n
e
d
 b
y
 a
n
y
 k
n
o
w
n
 c
o
n
c
e
p
l
 i
n 
p
c
a
t
l
a
n
d
 h
y
d
r
o
l
o
g
y
.
 I

t 

w
a
s
 t
h
e
r
e
f
o
r
e
 p
r
o
p
o
s
e
d
 t
ha

t 
m
e
t
h
a
n
e
,
 p
r
o
d
u
c
e
d
 a
n
d
 p
r
e
s
 

e
n
t
 a

t 
l
o
w
e
r
 
d
e
p
t
h
s
 
in
 
t
h
e
 
p
e
a
t
l
a
n
d
s
,
 
w
a
s
 
s
u
b
j
e
c
t
e
d
 
to
 

pr
es
su
re
, 
co
nc
en
tr
at
io
n,
 t
e
m
p
e
r
a
t
u
r
e
,
 a
n
d
 d
e
n
s
i
t
y
 g
ra
di
 

e
n
t
s
 w
h
e
n
 a
n
 a
ir
-f
il
le
d 
c
a
v
i
t
y
 w
a
s
 c
r
e
a
t
e
d
 f
or
 t
h
e
 p
u
r
p
o
s
e
 

o
f
 t
a
k
i
n
g
 
t
h
e
 
K
s
a
i
 m
e
a
s
u
r
e
m
e
n
t
s
,
 
a
s
 w
o
u
l
d
 a
l
s
o
 h
a
p
p
e
n
 

n
e
a
r
 i
nt
er
fa
ce
s 
b
e
t
w
e
e
n
 d
e
e
p
 w
a
t
e
r
 a
n
d
 t
h
e
 a
t
m
o
s
p
h
e
r
e
 

in
 t
h
e
 v
ic
in
it
y 
o
f
 d
e
e
p
 d
r
a
i
n
s
 
a
n
d
 d
it
ch
es
. 
T
h
e
 e
v
o
l
v
e
d
 

g
a
s
 b
u
b
b
l
e
s
 b
l
o
c
k
 
p
o
r
e
 
s
p
a
c
e
s
 a
s
 a
 r

es
ul
t 
o
f
 t
h
e
 J
a
m
i
n
 

ef
fe

ct
, 

w
h
i
c
h
 
h
i
n
d
e
r
s
 
w
a
t
e
r
 
m
o
v
e
m
e
n
t
.
 
O
r
l
o
b
 
a
n
d
 

R
a
d
h
a
k
r
i
s
h
n
a
 (
1
9
5
8
)
 s
h
o
w
e
d
 t
ha

t 
a 
1
0
%
 l

ev
el

 o
f
 i
ns

ol
 

u
b
l
e
 g
a
s
 i
n 
a
 m
i
x
t
u
r
e
 w
i
l
h
 w
a
t
e
r
 c
a
n
 c
ur

ta
il

 p
e
r
m
e
a
b
i
l
i
t
y
 



1
5
5
 

T
a
b
l
e
 1

. 
P
r
o
p
e
r
t
i
e
s
 o

f 
t
h
e
 t
h
r
e
e
 l
a
y
e
r
s
 a

t 
t
h
e
 
ei

gh
t 

si
te
s 

in
 S
t
u
d
y
 1
a
 

F
o
r
 e
a
c
h
 p
ro

pe
rt

y 
at

 a
 s

it
e,

 v
a
l
u
e
s
 n
ot
 f
o
l
l
o
w
e
d
 b
y
 a
n
y
 l

et
te

r 
or
 f
ol

lo
we

d 
b
y
 t
he

 s
a
m
e
 l

et
te

r 
ar

e 
no
t 

si
gn

if
ic

an
tl

y 

di
ff
er
en
t 

at
 
P
 =
 
0
.
0
5
 
(
D
u
n
c
a
n
'
s
 n
e
w
 m
u
l
t
i
p
l
e
-
r
a
n
g
e
 t

es
t)
. 

a 
S
o
u
r
c
e
:
 
M
a
t
h
u
r
 a
n
d
 
L
e
v
e
s
q
u
e
 (
1
9
8
5
)
 



1
5
G
 

o
f
 
e
v
e
n
 
a
 
h
o
m
o
g
e
n
e
o
u
s
 
s
a
n
d
y
 
m
e
d
i
u
m
 
b
y
 
3
5
%
.
 
T
h
e
 

ef
fe

ct
 
s
h
o
u
l
d
 
b
e
 
m
u
c
h
 
g
r
e
a
t
e
r
 
t
h
a
n
 
3
5
%
 
w
h
e
n
 
t
h
e
 

m
e
d
i
u
m
 i
s 
n
o
n
h
o
m
o
g
e
n
c
o
u
s
,
 l
ik

e 
pe
at
, 
a
n
d
 t
h
e 
g
a
s
 i
s 
u
n
 

d
e
r
 c
o
n
s
i
d
e
r
a
b
l
e
 h
y
d
r
o
s
t
a
t
i
c
 p
r
e
s
s
u
r
e
.
 

T
h
i
s
 p
r
o
p
o
s
e
d
 r
ol
e 
fo
r 
m
e
t
h
a
n
e
 i
n 
p
e
a
t
l
a
n
d
 h
y
d
r
o
l
o
g
y
 

r
e
s
o
l
v
e
s
 
s
e
v
e
r
a
l
 
a
n
o
m
a
l
i
e
s
 
r
e
c
o
r
d
e
d
 
in

 
t
h
e
 
li
te
ra
tu
re
, 

w
h
e
r
e
 K
s
a,
 v
a
r
i
e
d
 w
i
t
h
 t
i
m
e
,
 d
e
p
t
h
 a
n
d
 h
y
d
r
a
u
l
i
c
 h
e
a
d
.
 

T
h
e
 
p
r
o
p
o
s
e
d
 
e
x
p
l
a
n
a
t
i
o
n
 
d
i
d
 
n
o
t
 
i
n
c
l
u
d
e
 a
 s
i
g
n
i
f
i
c
a
n
t
 

r
o
l
e
 f
o
r
 C
O
2
 a
n
d
 H
2
S
,
 a
l
s
o
 p
r
o
d
u
c
e
d
 a
t 
d
e
p
t
h
.
 B
e
c
a
u
s
e
 o
f
 

th
ei

r 
h
i
g
h
 
so
lu

bi
li

ty
 
a
n
d
 
i
o
n
i
z
a
t
i
o
n
 
in

 
w
a
t
e
r
,
 
C
O
2
 a
n
d
 

H
2
S
 e
q
u
i
l
i
b
r
a
t
e
 i
n 
i
h
e
 w
a
t
e
r
 l
a
y
e
r
s
 m
u
c
h
 m
o
r
e
 U
i
a
n
 d
o
e
s
 

m
e
t
h
a
n
e
.
 

T
h
e
 n
e
w
 h
y
p
o
t
h
e
s
i
s
 f
a
c
e
d
 t
h
r
e
e
 m
a
i
n
 q
u
e
s
t
i
o
n
s
:
 (
1
)
 I
s 

m
e
t
h
a
n
e
 
a
c
t
u
a
l
l
y
 
p
r
o
d
u
c
e
d
 
in

 
t
h
e
 
a
n
a
e
r
o
b
i
c
 
l
a
y
e
r
s
 
o
f
 

p
c
a
l
l
a
n
d
s
 
e
v
e
n
 
u
n
d
e
r
 
t
h
e
 
p
r
e
v
a
i
l
i
n
g
 
c
o
l
d
 
a
n
d
 
h
i
g
h
l
y
 

a
c
i
d
i
c
 
c
o
n
d
i
t
i
o
n
s
,
 
s
i
n
c
e
 
n
o
 
k
n
o
w
n
 
p
u
r
e
 
c
u
l
t
u
r
e
s
 
o
f
 

m
e
t
h
a
n
o
g
e
n
i
c
 b
a
c
t
e
r
i
a
 a
r
e
 a
c
i
d
o
p
h
i
l
o
u
s
 o
r
 c
o
l
d
-
l
o
v
i
n
g
?
 

(2
) 
A
r
e
 
l
o
w
e
r
 
p
e
a
t
 
la
ye
rs
 
r
ic
he
r 

in
 
d
i
s
s
o
l
v
e
d
 
a
n
d
/
o
r
 

g
a
s
e
o
u
s
 m
e
t
h
a
n
e
 
t
h
a
n
 
t
h
e
 
s
u
r
f
a
c
e
 
w
a
t
e
r
s
 
o
f
 p
c
a
t
l
a
n
d
s
?
 

a
n
d
 (
3
)
 C
a
n
 i

t 
b
e
 s
h
o
w
n
 t
ha

t 
m
e
t
h
a
n
e
 b
u
b
b
l
e
s
 i
n
f
l
u
e
n
c
e
 

w
a
t
e
r
 m
o
v
e
m
e
n
t
 
n
e
a
r
 a
t
m
o
s
p
h
e
r
i
c
 
i
n
t
e
r
f
a
c
e
s
?
 
T
h
e
 
fo
l 

l
o
w
i
n
g
 
t
h
r
e
e
 
s
t
u
d
i
e
s
 
w
e
r
e
 
c
o
n
d
u
c
t
e
d
 
in

 
a
n
 
a
t
t
e
m
p
t
 
to
 

a
n
s
w
e
r
 
t
h
e
s
e
 
q
u
e
s
t
i
o
n
s
 
a
f
t
e
r
 
a
 
p
r
o
b
e
 
w
a
s
 
d
e
s
i
g
n
e
d
 
f
o
r
 

c
o
l
l
e
c
t
i
n
g
 w
a
t
e
r
 a
n
d
 g
a
s
 s
a
m
p
l
e
s
 f
r
o
m
 s
p
e
c
i
f
i
c
 p
e
a
t
l
a
n
d
 

l
a
y
e
r
s
.
 

S
t
u
d
y
 2
 (
D
i
n
e
l
e
t
a
l
.
 
1
9
8
8
)
 

D
o
u
b
l
e
-
j
a
c
k
e
t
e
d
 t
u
b
u
l
a
r
 p
r
o
b
e
s
 o
f
 s
t
a
i
n
l
e
s
s
 s
te
el
, 
w
i
t
h
 

t
h
e
 o
u
t
e
r
 j
a
c
k
c
i
c
o
n
t
a
i
n
i
n
g
 a
n
 o
p
e
n
 s
i
d
e
 w
i
n
d
o
w
 a
n
d
 a
r
c
-

t
r
a
c
t
a
b
l
e
 i
n
n
e
r
 t
u
b
e
 (
p
l
u
n
g
e
r
)
 f
it

te
d 
w
i
t
h
 a
 r
u
b
b
e
r
 O
-
r
i
n
g
,
 

w
e
r
e
 b
u
i
l
t
 a
n
d
 u
s
e
d
 t
o
 s
a
m
p
l
e
 u
n
a
r
t
c
f
a
c
t
c
d
 w
a
t
e
r
 a
n
d
 g
a
s
 

f
r
o
m
 
l
a
y
e
r
s
 
4
0
 
t
o 
6
0
 
c
m
,
 
9
0
 
to

 
1
1
0
 
c
m
,
 
a
n
d
 
1
2
5
 
to
 

1
4
5
 c
m
 b
e
n
e
a
t
h
 t
he
 s
u
r
f
a
c
e
 o
f
 w
a
t
e
r
l
o
g
g
e
d
 p
e
a
t
 i
n 
t
w
o
 

b
a
s
i
n
 
s
w
a
m
p
s
 
at

 
s
i
m
i
l
a
r
 
si
te
s.
 
S
a
m
p
l
e
s
 
w
e
r
e
 
c
o
l
l
e
c
t
e
d
 

p
e
r
i
o
d
i
c
a
l
l
y
 
f
o
r
 u
p
 
to

 
2
 
hr
, 
e
a
c
h
 
t
i
m
e
 
i
n 
e
v
a
c
u
a
t
e
d
 
g
a
s
 

b
ot
t
le
s
, 
w
i
t
h
 t
h
e
 O
-
r
i
n
g
 o
n
 t
h
e
 p
l
u
n
g
e
r
 a
c
t
i
n
g
 ;

is
 a
 s
e
a
l
 i
n 

t
h
e
 
w
i
t
h
d
r
a
w
n
 p
o
s
i
t
i
o
n
 
a
f
t
e
r
 
t
i
m
e
 
z
e
r
o
.
 
T
h
e
 
g
a
s
e
s
 
c
o
l
 

l
e
c
t
e
d
 w
e
r
e
 m
e
a
s
u
r
e
d
 b
y
 m
e
a
n
s
 o
f
 g
a
s
 c
h
r
o
m
a
i
o
g
r
a
p
h
y
.
 

T
h
e
 q
ua
nt
it

ie
s 
o
f
 m
e
i
l
i
a
n
e
 a
n
d
 c
a
r
b
o
n
 d
i
o
x
i
d
e
 e
v
o
l
v
e
d
 

w
e
r
e
 
f
o
u
n
d
 
to
 
i
n
c
r
e
a
s
e
 w
i
t
h
 d
e
p
t
h
 a
n
d
 t
o
 d
e
c
r
e
a
s
e
 w
i
t
h
 

l
i
m
e
.
 T
h
e
 m
e
t
h
a
n
e
,
 b
u
t
 n
o
t
 t
h
e
 c
a
r
b
o
n
 d
i
o
x
i
d
e
,
 e
v
o
l
v
e
d
 

f
r
o
m
 d
e
e
p
e
r
 l
ay
er
s 
w
a
s
 t
o
o
 a
b
u
n
d
a
n
t
 t
o 
b
e
 d
i
s
s
o
l
v
e
d
 i
n 

al
l 
t
h
e
 w
a
t
e
r
 t
h
a
t
 t
h
e
 s
a
m
p
l
e
 p
r
o
b
e
 c
o
u
l
d
 h
o
l
d
.
 T
h
e
 f
ac

t 

th
ii
l 
m
o
s
t
 o
f
 t
h
e
 m
e
t
h
a
n
e
 e
v
o
l
v
e
d
 w
i
t
h
i
n
 m
i
n
u
t
e
s
 o
f
 e
x
 

p
o
s
u
r
e
 t
o 
a
t
m
o
s
p
h
e
r
i
c
 p
r
e
s
s
u
r
e
 i
n
d
i
c
a
t
e
d
 t
ha

t 
t
h
e
 g
a
s
 w
a
s
 

t
r
a
p
p
e
d
 i
n 
a 
p
r
e
s
s
u
r
i
z
e
d
 s
ta

le
. 

T
h
e
 r
es

ul
ts
 o
f
 t
hi
s 
s
t
u
d
y
 s
h
o
w
e
d
 t
ha

t 
d
e
e
p
 l
ay
er
s 
o
f
 t
he
 

p
e
a
t
l
a
n
d
 w
a
t
e
r
 h
e
l
d
 t
r
a
p
p
e
d
 
(
o
c
c
l
u
d
e
d
)
 
a
n
d
 p
r
e
s
s
u
r
i
z
e
d
 

g
a
s
e
o
u
s
 m
e
t
h
a
n
e
,
 o
r
 w
e
r
e
 s
u
p
e
r
s
a
t
u
r
a
t
e
d
 (
o
n
 t
h
e
 b
a
s
i
s
 o
f
 

1 
a
t
m
)
 
w
i
t
h
 
d
i
s
s
o
l
v
e
d
 
m
e
t
h
a
n
e
,
 
o
r
 
b
o
t
h
.
 
T
h
e
 
d
e
e
p
e
r
 

la
ye
rs
 w
e
r
e
 r
ic
ii
cr
 i
n 
m
e
t
h
a
n
e
 t
h
a
n
 t
h
e
 l
a
y
e
r
s
 c
l
o
s
e
r
 t
o 
t
h
e
 

su
rf
ac
e.
 

S
l
u
d
y
3
 (
B
r
o
w
n
 e
t
a
l
.
 
1
9
8
9
)
 

In
 t
hi

s 
st
ud
y,
 a
 d
e
t
a
i
l
e
d
 r
e
p
o
r
t
 o
f
 w
h
i
c
h
 i

s 
b
e
i
n
g
 p
r
e
 

p
a
r
e
d
,
 t
h
e
 
i
n
s
t
r
u
m
e
n
t
 s
y
s
t
e
m
 d
e
s
c
r
i
b
e
d
 a
b
o
v
e
 w
a
s
 u
s
e
d
 

to
 d
e
t
e
c
t
 a
n
d
 m
e
a
s
u
r
e
 t
h
e
 m
e
t
h
a
n
e
 p
r
e
s
e
n
t
 a
t
 6
0
-
,
 9
0
-
a
n
d
 

1
2
0
-
c
m
 
d
e
p
t
h
s
 
in

 
a
n
 
o
m
b
r
o
t
r
o
p
h
i
c
 
b
o
g
.
 
A
 
M
c
C
a
u
l
e
y
 

s
a
m
p
l
e
r
 w
a
s
 u
s
e
d
 1
0 
o
b
t
a
i
n
 s
a
m
p
l
e
s
 o
f
 t
h
e
 c
o
r
r
e
s
p
o
n
d
i
n
g
 

p
e
a
l
.
 
T
w
e
l
v
e
 s
a
m
p
i
c
s
 o
f
 i
h
c
 p
e
a
t
 w
e
r
e
 i
n
c
u
b
a
t
e
d
 
in
 
t
h
e
 

p
r
e
s
e
n
c
e
 o
f
 C
O
2
 a
n
d
 H
2
 a
i
2
5
°
C
.
 M
e
t
h
a
n
e
 w
a
s
 p
r
o
d
u
c
e
d
 

in
 a
ll

 
t
h
e
 s
a
m
p
l
e
s
 d
e
s
p
i
t
e
 t
h
e
 f
ac

t 
[
h
a
t
 t
h
e
 p
H
 o
f
 t
h
e
 p
e
a
t
 

w
a
s
 b
e
t
w
e
e
n
 3
.
0
4
 a
n
d
 4
.
6
3
.
 T
h
e
 r
at

e 
o
f
 m
e
t
h
a
n
e
 p
r
o
d
u
c
 

ti
on

 i
n 
th
e 
s
a
m
p
i
c
s
 {
0.
80
 l
o 
5.

28
 n
m
o
l
 g
"'
h"
')
 w
a
s
 c
or
re
 

la
te

d 
at
 a
 9
5
%
 c
o
n
f
i
d
e
n
c
e
 l
ev

el
 w
i
t
h
 t
he
 a
m
o
u
n
t
 o
f
 m
e
t
h
 

a
n
e
 
p
r
e
s
e
n
t
 
in

 
.s

it
u 
in

 
t
h
e
 
p
e
a
t
 
l
a
y
e
r
s
.
 
T
h
e
 
r
e
s
u
l
t
s
 
a
l
s
o
 

i
n
d
i
c
a
t
e
d
 
th

at
 
th
e 
m
e
t
h
a
n
e
 
p
r
e
s
e
n
t
 i

n 
si

tu
 
r
e
p
r
e
s
e
n
t
e
d
 

-
1
0
0
 y
e
a
r
s
 o
f
 p
r
o
d
u
c
t
i
o
n
 a
i
2
5
°
C
.
 D
e
l
e
c
t
a
b
l
e
 a
m
o
u
n
t
s
 o
f
 

m
e
t
h
a
n
e
 w
e
r
e
 p
r
o
d
u
c
e
d
 e
v
e
n
 w
h
e
n
 t
h
e
 s
a
m
p
l
e
s
 w
e
r
e
 i

n-

c
u
b
a
i
c
d
a
t
4
o
r
 
1
2
°
C
.
 

T
h
e
 d
a
t
a
 s
u
g
g
e
s
t
 t
h
a
t
 b
a
c
t
e
r
i
a
l
 p
r
o
d
u
c
t
i
o
n
 o
f
 m
e
t
h
a
n
e
 

o
c
c
u
r
s
 
in
 
p
c
a
t
l
a
n
d
s
 
e
v
e
n
 
at
 
l
o
w
 
t
e
m
p
e
r
a
t
u
r
e
 
a
n
d
 
h
i
g
h
 

ac
id

it
y,

 a
n
d
 t
h
a
i
 s
u
b
s
t
a
n
t
i
a
l
 p
o
r
t
i
o
n
s
 o
f
 t
h
e
 g
a
s
 p
r
o
d
u
c
e
d
 

a
r
e
 e
n
l
r
a
p
p
c
d
 a
t 
d
e
p
t
h
 
in
 t
h
e
 p
e
a
d
a
n
d
 
w
a
t
e
r
s
.
 

S
t
u
d
y
 4
 
(
B
u
t
t
l
e
r
,
 
D
i
n
e
l
,
 
L
e
v
e
s
q
u
e
 a
n
d
 
M
a
t
h
u
r
,
 

m
a
n
u
s
c
r
i
p
t
 
I
n
 
p
r
e
p
a
r
a
t
i
o
n
)
 

A
n
 i
n
s
t
r
u
m
e
n
t
 w
a
s
 d
e
s
i
g
n
e
d
 t

o 
co
ll
ec
t 
w
a
t
e
r
 a
n
d
 g
a
s
 

s
i
m
u
l
t
a
n
e
o
u
s
l
y
 f
r
o
m
 
a
 s
p
e
c
i
f
i
c
 p
e
a
t
 l
a
y
e
r
 w
i
t
h
o
u
t
 e
x
p
o
 

s
u
r
e
 t
o 
t
h
e
 a
t
m
o
s
p
h
e
r
e
 d
u
r
i
n
g
 
o
r
 b
e
t
w
e
e
n
 
t
h
e
 s
a
m
p
l
i
n
g
 

p
e
r
i
o
d
s
.
 T
h
e
 r
e
s
u
l
t
s
 s
h
o
w
e
d
 I
h
a
t
e
v
e
n
a
l
l
h
e
4
5
-
t
o
6
0
-
c
m
 

l
a
y
e
r
 
s
t
u
d
i
e
d
,
 
p
r
e
s
s
u
r
i
z
e
d
 
a
n
d
 
o
c
c
l
u
d
e
d
 
m
e
t
h
a
n
e
 
w
a
s
 

p
r
e
s
e
n
t
 h
e
r
e
 a
n
d
 i
h
e
r
e
a
s
 l
a
r
g
e
 a
n
d
 s
m
a
l
l
 b
u
b
b
l
e
s
;
 d
i
e
 r
e 

l
e
a
s
e
 o
f
 i
hi

s 
m
e
t
h
a
n
e
 
i
n
f
l
u
e
n
c
e
d
 
w
a
t
e
r
 m
o
v
e
m
e
n
t
 
va
ri
 

o
u
s
l
y
 b
u
t
 s
i
g
n
i
f
i
c
a
n
t
l
y
.
 

C
O
N
C
L
U
S
I
O
N
S
 

T
h
e
 
r
e
s
u
l
t
s
 
o
f
 
t
h
e
s
e
 
f
o
u
r
 
s
t
u
d
i
e
s
 
i
n
d
i
c
a
t
e
d
 
th
at
 
(a
) 

m
e
t
h
a
n
e
 i
s 
p
r
o
d
u
c
e
d
 b
i
o
l
o
g
i
c
a
l
l
y
 i
n 
a
n
a
e
r
o
b
i
c
 l
a
y
e
r
s
 o
f
 

p
c
a
t
l
a
n
d
s
 e
v
e
n
 i

n 
a
c
i
d
i
c
 a
n
d
 c
o
l
d
 e
n
v
i
r
o
n
m
e
n
t
s
;
 
(b

) 
u
n
 

li
ke

 
t
h
e
 
C
O
2
,
 
t
h
e
 
C
H
4
 
is

 
p
r
e
s
e
n
t
 
u
n
d
e
r
 
s
u
p
e
r
s
a
t
u
r
a
t
e
d
 

c
o
n
d
i
t
i
o
n
s
 i
n 
t
h
e
 s
u
b
s
u
r
f
a
c
e
 w
a
t
e
r
s
 a
n
d
 t
r
a
p
p
e
d
 a
s
 p
r
e
s
 

s
u
r
i
z
e
d
 g
a
s
 b
u
b
b
l
e
s
 a

t 
th
e 
4
5
-

to
 6
0
-
c
m
 d
c
p
d
i
,
 
w
i
t
h
 i

n 

c
r
e
a
s
i
n
g
 
c
o
n
c
e
n
t
r
a
t
i
o
n
s
 
at

 
d
e
e
p
e
r
 
l
e
v
e
l
s
;
 
a
n
d
 
(c
) 

t
h
e
 

o
c
c
l
u
d
e
d
 m
e
t
h
a
n
e
 
i
n
f
l
u
e
n
c
e
s
 t
h
e
 a
bi

li
ty

 o
f
 i
hc
 p
e
a
t
 m
e
 

d
i
u
m
 t
o 
t
r
a
n
s
m
i
t
 w
a
t
e
r
 s
o
 t
ha

t 
th
e 
e
v
o
l
v
e
d
 g
a
s
 b
u
b
b
l
e
s
 a
t 

in
te
rf
ac
es
 
w
i
t
h
 
t
h
e
 
a
t
m
o
s
p
h
e
r
e
 
n
e
a
r
 
w
a
t
e
r
 
ta
bl
es
, 
a
n
d
 

a
r
o
u
n
d
 d
r
a
i
n
s
,
 d
i
t
c
h
e
s
,
 o
r
 e
v
e
n
 t
e
m
p
o
r
a
r
y
 h
o
l
e
s
 m
a
d
e
 f
or

 

m
e
a
s
u
r
e
m
e
n
t
s
,
 
h
i
n
d
e
r
 
w
a
t
e
r
 
m
o
v
e
m
e
n
t
.
 
M
o
r
e
 
s
t
u
d
i
e
s
 

a
r
e
 n
e
e
d
e
d
 t
o 
e
l
a
b
o
r
a
t
e
 t
hi

s 
n
e
w
 c
o
n
c
e
p
t
 a
n
d
 t
o
 e
x
a
m
i
n
e
 



1
5
7
 

If
ic
 m
e
a
n
s
 b
y
 w
h
i
c
h
 t
he
 m
e
t
h
a
n
e
 c
a
n
 b
e
 o
u
t
g
a
s
s
e
d
 b
e
f
o
r
e
 

it
 r
ea
ch
es
 t
he
 d
it

ch
es

 o
r 
dr
ai
ns
, 
so

 a
s 

to
 f

ac
il
it
at

e 
wa

te
r 

m
o
v
e
m
e
n
t
 a
n
d
 i
m
p
r
o
v
e
 d
r
a
i
n
a
g
e
.
 T
h
e
 
m
i
c
r
o
b
i
o
l
o
g
y
 o
f
 

m
c
t
h
a
n
o
g
e
n
s
 i
n 
p
e
a
t
l
a
n
d
s
 s
h
o
u
l
d
 a
l
so

 b
e
 s
tu
di
ed

. 

L
I
T
E
R
A
T
U
R
E
 C
I
T
E
D
 

Bo
cl
ic
r,
 D
.I
. 
1
9
6
5
.
 H
y
d
r
a
u
l
i
c
 c
o
n
d
u
c
t
i
v
i
t
y
 o
f
 p
ea
ts

. 
So
il
 

Sc
i.
 
1
0
0
:
2
2
7
-
2
3
1
.
 

B
r
o
w
n
,
 A
.,

 M
a
i
h
u
r
,
 S
.P
. 
a
n
d
 K
u
s
h
n
e
r
,
 D
J
.
 
1
9
8
9
.
 M
e
t
h
 

a
n
e
 
p
r
o
d
u
c
t
i
o
n
 
in

 
a
n
 o
m
b
r
o
t
r
a
p
h
i
c
 
b
o
g
,
 
M
e
r
 B
l
e
u
c
,
 

O
t
t
a
w
a
.
 G
l
o
b
a
l
 B
i
o
g
c
o
c
h
c
m
.
 C
y
c
l
e
s
 3
:
2
0
5
-
2
1
3
.
 

C
h
a
s
o
n
,
 D
.
B
.
 a
n
d
 S
ic
ge
l,
 D

.I
. 

19
86

. 
H
y
d
r
a
u
l
i
c
 c
o
n
d
u
c
 

ti
vi

ty
 
a
n
d
 
re
la
te
d 

ph
y
si

c
a
l 

pr
op
er
ti
es
 
o
f
 
pe

at
, 

L
o
s
t
 

R
i
v
e
r
 
p
e
a
d
a
n
d
,
 
N
o
r
t
h
e
r
n
 

M
i
n
n
e
s
o
t
a
.
 

So
il
 

Sc
i.

 

1
4
2
:
9
1
-
9
9
.
 

C
o
u
i
c
a
u
x
,
 
M
.
 
19

62
. 

N
o
t
e
s
 
su
r 

le
 
p
r
c
l
c
v
e
m
c
n
t
 
et

 
la

 

p
r
e
p
a
r
a
t
i
o
n
 d
c
 c
er
ta
in
s 
s
e
d
i
m
e
n
t
s
.
 P
o
l
l
e
n
 c
t 
S
p
o
r
e
s
 I
V
 

(
2
)
:
3
1
7
-
3
2
2
.
 

Da
i,

 
T.
S.
 
a
n
d
 
Sp

ar
li

ng
, 

J.
H.
 
19

73
. 

M
e
a
s
u
r
e
m
e
n
t
 
of

 

h
y
d
r
a
u
l
i
c
 
c
o
n
d
u
c
t
i
v
i
t
y
 
o
f
 
pe
at
s.
 
C
a
n
.
 

J.
 
So
il
 
Sc

i.
 

5
3
:
2
1
-
2
6
.
 

Di
ne

l,
 H

.,
 M
a
t
h
u
r
,
 
S.

P.
, 
B
r
o
w
n
,
 A
.
 
a
n
d
 L
e
v
c
s
q
u
e
,
 
M
.
 

1
9
8
8
.
 
A
 f
ie

ld
 s
t
u
d
y
 o
f
 t
he
 e
ff
ec
t 
o
f
 d
e
p
t
h
 o
n
 m
e
t
h
a
n
e
 

pr
od

uc
ti

on
 i
n 
p
e
a
d
a
n
d
 w
at

er
s:

 e
q
u
i
p
m
e
n
t
 a
n
d
 p
re
li
mi
 

n
a
r
y
 r
es
ul
ts
. 

J.
 E
c
o
l
.
 7
6
:
1
0
8
3
-
1
0
9
1
.
 

E
g
g
l
e
s
m
a
n
n
,
 
R.
 
a
n
d
 
M
a
k
c
l
a
,
 
T.

 
19

64
. 

Ei
nf

lu
ss
 
v
o
n
 

E
n
t
w
a
s
s
e
r
u
n
g
 
u
n
d
 
la

nd
wi

rt
sc

ha
fl

ic
hc

r 
N
u
t
z
u
n
g
 
au

f 

di
e 

Du
rc

hl
as

si
gk

ei
t 

de
s 

M
o
o
r
b
o
d
c
n
s
.
 
M
a
n
t
a
l
o
u
s
t
 

A
i
k
a
k
a
u
s
k
 3
6
:
7
7
-
8
4
.
 

Ga
lv
in
, 
L.

F.
 a
n
d
 H
a
n
r
a
h
a
n
,
 E
.T

. 
19
67
. 
S
t
e
a
d
y
 s
ta
te
 d
ra

in
 

ag
e 
fl

ow
 i
n 
pe

at
. 
Na

t'
lR

es
.C

ou
nc

, 
H
i
g
h
w
a
y
 R
es

. 
Bd
.,
 

D
u
b
l
i
n
,
 I
re

la
nd

. 
R
e
s
.
 R
e
p
.
 2
0
3
:
7
7
-
9
0
.
 

G
e
o
r
g
e
,
 
J.
E.
 
19
75

. 
A
n
o
m
a
l
o
u
s
 
tr
an
sm
is
si
on
 
of

 w
a
t
e
r
 

t
h
r
o
u
g
h
 

ce
rt
ai

n 
pe
at
s.
 
A
 
di
sc
us
si
on
. 

J.
 
H
y
d
r
o
!
.
 

2
7
:
3
5
9
-
3
6
1
.
 

H
e
m
o
n
d
,
 
H
.
F
.
 
a
n
d
 
G
o
l
d
m
a
n
,
 
C
.
 
1
9
8
5
.
 
O
n
 
n
o
n
d
a
r
c
i
a
n
 

w
a
t
e
r
 f
l
o
w
 i
n 
pe
at
. 

J.
 E
c
o
l
.
 7
3
:
5
7
9
-
5
8
4
.
 

I
n
g
r
a
m
,
 
H.
A.
P.
, 

Ry
cr
of
t,
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id
ea
 o
f 

th
e 
in
fl
ue
nc
e 
of
 f
or

es
t 
m
a
n
a
g
e
m
e
n
t
,
 i

nc
lu
di
ng
 

fo
re
st
 d
ra
in
ag
e,
 o
n
 p
ro
ce
ss
es
 o
f 
ru
no
ff
 f
or

ma
ti

on
 a
n
d
 o
n 

th
e 
hy

dr
ol

og
ic

al
 r
e
g
i
m
e
 o
f 
an
 a
re
a 
un
de
r 
co
ns
id
er
at
io
n.
 

M
o
d
e
l
i
n
g
 a
ll

ow
s 
th
e 
re
se
ar
ch
er
 t
o 
c
h
e
c
k
 t
he
 s
ug
ge

st
ed
 

hy
po

th
es

es
, 

sp
ec

if
y 

tr
en
ds
 
in
 
na
tu
re
, 
a
n
d
 
s
u
p
p
l
e
m
e
n
t
 

ex
pe
ri
me
nt
al
 d
at
a 
wi

th
 t

he
 r

es
ul

ts
 o
f 
nu

me
ri

ca
l 

ex
pe

ri
 

me
nt

;;
. 
F
i
n
a
l
l
y
,
 m
o
d
e
l
i
n
g
 p
r
o
v
i
d
e
s
 a
 p
o
s
s
i
b
l
e
 a
p
p
r
o
a
c
h
 t
o 

as
se

ss
in

g 
th
e 
po
te
nt
ia
l 
in
fl
ue
nc
e 
of
 f
or

es
t 
dr

ai
na

ge
 o
n
 a
 

pa
rt
ic
ul
ar
 r
iv
er
 b
as
in
 (
N
a
z
a
r
o
v
 a
n
d
 S
ir
in
 
19
88
).
 

Fi
gu

re
 I
. 
G
a
u
g
i
n
g
 s
ta
ti
on
 o
n
 d
ra

in
ed

 S
p
h
a
g
n
u
m
 p
in
e 
b
o
g
 (
s
u
m
m
e
r
 l
ow

 f
lo

w)
. 

Fi
gu
re
 2
. 
G
a
u
g
i
n
g
 s
ta
ti
on
 o
n 
dr
ai
na
ge
 s
ys

te
m 
(
s
u
m
m
e
r
 l
ow

 f
lo

w)
. 



1
6
4
 

Fi
gu
re
 3
. 
'T

he
 V
el

es
a 
Ri

ve
r 
ha

lf
wa

y 
d
o
w
n
 i
he

 r
iv
er
 (
su
mm
er
 l
ow
 f
lo

w)
. 

R
E
S
U
L
T
S
 A
N
D
 D
I
S
C
U
S
S
I
O
N
 

An
al
ys
is
 o
f 
th
e 
hy

dr
ol

og
ic

al
 c
on

se
qu

en
ce

s 
of

 f
or
es
t 

dr
ai
na
ge
 

is
 
co
mp
li
ca
te
d 

bo
th

 
b
y 

na
tu
ra
l 

va
ri
at
io
n 

{s
ou
rc
es
 o
f 
wa
te

r 
fe

ed
in

g,
 t
yp
e 
of
 v
eg
et
at
io
n,

 t
hi

ck
ne

ss
 

a
n
d
 h
yd

ra
ul

ic
 p
ro
pe
rt
ie
s 
of

 a
 p
ea
t 
de

po
si

t)
 a
n
d
 b
y 
di
ff
er
 

en
ce

s 
in
 
th
e 

ch
ar
ac
te
r 
a
n
d
 
in

te
ns

it
y 

of
 p

os
t-

dr
ai
na
ge
 

ch
an

ge
s 

in
 v
eg
et

at
io

n 
a
n
d
 o
th

er
 f
ac
to
rs
 o
f 
ru

no
ff
 f
o
r
m
a
 

ti
on

 (
e.
g.
, 

se
tt

li
ng

 o
f 
pe
at
, 
ov
er
gr
ow
in
g 
an

d
 s

il
ti

ng
 o

f 

ch
an
ne
ls
).
 
Ho
we

ve
r,

 t
he
 e

ff
ec

ts
 o
f 

fo
re
st
 d
ra
in

ag
e 

ar
c 

fo
un

d 
ma
in
ly
 i
n 
th
e 
mo

di
fi

ca
ti

on
 o
f 
tw

o 
pr

in
ci

pa
J 
fa
ct
or
s 

of
 r
un

of
f 
fo
rm

at
io

n 
—
 a
n 

in
cr

ea
se

 i
n 
ih
e 
de

ns
it
y 
of

 t
he
 

hy
dr

og
ra

ph
ic

 n
et
wo
rk
 a
nd
 a
n 
in

cr
ea

se
 i
n 
th
e 
ac
cu

mu
la

t 
in
g 
ca
pa
ci
ty
 o
f 
a 
pe

at
 d
ep

os
it

 a
ft

er
 t
he
 w
at

er
 l

ev
el

 h
as

 
b
e
e
n
 l
o
w
e
r
e
d
.
 

U
n
d
e
r
 s
o
m
e
 n

at
ur
al
 c

on
di
ti
on
s,
 e

.g
.,

 t
he
 d

ir
ec

t 
di
s 

ch
ar

ge
 o
f 
ar
te
si
an
 o
r 
g
r
o
u
n
d
 p
ie

zo
mc

ir
ic

 w
at

er
s 
in

to
 t
he
 

dr
ai

na
ge

 n
et
wo
rk

, 
hy

dr
ol

og
ic

 c
h
a
n
g
e
 m
u
s
t
 b
e 
es
ti

ma
te

d 

by
 s

pe
ci
al
 t

ec
hn

iq
ue
s.
 A

ls
o,

 d
ur

in
g 

th
e 

fi
rs
t 

1-
2 

ye
ar

s 
af

te
r 
dr
ai
na
ge
 t
he

re
 i
s 
a 
ge
ne
ra
l 
in

cr
ea

se
 i
n 
ru

no
ff
 o
w
i
n
g
 

to
 t
he
 d
ec

re
as

e 
in

 "
se
cu
la
r"
 s
to
ra
ge
 o
f 
mi

re
 w
at
er
, 
w
h
e
r
e
 

as
 l

at
er
, 
cv

ap
ot
ra
ns
pi
ra
ti
on
 
ha

s 
m
o
r
e
 i

nf
lu

en
ce

, 
a
n
d
 i

s 

re
la
te
d 
to
 t
he
 i
nc

re
as

e 
in

 s
ta
nd
 p
ro
du
ct
iv
it
y 
(H

ei
ku

ra
in

cn
 

1
9
7
6
,
 V
o
m
p
e
r
s
k
y
 a
n
d
 S
ir
in
 
1
9
86

)
.
 

M
o
s
t
 s
tu
di
es

 h
a
v
e
 i
nd
ic
at
ed
 t
ha

t 
th

er
e 

is
 a
n 
in
cr
ea
se
 i
n 

th
e 
s
u
m
m
e
r
 l
ow

-w
at

er
 r
un

of
f 
af

te
r 
fo
re
st
 d
ra
in
ag

e,
 b
ot

h 
fo
r 
sp
ec
if
ic
 a
me
li

or
at

ed
 f
or
es
t 
pl
ot
s 
a
n
d
 f

or
 e
nt
ir

e 
ri
ve
r 

ba
si
ns
. 
A
n
 e
xc
ep

ti
on
 i
s 
fo
re
st
 g
ro
wi
ng
 o
n 
hy
dr
om

or
ph
ic
 

mi
ne
ra
l 

so
il

s.
 A
cc
or
di
ng
 t
o 
st

ud
ie

s 
co

nd
uc

te
d 

in
 L
at
vi
a 

(A
ir
e 
19
77
, 
Za

li
Li

s 
19
83
),
 d
ra

in
ag

e 
of
 t
he
se
 s
it

es
 r
es

ul
ts

 
in

 a
 n
ot
ic
ea
bl
e 
de

cr
ea

se
 i
n 
s
u
m
m
e
r
 l
ow
-w
at
er
 f
lo

w.
 

T
h
e
 i
nc
re
as
e 
in

 s
u
m
m
e
r
 l
ow
-w
at
er
 f
lo
w 
ru
no
ff
 i
s 
ex
 

pl
ai

ne
d 
by
 t
w
o
 f
ac

to
rs

. 
T
h
e
 f

ir
st
 i
s 
th
e 
de

cr
ea

se
 i
n 

to
ta
l 

cv
ap
ot
ra
ns
pi
ra
ti
on
, 
w
h
i
c
h
 i

s 
re
la
te
d 
to

 r
e
d
u
c
e
d
 p
hy

si
ca

l 

ev
ap
ot
ra
ns
pi
ra
ti
on
 f
r
o
m
 s

oi
l,

 a
n
d
 r
e
d
u
c
e
d
 t
ra
ns

pi
ra

ti
on

 

of
 t
he
 l
iv

in
g 
g
r
o
u
n
d
 c
ov

er
. 
O
n
 d
ra
in
ed
, 
ra

is
ed

 b
og
s 

th
e 

ge
ne

ra
l 
re

du
ct

io
n 

in
 e
va

po
tr

an
sp

ir
at

io
n 
m
a
y
 b
e
 a
l
m
o
s
t
 

1
0
0
%
 i

n 
m
i
d
s
u
m
m
e
r
,
 w
he
re
as
 o
n 
mi

re
s 
wi

th
 m
o
r
e
 d
ev
el
 

o
p
e
d
 t

re
e 
st

an
ds

 i
t 
is
 l
ow
er
. 
T
h
e
 s
ec
on
d 

fa
ct

or
 i
s 
th

e 
in
 

cr
ea
se
 
in
 
v
o
l
u
m
e
 o
f
 p
ca

tl
an

d 
w
a
t
e
r
 i
nv

o
l
v
e
d
 i

n 
ru
no
ff
 

fo
rm
at
io
n 
an
d 
th
e 
le
ng
th
ie
r 
st

or
ag

e 
pe

ri
od

 a
ft

er
 p
ea

t 
ha
s 

be
en
 
d
a
m
p
e
n
e
d
 
by
 
s
n
o
w
 
or
 r

ai
n.
 
Th

is
 h

as
 
be
e
n 
c
o
n
 

fi
rm

ed
 e

xp
er

im
en

ta
ll

y 
in

 
m
a
n
y
 s

tu
di
es
 c
o
m
p
a
r
i
n
g
 t

he
 

o
u
t
f
l
o
w
 f
r
o
m
 d
ra

in
ed

 p
lo
Ls
 w
it

h 
di
ff
er
en
t 
di

tc
h 
sp

ac
in

gs
 

(A
ht

i 
19
77
, 
Si
ri
n 
19
83
, 
V
o
m
p
e
r
s
k
y
 c
t 

al
. 
19
88
),
 a
nd
 h
as
 

be
en
 
su
bs
ta
nt
ia
te
d 

by
 
ot
he
r 

ca
lc
ul
at
io
ns
 
(P
is

ar
ik

ov
 

19
81
).
 T
h
e
 i

nc
re

as
ed

 d
is

ch
ar

ge
 o

f 
pi

ez
om

ct
ri

c 
gr

ou
nd

 
a
n
d
 a
rt
es
ia
n 
wa

te
rs

 a
ft

er
 d
ra

in
ag

e 
m
a
y
 a
ls
o 
co
nt
ri

bu
te

 t
o 

th
e 
in

cr
ea

se
d 
s
u
m
m
e
r
 w
at

er
 r
un
of
f.
 

A
c
c
o
r
d
i
n
g
 t
o 
da

ta
 f
ro
m 

th
e 
W
e
s
t
 D
v
i
n
a
 E
xp

er
im
en
ta
l 

St
at
io
n,
 t
he
 s
u
m
m
e
r
 l
o
w
-
w
a
t
e
r
 f
l
o
w
 f
r
o
m
 d
ra

in
ed

 c
o
g
s
 i
s 

mo
re

 I
ri

an
 t

wi
ce

 t
ha

t 
fr
om
 
un
dr
ai
ne
d 

bo
gs
, 

'l
ie

 "
dr

y 
pe
ri
od
 (
w
h
e
r
e
 t
he

re
 i
s 
no
 r
un
of
f)
 t
yp
ic
al
 o
f 
m
a
n
y
 b
og
s 

in
 

th
e 
na
tu
ra
l 

st
at

e 
is
 m
u
c
h
 r
ed

uc
ed

 a
n
d
 i

n 
s
o
m
e
 c
as
es
 i

s 

no
ne
xi
st
en
t 

in
 d
ra

in
ed

 b
og

s.
 D
r
a
i
n
a
g
e
 o
f 
2
0
-
3
0
%
 o
f
 t
he

 

ri
ve
r 
ba
si
n 
ar
ea
 r
es

ul
ts

 i
n 
a 
1
0
-
2
0
%
 i
nc

re
as

e,
 o
n 
av
er

ag
e,

 

in
 b

ot
h 

th
e 
av

er
ag

e 
an

d 
ih
e 
s
u
m
m
e
r
 l
ow

-w
at

er
 r
un
of
f,
 



1
6
5
 

ex
ce
pt
 f
or

 t
he
 l
ow

es
t 
va

lu
es

 t
yp
ic
al
 o
f 
th
e 
dr
ie
st
 p
er

io
ds

 
w
h
e
n
 
ih
c 
ou
tf
lo
w 

fr
om
 
dr

ai
ne

d 
pc
at
la
nd
s 
al

so
 c

ea
se
s 

(
V
o
m
p
e
r
s
k
y
 e
t 
al

. 
1
9
8
8
)
.
 

A
s
 m
os

t
 e
xp
er
ts

 p
oi

nt
 o
ut

, 
th

er
e 

is
 a
n 
in

cr
ea

se
 i

n 
th
e 

s
u
m
m
e
r
 l
ow

-w
at
er
 r
un

of
f 
of

 u
p 
to

 5
0
%
 a
ft
er
 f
or
es

t 
dr

ai
n 

a
g
e
 
th
e 
m
a
g
n
i
t
u
d
e
 
pr

ob
ab

ly
 
be

in
g 
d
e
p
e
n
d
e
n
t
 o
n
 
th
e 

sc
al
e 
of
 t
he
 a
me
li
or
at
io
n 
(S
ir
in
 1
98
3)
. 
St
ud
ie
s 
pe
rf

or
me

d 
in
 F
in
la
nd
 (
M
u
s
t
o
n
e
n
 1
97

1)
 r
ev
ea
le
d 
th
e 
di
re
ct
 r
el

at
io

n 

be
tw

ee
n 
va
lu
es
 o
f 
th
e 
s
u
m
m
e
r
 l
ow

-w
at

er
 s
tr
ea
m 
fl

ow
 o
f 

sm
al
l 
ri

ve
rs

 a
n
d
 t
he
 a
re

a 
dr
ai
ne
d 

in
 I
hc
 b
as
in
. 

A
n
 i
nc

re
as

e 
in

 w
in

te
r 
wa

te
r 
n
o
w
 i
s 
al

so
 r
el
at
ed
 l
o 
an

 

in
cr

ea
se

 i
n 
th
e 
v
o
l
u
m
e
 o
f 
m
i
r
e
 w
a
t
e
r
 c
on

tr
ib

ut
in
g 
to
 r
un

 

of
f 
fo

rm
at

io
n.

 T
h
e
 w
in

te
r 
st

re
am

 f
lo

w 
f
r
o
m
 t
he
 d
ra

in
ed

 

b
o
g
s
 
m
a
y
 
s
u
r
p
a
s
s
 
th
e 
c
o
r
r
e
s
p
o
n
d
i
n
g
 
v
a
l
u
e
s
 
f
r
o
m
 
u
n
-

dr
ai
ne
d 
b
o
g
s
 b
y
 u
p
 t
o 
1
0
0
%
.
 T
h
e
 v
al

ue
s 
of

 t
he
 a
v
e
r
a
g
e
 

an
d 

m
i
n
i
m
u
m
 
ri

ve
r 

ru
no

ff
 
in

cr
ea

se
 
b
y
 
u
p
 
to

 
3
0
%
.
 

H
o
w
e
v
e
r
,
 
in

 d
ry

 
wi
nt
er
s 
ru

no
ff

 i
s 
l
o
w
 
or

 n
on

ex
is

te
nt

 

(
V
o
m
p
e
r
s
k
y
 e
t 

al
. 
1
9
8
8
)
.
 

T
h
e
 i
mp

ac
t 
of

 f
or
es
t 
dr

ai
na

ge
 o
n
 m
a
x
i
m
u
m
 v
al

ue
s 
of

 

s
n
o
w
m
e
l
t
 a
n
d
 r
ai
nf
al
l 
ru

no
ff

 i
s 
no
t 
al
wa
ys
 c
le

ar
. 
Th

is
 i
s 

ma
in

ly
 b
ec

au
se

 o
f 
th
e 
o
p
p
o
s
i
n
g
 i
nf

lu
en

ce
s 
of

 t
he
 r
ai

se
d 

wa
te
r-
st
or
ag
e 

ca
pa
ci
ty
 
of

 
a 

pe
al

 
de
po
si
t,
 
an
d 

th
e 

in
cr

ea
se

d 
ch
an
ne

l 
de
ns
it
y 
of

 t
he
 d
ra

in
ed

 a
re
a.
 I

n 
di
ff
er
 

en
t 
w
a
t
e
r
s
h
e
d
s
 a
n
d
 d
if
fe
re
nt
 h
y
d
r
o
m
c
t
c
o
r
o
l
o
g
i
c
a
l
 .
si
tu
a 

ti
on
s,
 t
he
se
 o
pp

os
in
g 
ac

ti
on

s 
ha
ve
 d

if
fe

re
nt

 v
al
ue

s 
a
n
d
 

pa
rt
ia
ll
y 
or
 
fu

ll
y 
c
o
m
p
e
n
s
a
t
e
 
th
ei
r 
mu
tu
al
 
in

te
ra
ct
io
n 

(
M
c
D
o
n
a
l
d
 1
9
7
3
,
 S
ta
rr
 a
n
d
 P
a
i
v
a
n
c
n
 1
9
8
1
,
 V
o
m
p
e
r
s
k
y
 

el
 a
l.

 
19
88
).
 H
o
w
e
v
e
r
,
 f
or
 t
he
 m
a
x
i
m
u
m
 f
lo

w 
va

lu
es

 o
f 

l
o
w
 p
ro

ba
bi

li
ty

, 
th
e 
st

or
ag

e 
c
a
p
a
c
i
t
y
 o
f 
a 
p
e
a
t
 d
e
p
o
s
i
t
 h
a
s
 

H
i
d
e
 e
ff

ec
t 
o
n
 r
un
of
f.
 A
t
 t
he
 s
a
m
e
 t
im

e,
 i
n
c
r
e
a
s
e
d
 c
h
a
n
 

ne
l 
de
ns
it
y 

si
gn
if
ic
an
tl
y 
re

du
ce

s 
th
e 
li

me
 l

ag
 f

or
 p
e
a
k
 

fl
ow
, 
a
n
d
 t
hi

s 
co

nt
ri
bu
te
s 

to
 h
i
g
h
e
r
 v
a
l
u
e
s
 f
or
 p
e
a
k
 f
lo
w.
 

In
 a
dd
it
io
n,
 d
ra

in
ag

e 
st
op
s 
di
e 
fl
oo
di
ng
 o
f 
m
i
r
e
 m
a
r
g
i
n
s
 

w
h
i
c
h
,
 i
n 
na
tu
ra

l 
pe
at
la
nd
, 
he
lp
 r
eg

ul
at

e 
th
e 
fo

rm
at

io
n 
of

 

f
l
o
o
d
 f
lo
w.
 

A
c
c
o
r
d
i
n
g
 t
o 
st
ud
ie
s 

at
 t
he
 W
e
s
t
 D
v
i
n
a
 E
x
p
e
r
i
m
e
n
t
a
l
 

St
at
io
n,
 m
a
x
i
m
u
m
 r

ai
nf
al
l 
fl
ow
s 
f
r
o
m
 d
ra

in
ed

 b
o
g
s
 o
f 

te
n 
s
u
r
p
a
s
s
e
d
 t
ho
se
 f
r
o
m
 u
n
d
r
a
i
n
c
d
 b
o
g
s
 b
y
 f
iv

e 
t
i
m
e
s
 o
r 

m
o
r
e
.
 T
h
e
 d
at
a 
al
so
 i
nd
ic
at
ed
 i
nc
re
as
es
 o
f 
3
0
 t
o 
4
0
%
 i

n 

m
a
x
i
m
u
m
 v
a
l
u
e
s
 o
f
 r
ai
nf
al
l 
r
u
n
o
f
f
 o
n
 s
m
a
l
l
 r
iv
er

s,
 a
s 
h
a
s
 

b
e
e
n
 
c
o
n
f
i
r
m
e
d
 
b
y
 
ot
he
r 

au
th
or
s 

(
V
o
m
p
e
r
s
k
y
 
et

 
al

. 
1
9
8
8
)
.
 T
h
e
 d
e
g
r
e
e
 o
f
 i
n
c
r
e
a
s
e
 i
n
 p
e
a
k
 
f
l
o
w
 d
e
p
e
n
d
s
 n
o
t
 

on
ly
 o
n
 v
al
ue
s 
of

 a
me
li
or
at
io
n 
a
n
d
 o
n
 t
he
 a
re
a 
of

 a
m
e
l
i
o
 

ra
te
d 

fo
re

st
, 
b
u
t
 a
ls

o 
o
n
 t
he
 l
oc

at
io

n 
o
f
 t
he
 d
r
a
i
n
e
d
 a
re
a 

wi
th

in
 t
he
 r
iv
er

 b
as

in
 a
n
d
 o
n
 n
at
ur
al
 c
on
di
ti
on
s 
pr
ev
ai
l 

i
n
g
 i
n 
t
h
e
 l

at
te

r.
 

T
h
e
 i
nf

lu
en
ce
 o
f
 f
or
es
t 
d
r
a
i
n
a
g
e
 o
n
 s
p
r
i
n
g
 f
l
o
o
d
 f
l
o
w
 

is
 s
ti
ll
 m
o
r
e
 c
om
pl
ex
. 
T
h
e
 f
lo

w 
d
e
p
e
n
d
s
 o
n 
di
ff

er
en

ce
s 
in
 

th
er
ma
l 

pr
op

er
ti
es
 o

f 
a 

pe
at
 d

ep
os
it
, 
o
n
 
fr

ee
zi
ng
 
a
n
d
 

s
n
o
w
m
c
l
l
i
n
g
 u
n
d
e
r
 
th
e 
c
o
n
d
i
t
i
o
n
s
 p
r
e
v
a
l
e
n
t
 i
n 
va
ri
ou
s 

p
e
a
d
a
n
d
 f
or
es
ts
 a
n
d
 o
n
 t
he
ir
 m
od
if
ic
at
io
n 
af

te
r 
dr

ai
na
ge
. 

O
n
l
y
 c

ha
ra
ct
er
is
ti
c 

fe
at
ur
es
 o

f 
di
e 

sp
ri
ng
 
fl

oo
d 
hy
dr

o-

gr
ap
h 

fo
r 

ri
ve
r 

ba
si
ns
 
wi

th
 
dr

ai
ne

d 
fo

re
st

s 
ca

n 
be
 

re
co

rd
ed

 w
it

h 
an

y 
ce
rt
ai
nl
y:
 t

he
 e
ar

li
er

 s
ta
rt
 (
by

 s
ev
er
al
 

da
ys
),
 t
he
 m
o
r
e
 g
ra

du
al

 d
ec
li
ne
, 
an

d 
t
w
o
 p
ea
ks
, 
th

e 
fi

rs
t 

(a
s 
a 
ru
le
 t
he
 s
ma
ll
er
) 
b
e
i
n
g
 r
el
at
ed
 t
o 
th
e 
ra
pi
d 
re
ac

ti
on

 

of
 t
he
 d
ra

in
ag

e 
ne
tw
or
k 

to
 s
no
wm
el
t.
 H
ow
ev
er
, 

it 
is

 d
if

 
fi

cu
lt

 t
o 
re
ac
h 
de
fi
ni
te
 c
on

cl
us

io
ns

 a
bo
ut
 t
he

 i
nf
lu
en
ce
 o
f 

fo
re
st
 d
ra

in
ag

e 
on
 t
he
 p
ea

ks
 o
f 
sp
ri
ng
 s
tr

ea
m 
fl
ow
. 
Of

te
n 

it
 i

s 
sp
ec
if
ic
 t

o 
ea

ch
 r
iv
er
 a
nd
 d
ep
en
ds
 o
n 

na
tu
ra
l 
n
o
w
 

c
o
n
d
i
u
o
n
s
 i
n 
th
e 
pa

rt
ic

ul
ar

 r
iv
er
 b
as
in
 a
n
d
 o
n 

th
e 
ar

ea
, 

di
st
ri
bu
ti
on
 a
n
d
 p
ar
am
et
er
s 
of

 d
ra

in
ed

 p
ca

tl
an

d 
fo
re
st
s.
 

U
n
d
e
r
 s
uc

h 
co

nd
it

io
ns

, 
ma
th
em
ct
ic
al
 m
o
d
e
l
s
 o
f 
ri

ve
r 

H
o
w
 m
a
y
 b
e 

us
ef
ul
 f
or
 i
mi
ta
ti
ng
 t

he
 m
ai
n 

pr
oc

es
se

s 
of

 
ru

no
ff

 f
o
r
m
a
u
o
n
 i

n 
re
la
ti
on
 t

o 
te

mp
or

al
 d
is
tr
ib
ut
io

n 
of

 

me
te

or
ol

og
ic

al
 e
le
me
nt
s 
a
n
d
 p
ar

am
et

er
s 
of
 a
 p
ar

ti
cu

la
r 

ri
ve
r 
ba

si
n 
(N
az
ar
ov
 a
nd

 S
ir
in
 
19
88
).
 T
h
e
 i
nf

lu
en
ce
 o
f 

fo
re
st
 d
ra

in
ag

e 
is

 t
ak
en
 i

nt
o 
co
ns
id
er
at
io
n 

in
 m
od
el
in
g 

b
y
 m
o
d
i
f
y
i
n
g
 
th
e 
de

ns
it

y 
a)

 o
f 
ch

an
ne

ls
 i

n 
th
e 
hy

dr
o-

gr
ap

hi
ca

l 
n
e
t
w
o
r
k
 (
ou

tl
et

, 
co

ll
ec

ti
ng

 a
n
d
 m
a
i
n
 c
ha
nn

el
s)

 

a
n
d
 b
) 
of

 t
he
 d
ra

in
in

g 
la

ye
r 
of

 f
or

es
t 
so
il
 (
wi
th
 c
on
si

de
r 

at
io
n 
of

 d
ra

in
ag

e 
st
an
da
rd
s)
 
fo
r 
ea

ch
 a

re
a 
of

 d
ie

 r
iv

er
 

b
a
s
i
n
 t
o 
b
e
 c
a
l
c
u
l
a
t
e
d
.
 

T
h
e
 c
on
tr
ol
 d
at

a 
fo
r 
th
e 
Ve

le
sa

 R
i
v
e
r
 f
or
 y
ea
rs

 b
ef
or
e 

a
n
d
 
af
te
r 

am
el

io
ra

ti
on

 
(w
hi
ch
 
to

ok
 
pl
ac
e 

in
 
th

e 
la
te
 

19
60
s 

a
n
d
 
ea

rl
y 

19
70

s)
 
co

nf
ir

m 
th
e 

ca
pa

ci
ty

 
of

 
th

e 

mo
de

l,
 a
re
 i

n 
a
g
r
e
e
m
e
n
t
 w
it

h 
ex

pe
ri

me
nt

al
 r
es

ul
ts
, 
an
d 

p
r
o
v
i
d
e
 a
 b
as

is
 f
or
 m
a
t
h
e
m
a
t
i
c
a
l
 e
x
p
e
r
i
m
e
n
t
s
 t

o 
as
se
ss
 

th
e 
hy

dr
ol

og
ic

al
 c
o
n
s
e
q
u
e
n
c
e
s
 o
f 
fo
re
st
 d
ra

in
ag

e.
 F
ig

ur
e 

4
 
p
r
o
v
i
d
e
s
 
f
r
a
g
m
e
n
t
s
 
o
f
 
a
n
n
u
a
l
 
h
y
d
r
o
g
r
a
p
h
s
 
o
f
 
th
e 

Vc
lc
sa
 
R
i
v
e
r
 
ru
no
ff
 
ca
lc
ul
at
ed
 
u
n
d
e
r
 
na
tu
ra
l 

(r
ec
on
 

st
ru
ct
ed
) 

c
o
n
d
i
t
i
o
n
s
 
of
 
f
l
o
w
 
f
o
r
m
a
u
o
n
,
 
th
e 

cu
rr

en
t 

co
nd

it
io

n 
o
f
 f

lo
w,

 
a
n
d
 
pr

oj
ec

te
d 

hi
gh
er
 
in

te
ns
it
ie
s 

of
 

d
r
a
i
n
a
g
e
 f
or
 s
el
ec
te
d 
y
e
a
r
s
 u
n
d
e
r
 v
a
r
i
o
u
s
 h
y
d
r
o
m
c
i
e
o
r
o
-

lo
gi
ca
l 
co

nd
it

io
ns

. 
Re

su
lt

s 
of

 t
he
 m
a
t
h
e
m
a
t
i
c
a
l
 e
xp
er
i 

m
e
n
t
s
 c
o
n
f
i
r
m
e
d
 t
he
 c
on
cl
us
io
n,
 f
o
r
m
e
d
 o
n 
th
e 
ba
si
s 
of

 

na
tu
ra
l 

ob
se

rv
at

io
ns

, 
th

at
 t
he

re
 i

s 
a 
po

te
nt

ia
ll

y 
si
gn
if
i 

ca
nt

 
in

cr
ea

se
 
of

 
hi

gh
 
a
n
d
 
a
v
e
r
a
g
e
 
pr

ob
ab

il
it

y 
in
 
th
e 

m
a
x
i
m
u
m
 
v
a
l
u
e
s
 
o
f
 
th
e 

sp
ri
ng
 
d
i
s
c
h
a
r
g
e
 
(
u
n
d
e
r
 
th

e 

c
o
n
d
i
u
o
n
s
 p
re
va
il
in
g 

in
 t
he
 V
c
l
c
s
a
 R
i
v
e
r
 b
as
in
).
 

A
 s
er

ie
s 
o
f
 n
u
m
e
r
i
c
a
l
 c
al
cu
la
ti
on
s 
a
i
m
e
d
 a
t 
ve
ri
fy
in
g 

a 
hy

po
th

es
is

 s
u
g
g
e
s
t
e
d
 b
y
 M
u
s
t
o
n
e
n
 a
n
d
 S
e
u
n
a
 (
1
9
7
1
)
 

w
a
s
 c
ar
ri
ed
 o
ut

. 
T
h
e
 h
yp

ot
he

si
s 
w
a
s
 t

ha
t 
th
e 
m
a
x
i
m
u
m
 

ru
no

ff
 s
h
o
u
l
d
 i
nc
re
as
e 
to

 t
he
 g
re
at
es
t 
de

gr
ee

, 
d
ur
i
n
g
 t
he
 

pr
oc

es
s 
of

 f
or

es
t 
dr

ai
na

ge
, 

in
 t
he
 u
p
p
e
r
 p
ar
t 
o
f
 f
it

s 
ri

ve
r 

ba
si
n.
 T
h
e
 r
es
ul
ts
 o
f
 o
u
r
 c
al
cu
la
ti
on
s 
s
h
o
w
 t
ha

t 
qu
it
e 
th
e 

o
p
p
o
s
i
t
e
 
si
tu
at
io
n 

is
 
ch
ar
ac
te
ri
st
ic
 
o
f
 t
he
 V
e
l
e
s
a
 R
i
v
e
r
 

Ba
si
n.
 T
h
i
s
 i
s 
ex

pl
ai

ne
d 
b
y
 t
he
 w
a
t
e
r
s
h
e
d
 c
on

fi
gu

ra
ti

on
 

a
n
d
 f

il
tr
at
io
n 
ca

pa
ci

ti
es

 o
f 
th
e 

so
il

 a
n
d
 g
ro

un
d,
 w
h
i
c
h
 

d
e
t
e
r
m
i
n
e
 
fo

rm
at

io
n 

a
n
d
 
tr
an
sf
or
ma
ti
on
 
o
f
 
th
e 

fl
oo
d 

w
a
v
e
.
 



1
6
6
 

0
 

Fi
gu

re
 4
. 
Im
pa
ct
 o
f f

or
es
t 
dr
ai
na
ge
 o
n 
hy

dr
og

ra
ph

 o
f 
Ve

le
sa

 R
iv
er
 f
or

 y
ea

rs
 i
n 
wh

ic
h 

di
ff

er
en

t 
hy
dr
om
et
eo
ro
lo
gi
ca
l 
co

nd
it

io
ns

 
P
J
^
Z
J
 

, 
°"
<n
a!
ha
na
!™
1 
ex

pe
ri

me
nt

s)
. 
Hy

dr
og

ra
ph

s 
un
de
r:
 1
) 
re
co
ns
tr
uc
te
d 
(n

at
ur

al
) 
co

nd
it

io
n.

,,
 2
) 
pr
es
en
t-

da
y 
(
7
-
8
%
 o
f 
ri
ve
r 
ba

si
n)

 d
ra

in
ag

e 
co
nd
it
io
ns
, 
3)

 p
ro
je
cl
ed
 (
1
5
%
)
 d
ra

in
ag

e 
co
nd
it
io
ns
, 
4)

 p
ro
je
ct
ed
 (
3
0
%
)
 d
ra
in
ag
e 

co
nd
it
io
ns
, 

I 
he

 r
el
at
iv
e 
d
e
v
e
l
o
p
m
e
n
t
 o
f
 t
he
 d
ra
in
ag
e 
ne

tw
or

ks
 t

s 
s
h
o
w
n
 o
n
 f
o
u
r
 t
he
or
et
ic
al
 l
ev

el
s.

 

In
ve
st
ig
at
io
ns

 a
ls

o 
re
ve
al
ed
 u
p
 l
o 
a 
1
0
-
1
5
%
 i
nc
re
as
e 

in
 a
nn
ua
l 
fl
ow
 a
ft

er
 f
or
es
t 
dr
ai
na
ge
, 
a 
fi
gu
re
 c
on
fi
rm
ed
 

b
y
 
ot
he
rs
 
(H

ei
ku

ra
in

en
 
19
76
, 
S
c
u
n
a
 
19

81
, 

et
c.
).
 
T
h
e
 

m
a
i
n
 r
ea
so
n 

is
 t
he
 r
ed

uc
ti

on
 i
n 
mo

is
tu

re
 l
os
s 
b
y
 c
va
po
-

tr
an
sp
ir
at
io
n 

in
 t
he
 w
a
r
m
 s
ea

so
n.

 H
o
w
e
v
e
r
,
 w
it
h 
a 
po
st
-

am
cl
io
ra
ti
vc
 
in

cr
ea

se
 
in

 
tr

ee
 
pr
od
uc
ti
vi
ty
, 

th
e 
a
n
n
u
a
l
 

fl
ow

 g
ai
n 
m
a
y
 d
ec
re
as
e.
 F
o
r
 i
ns

ia
nc

c,
 a
cc

or
di

ng
 t
o 
ex
 

p
e
r
i
m
e
n
t
s
 c
o
n
d
u
c
t
e
d
 b
y
 s
ta

ff
 o
f 
th
e 
W
e
s
t
 D
v
i
n
a
 E
x
p
e
r
 

im
en

ta
l 

St
at
io
n,
 t

ot
al
 e
va

po
ra

ti
on

 d
ur
in
g 

th
re

e 
s
u
m
m
e
r
 

m
o
n
t
h
s
 (
Ju
ne
 t
o 
A
u
g
u
s
t
)
 w
as

, 
o
n
 a
ve

ra
ge

, 
1
9
9
,
2
2
3
 a
n
d
 

2
7
5
 m
m
 f
or
 p
in

e 
(
P
i
n
u
s
 s
pp
.)
 m
i
x
e
d
 w
it

h 
s
p
r
u
c
e
 (
P
i
c
e
a
 

sp
p.
) 
a
n
d
 b
ir

ch
 (
Be

tu
la

 s
pp
.)
 f
or

es
ts

 w
it

h 
g
r
o
w
i
n
g
 s
to

ck
s 

of
 2
0,
80
 a
nd

 2
00
 m
3h
sr
 a
nd

 l
ea
f a

re
a 
in
di
ce
s 
of

 0
.8
,1
.8
 

a
n
d
 6

.0
, 

re
sp
ec
ti
ve
ly
. 

In
 
m
e
 s

ta
nd

 w
it

h 
2
0
0
 n

^l
ia

"1
 
o
f
 



1
6
7
 

st
an
di
ng
 l
im
be
r 
vo
lu
me
, 
th
e 
in

fl
ow

 o
f 
ad
di
ti
on
al
 m
oi
s-

lu
rc

 d
er
iv
ed
 f
ro

m 
co

nf
in

ed
 g
ro
un
dw
at
cr
 w
a
s
 n
oi

 t
ak
en
 

in
to

 a
cc
ou
nt
; 

he
nc

e,
 
th
e 

ac
tu
al
 e

va
po

ra
ti

on
 
va
lu
e 
w
a
s
 

p
r
o
b
a
b
l
y
 m
o
r
e
 t
h
an
 2
7
5
 m
m
.
 

M
o
i
s
t
u
r
e
 
lo
ss
 
by

 
cv
ap
oi
ra
ns
pi
ra
ti
on
 
m
a
y
 
in

cr
ea
se
 

gr
ea
tl
y,
 e
sp

ec
ia

ll
y 

in
 d
en
se
 s
ta

nd
s 
of

 s
pr

uc
e,

 o
r 
w
h
e
r
e
 

pc
at

la
nd

s 
th

ai
 w
e
re

 p
re

vi
ou

sl
y 

op
en
, 

ci
th
er
 f

ul
ly
 o

r 
in
 

pa
rt

, 
ha

ve
 b
ee

n 
re
ge
ne
ra
te
d.
 I

n 
ri

ve
r 
ba

si
ns

 w
it

h 
we
ll
 

m
a
n
a
g
e
d
 p
ea
tl
an
d 

fo
re

st
s 
in

 a
ll
 d
if
fe
re
nt
 s
ta

ge
s 
of

 d
ev
el
 

o
p
m
e
n
t
,
 
wi
th
 
sy

st
em

at
ic

 
th
in
ni
ng
s 

a
n
d
 
fe
ll
in
gs

, 
o
n
e
 

co
ul

d 
sp

ec
ul

at
e 
th

at
 r
at
he
r 
hi
gh
 e
va

po
tr

an
sp

ir
at

io
n 
co

ul
d 

si
gn

if
ic

an
tl

y 
re
du

ce
 a
nn
ua
l 

ou
tf

lo
w.

 H
o
w
e
v
e
r
,
 i

t 
is
 u
n
 

li
ke

ly
, 

as
 
s
o
m
e
 
ex

pe
rt

s 
be
li
ev
e,
 
th
at
 
ou

tf
lo

w 
w
o
u
l
d
 

d
e
c
l
i
n
e
 t
o 
p
 r
e-

a 
me
li
or
at
iv
e 
le

ve
ls

. 

C
O
N
C
L
U
S
I
O
N
 

Fo
re

st
 d
ra
in
ag

e 
do
cs
 n

ot
 g
en
er
al
ly
 
h
a
v
e
 a
 n

eg
at

iv
e 

ef
fe
ct
on
 i
hc
 n
at
ur

al
 d
is
tr
ib
ut
io
n 
of

 r
iv
er
 r
un
of
f,
 c
xc
ep

L 
in
 

c
o
n
n
e
c
t
i
o
n
 w
it
h 
m
a
x
i
m
u
m
 f
l
o
w
 a
ft
er
 r
ai
nf
al
l 
a
n
d
 s
n
o
w
-

mc
lt
 p
er
io
ds
, 
w
h
i
c
h
 i

s 
a 
p
r
o
b
l
e
m
 r
eq
ui
ri
ng
 s
pe
ci
al
 c
o
n
 

si
de

ra
ti

on
 i
n 
pa
rt
ic
ul
ar
 r
iv

er
 b
as
in
s.
 H
o
w
e
v
e
r
,
 a
na
ly
si
s 
of
 

th
e 
hy

dr
ol

og
ic

a!
 c
o
n
s
e
q
u
e
n
c
e
s
 o
f
 f
or
es
t 
dr

ai
na

ge
 s
h
o
u
l
d
 

no
t 
b
e
 c
on
fi
ne
d 
to

 d
is

tr
ib

ut
io

n 
of

 r
iv

er
 r
un
of
f,
 b
ut

 s
ho

ul
d 

in
cl
ud
e 

po
te
nt
ia
l 

mo
di
fi
ca
ti
on
s 
of

 t
he
 q

ua
li
ty
 
of

 r
iv
er
 

w
a
t
e
r
 (
so

li
d 
d
i
s
c
h
a
r
g
e
,
 c
h
e
m
i
c
a
l
 c
o
m
p
o
s
i
t
i
o
n
,
 t
e
m
p
e
r
a
 

t
u
r
e
 r
e
g
i
m
e
)
.
 T
h
e
s
e
 l
at

te
r 
c
o
n
s
i
d
e
r
a
t
i
o
n
s
 a
r
e
 v
e
r
y
 i
m
p
o
r
 

ta
nt
, 

es
pe

ci
al

ly
 
fo
r 

ri
ve
rs
 
th

at
 a

rc
 
u
s
e
d
 
as

 
so

ur
ce

s 
of

 

w
a
t
e
r
 
su
pp
ly
, 

o
r 

ar
e 

th
e 

li
vi
ng
 
e
n
v
i
r
o
n
m
e
n
t
 
of
, 

or
 

s
p
a
w
n
i
n
g
 g
r
o
u
n
d
s
 f
or

, 
v
a
l
u
a
b
l
e
 f
is

h 
sp
ec
ie
s.
 

L
I
T
E
R
A
T
U
R
E
 
C
I
T
E
D
 

Ah
ti
, 
E.

 1
9
7
7
.
 R
u
n
o
f
f
 f
r
o
m
 o
p
e
n
 p
c
a
t
l
a
n
d
s
 a
s 
i
n
f
l
u
e
n
c
e
d
 

b
y
 
di
tc
hi
ng
. 

M
e
t
s
a
n
t
u
i
k
i
m
u
s
l
a
i
t
o
k
s
c
n
 
ju

lk
ai

su
ja

 
9
2
 

(3
).

 
1
6
 p
. 

Ai
re
, 
A
.
 1
9
7
7
.
 A
b
o
u
t
 t
he
 r
u
n
o
f
f
 r
e
g
ul

a
t
io

n
 p
ro
pe

rt
ie

s 
of
 

d
r
a
i
n
e
d
 f
or

es
ts

 i
n 
L
a
t
v
i
a
n
 S
S
R
.
 L
e
s
o
v
e
d
e
n
i
c
 5
:6
7-
71
. 

(
R
u
s
s
i
a
n
)
 

H
c
i
k
u
r
a
i
n
e
n
,
L
.
 
1
9
7
6
.
 C
o
m
p
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p
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i
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c
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c
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 m
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 d
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d
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p
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)
.
 

In
 t
hi

s 
p
a
p
e
r
,
 s
u
r
f
a
c
e
 w
a
t
e
r
 r
ef
er
s 
to

 t
h
e
 w
a
t
e
r
 i
n 
d
r
a
i
n
 

a
g
e
 d
i
t
c
h
e
s
 a
n
d
 i
n 
t
h
e
 s
t
r
e
a
m
s
 a
d
j
a
c
e
n
t
 t
o 
a
n
d
 r
e
c
e
i
v
i
n
g
 

w
a
t
e
r
 f
r
o
m
 i
he
 d
r
a
i
n
a
g
e
 a
re
as
. 

M
E
T
H
O
D
S
 

S
i
t
e
 
D
e
s
c
r
i
p
t
i
o
n
 

T
h
e
 
W
a
l
l
y
 
C
r
e
e
k
 
A
r
e
a
 
F
o
r
e
s
t
 
D
r
a
i
n
a
g
e
 
P
r
o
j
e
c
t
 
is
 

l
o
c
a
t
e
d
 i

n 
n
o
r
t
h
e
a
s
t
e
r
n
 O
n
t
a
r
i
o
,
 3
0
 k
m
 c
a
s
t
 o
f
 d
ie
 t
o
w
n
 

o
f
 C
o
c
h
r
a
n
c
 (
4
9
C
 3
' 
N
,
 8
0
°
 4
0
'
 W
)
,
 i
n 
t
h
e
 N
o
r
t
h
e
r
n
 C
l
a
y
 

S
e
c
t
i
o
n
 
o
f
 t
he
 
B
o
r
e
a
l
 
F
o
r
e
s
t
 
(
R
o
w
e
 
1
9
7
2
)
.
 
T
h
e
 
t
o
p
o
 

g
r
a
p
h
y
 
is

 
fi
at
 
(
<
 
0
.
3
%
 
sl
op
e)
, 

w
i
t
h
 
n
a
t
u
r
a
l
 
d
r
a
i
n
a
g
e
 

t
o
w
a
r
d
s
 t
h
e
 n
o
r
t
h
w
e
s
t
.
 T
h
e
 p
e
a
t
 i
s 
v
a
r
i
a
b
l
e
 i
n 
d
e
p
t
h
 {
<
 3
0
 

c
m
 t
o 
>
 3
0
0
 c
m
)
 a
n
d
 o
v
e
r
l
i
e
s
 a
 h
e
a
v
y
 c
l
a
y
 o
f
 l
a
c
u
s
L
r
i
n
e
 

or
ig

in
. 
T
h
e
 f
or

es
ts

 i
n 
di
e 
a
r
e
a
 a
r
e
 u
n
e
v
e
n
-
a
g
e
d
 (
5
0
-
1
4
0
 

yr
, 
8
-
1
7
 
m
 
h
i
g
h
)
 
b
l
a
c
k
 
s
p
r
u
c
e
 g
r
o
w
i
n
g
 
in

 
s
w
a
m
p
 l
a
n
d
 

[f
as

t 
h
a
s
 b
e
e
n
 s

it
e 
t
y
p
e
d
 a
c
c
o
r
d
i
n
g
 t
o 
t
h
e
 F
o
r
e
s
t
 E
c
o
s
y
s
 

t
e
m
 C
l
a
s
s
i
f
i
c
a
t
i
o
n
 (
J
o
n
e
s
 e
ta

l.
 
1
9
8
3
)
.
 T
h
e
 s
it
es
 a
r
c
 c
h
a
r
 

a
c
t
e
r
i
z
e
d
 b
y
 a
 b
l
a
c
k
 s
p
r
u
c
e
 c
a
n
o
p
y
,
 w
i
t
h
 a
n
 u
n
d
c
r
s
l
o
r
y
 o
f
 

L
e
d
u
m
 
g
w
e
n
l
a
n
d
i
c
w
n
,
 
V
a
c
c
i
n
i
u
m
 

m
y
r
t
i
l
l
o
i
d
e
s
 
a
n
d
 

C
h
a
m
a
e
d
a
p
h
n
e
 c
a
l
y
c
u
l
a
t
a
.
 T
h
e
 m
o
s
s
 l
a
y
e
r
 i
s 
c
o
m
p
o
s
e
d
 

o
f
 S
p
h
a
g
n
u
m
 n
e
m
o
r
e
i
t
m
,
 S
.
f
u
s
c
u
m
,
 S
, 
m
a
g
c
l
l
a
n
i
c
u
m
,
 S
. 

g
i
r
g
e
n
s
o
h
n
i
i
,
 
P
l
e
u
r
o
u
u
m
 s
c
h
r
e
b
e
r
i
 a
n
d
 P
t
i
l
i
u
m
 
cr
is

ta
-

c
m
t
r
e
n
s
i
s
.
 

D
i
t
c
h
e
s
 i

n 
di
e 
ar

ea
, 
w
h
i
c
h
 
c
o
v
e
r
 a
p
p
r
o
x
i
m
a
t
e
l
y
 4
5
0
 

ha
, 
w
e
r
e
 p
l
a
n
n
e
d
 
a
n
d
 i
ns

ta
ll

ed
 i

n 
1
9
8
4
-
1
9
8
5
 t

o 
F
i
n
n
i
s
h
 

s
t
a
n
d
a
r
d
s
 (
Fi

g.
 1

).
 S
i
d
e
 d
i
t
c
h
e
s
 a
v
e
r
a
g
e
d
 9
0
 c
m
 d
e
e
p
,
 a
n
d
 

s
u
r
r
o
u
n
d
 
a
n
d
 
c
ol
le
ct
or
 d
i
t
c
h
e
s
 a
v
e
r
a
g
e
d
 a
b
o
u
t
 
1
2
0
 c
m
 

de
ep
. 

In
 
1
9
8
6
,
 a
 1
7
0
-
h
a
 a
r
e
a 
w
a
s
 h
a
r
v
e
s
t
e
d
 a
n
d
 5
9
 h
a
 o
f 

th
is

 w
e
r
e
 d
r
a
i
n
e
d
.
 

W
a
t
e
r
 C
o
l
l
e
c
t
i
o
n
 
a
n
d
 
A
n
a
l
y
s
i
s
 

G
r
a
b
 s
a
m
p
l
e
s
 w
e
r
e
 t
a
k
e
n
 a
t 
m
i
d
-
c
h
a
n
n
e
l
,
 t
h
r
o
u
g
h
 d
i
e
 

en
ti

re
 
d
e
p
t
h
 
(i
.e
.,
 
d
c
p
U
i
-
i
n
l
e
g
r
a
t
e
d
 
s
a
m
p
l
i
n
g
)
,
 
at
 
e
i
g
h
t
 

l
o
c
a
t
i
o
n
s
 (
T
a
b
l
e
 
I,

 F
ig
. 

1)
. 
T
h
e
 s
it

es
 w
e
r
e
 l
oc
at
ed
: 

♦
 
in
 W
a
l
l
y
 
C
r
e
e
k
,
 
u
p
s
t
r
e
a
m
 
a
n
d
 d
o
w
n
s
t
r
e
a
m
 
o
f
 

c
o
l
l
e
c
t
o
r
-
d
i
t
c
h
 o
ut
le
ts
 (
Si

te
s 

1 
a
n
d
 2
) 

♦
 
in
 R
o
y
 C
r
e
e
k
,
 u
p
s
t
r
e
a
m
 o
f
 a
n
y
 d
r
a
i
n
a
g
e
 (
S
i
t
e
 3
)
 

♦
 
in
 a
 c
o
l
l
e
c
t
o
r
 d
i
t
c
h
 (
S
i
t
e
 4
)
 

♦
 
in
 
d
i
e
 
F
o
i
s
i
c
 
R
i
v
e
r
,
 
u
p
s
t
r
e
a
m
 
o
f
 
m
o
s
t
 
o
f
 
t
h
e
 

d
r
a
i
n
a
g
e
 n
e
t
w
o
r
k
a
n
d
a
b
o
u
l
2
.
5
 k
m
 d
o
w
n
s
t
r
e
a
m
 

o
f
 H
i
e
 e
n
t
i
r
e
 n
e
t
w
o
r
k
 (
S
i
t
e
s
 5
 a
n
d
 6
)
 

♦
 
a
r
o
u
n
d
 s
e
d
i
m
e
n
t
a
t
i
o
n
 p
o
n
d
s
 (
P
o
n
d
s
 A
 a
n
d
 B
)
 

Si
te
s 
w
e
r
e
 c
la
ss
if
ie
d 
as
 c
o
n
t
r
o
l
s
 (
Si
te
s 

1 
a
n
d
 3
),
 t
re
at
 

m
e
n
t
s
 (
S
i
t
e
s
 2
 a
n
d
 4
)
,
 u
p
s
t
r
e
a
m
 (
S
i
t
e
 5
) 
o
r
 d
o
w
n
s
t
r
e
a
m
 

(S
it

e 
6)
. 
Si

te
 5
 c
o
u
l
d
 n
o
t
 b
e
 t
e
r
m
e
d
 a
 c
on
tr
ol
 b
e
c
a
u
s
e
 o
f
 

th
e 

i
n
f
l
u
e
n
c
e
 
o
f
 t
he
 
d
r
a
i
n
a
g
e
 d
i
t
c
h
e
s
 
u
p
s
t
r
e
a
m
 
o
f
 t

hi
s 

si
te
. 
A
l
t
h
o
u
g
h
 
t
h
e
 c
o
l
l
e
c
t
o
r
 d
it
ch
 
f
r
o
m
 
Si

te
 4
 
e
m
p
t
i
e
s
 

in
to

 W
a
l
l
y
 C
r
e
e
k
 u
p
s
t
r
e
a
m
 o
f
 S
it
e 

1,
 a
 c
on
tr
ol
, 

it
s 
ef
fe

ct
s 

w
e
r
e
 m
i
n
i
m
a
l
 b
e
c
a
u
s
e
 o
f
 d
i
e
 m
u
c
h
 g
r
e
a
t
e
r
 f
l
o
w
s
 i
n 
W
a
l
 

ly
 C
r
e
e
k
,
 a
s 
i
n
d
i
c
a
t
e
d
 b
y
 
t
h
e
 a
r
e
a
s
 o
f
 t
he
 r
e
s
p
e
c
t
i
v
e
 b
a
 

si
ns

 (
T
a
b
l
e
 
1)

. 
S
a
m
p
l
e
s
 f
r
o
m
 S
it
es
 
1 

to
 6
 u
n
d
e
r
w
e
n
t
 t
h
e
 

c
h
e
m
i
c
a
l
 a
n
d
 p
hy
si
ca
l 
a
n
a
l
y
s
e
s
 o
ut
li
ne
d 

in
 T
a
b
l
e
 2
. 

S
a
m
p
l
e
s
 a
t 
e
a
c
h
 o
f
 t
h
e
 t
w
o
 s
e
d
i
m
e
n
t
a
t
i
o
n
 p
o
n
d
s
 w
e
r
e
 

o
b
t
a
i
n
e
d
 f
r
o
m
 t
h
e
 d
i
t
c
h
 l
e
a
d
i
n
g
 i
n
t
o
 a
n
d
 o
u
t
 o
f
 t
h
e
 p
o
n
d
,
 

as
 w
e
l
l
 a
s 
u
p
s
t
r
e
a
m
 a
n
d
 d
o
w
n
s
t
r
e
a
m
 o
f
 t
h
e
 p
o
i
n
t
 o
f
 e
n
t
r
y
 

o
f
 t
he
 d
it
ch
 i
nt
o 
th
e 
ri
ve
r 
c
h
a
n
n
e
l
.
 T
h
e
s
e
 s
et

s 
o
f
 s
a
m
p
l
e
s
 

w
e
r
e
 a
n
a
l
y
z
e
d
 f
or
 s
u
s
p
e
n
d
e
d
 s
ol

id
s 
o
n
l
y
,
 a
n
d
 w
e
r
e
 u
s
e
d
 

to
 d
e
t
e
r
m
i
n
e
 t
h
e
 e
f
f
e
c
t
i
v
e
n
e
s
s
 o
f
 t
he
 p
o
n
d
s
 i
n 
r
e
m
o
v
i
n
g
 

s
e
d
i
m
e
n
t
.
 

W
a
i
e
r
 
Q
u
a
l
i
t
y
 

S
a
m
p
l
i
n
g
 
S
i
t
e
 

S
e
d
i
m
e
n
t
a
t
i
o
n
 
P
o
n
d
 

S
c
a
l
e
 

0
 

1
k
m
 

L
_
 

F
i
g
u
r
e
 
I.

 M
a
p
 o
f
 d
r
a
i
n
a
g
e
 n
e
t
w
o
r
k
,
 w
i
t
h
 w
a
t
e
r
-
q
u
a
l
i
t
y
 s
a
m
p
l
i
n
g
 s
it

es
. 



1
7
0
 

T
a
b
l
e
!
.
 
W
a
t
e
r
 s
a
m
p
l
i
n
g
 l
o
c
a
t
i
o
n
s
 

I
o
n
s
 
-

C
a
 
M
g
 
K
 
N
a
 
S
O
4
 
C
l
 
S
i
O
2
 

N
u
t
r
i
e
n
t
s
 
-
N
H
4
-
N
 
(
N
O
2
+
N
O
3
)
-
N
 

M
e
t
a
l
s
 
-

F
e
 
A
l
 
Z
n
 
C
u
 
N
i
 
C
d
 
P
b
 
M
n
 

T
o
t
a
l
 K
j
c
l
d
a
h
l
 
n
i
t
r
o
g
e
n
 (
T
K
N
)
 

T
o
t
a
l
 P
 

p
H
 

A
c
i
d
i
t
y
 

A
l
k
a
l
i
n
i
t
y
 

C
o
n
d
u
c
t
i
v
i
t
y
 

T
e
m
p
e
r
a
t
u
r
e
 

S
u
s
p
e
n
d
e
d
 s
o
l
i
d
s
 

T
u
r
b
i
d
i
t
y
 

W
a
t
e
r
 
s
a
m
p
l
e
s
 
w
e
r
e
 
c
o
l
l
e
c
t
e
d
 
in

 
1
9
8
7
 
a
n
d
 
1
9
8
8
,
 

b
e
g
i
n
n
i
n
g
 
b
e
f
o
r
e
 
s
n
o
w
m
c
l
t
 
a
n
d
 
e
n
d
i
n
g
 
at

 
t
h
e
 
o
n
s
e
t
 o
f
 

f
r
e
e
z
e
-
U
p
 (
T
a
b
l
e
 3

).
 C
o
l
l
e
c
t
i
o
n
s
 w
e
r
e
 a
ls

o
 m
a
d
e
 a
r
o
u
n
d
 

s
t
o
r
m
 
e
v
e
n
t
s
 t
o
 d
e
t
e
r
m
i
n
e
 
t
h
e
 e
f
f
e
c
t
 o
f
 p
e
r
i
o
d
s
 o
f
 h
i
g
h
 

f
l
o
w
 o
n
 w
a
t
e
r
 q
ua

li
ty

. 
T
h
i
s
 c
ol

le
t;

 t
io

n 
s
c
h
e
d
u
l
e
 p
e
r
m
i
t
t
e
d
 

a 
w
i
d
e
 v
ar

ie
ty
 o
f
 f
l
o
w
 c
o
n
d
i
t
i
o
n
s
 t

o 
b
e
 s
a
m
p
l
e
d
.
 

T
h
e
 d
a
ta
 w
e
r
e
 a
n
a
l
y
z
e
d
 b
y
 m
e
a
n
s
 o
f
 a
 s
er
ie
s 
o
f
 t
-l
cs
ts
 

to
 c
o
m
p
a
r
e
 t
he
 r
es

ul
ts

 o
f:

 a
) 
1
9
8
7
 a
n
d
 1
9
8
8
,
 f
or
 e
a
c
h
 s
ii
c,
 

(S
it

es
 1

 
a
n
d
 2
, 
5
 a
n
d
 6
) 

fo
r 
e
a
c
h
 y
ea

r.
 A
 D
u
n
c
a
n
'
s
 N
e
w
 

M
u
l
t
i
p
l
e
-
R
a
n
g
e
 T
e
s
t
 w
a
s
 d
o
n
e
 t
o 
c
o
m
p
a
r
e
 a

ll
 
t
h
e
 s
it
es
 

w
i
t
h
 
e
a
c
h
 
ot
he
r.
 
Al
l 

te
st
s 
w
e
r
e
 
at

 
th
e 
9
5
%
 
le

ve
l 

o
f
 

c
o
n
f
i
d
e
n
c
e
.
 

T
a
b
l
e
 3
. 

C
o
l
l
e
c
t
i
o
n
 
s
c
h
e
d
u
l
e
 

R
E
S
U
L
T
S
 A
N
D
 
D
I
S
C
U
S
S
I
O
N
 

I
o
n
s
 

T
h
e
 
io
n 

c
o
n
c
e
n
t
r
a
t
i
o
n
s
 
fo
r 
e
a
c
h
 
si

te
 
d
i
d
 
n
o
t
 
di
ff
er
 

b
e
t
w
e
e
n
 
1
9
8
7
 a
n
d
 
19

88
. 
D
i
f
f
e
r
e
n
c
e
s
 a
m
o
n
g
 s

it
es
 w
e
r
e
 

c
o
n
s
i
s
t
e
n
t
 f
or
 a
ll

 i
on

s,
 a
n
d
 a
r
e
 i
ll

us
tr

at
ed

 b
y
 t

h
e
 c
a
l
c
i
u
m
 

c
o
n
c
e
n
t
r
a
t
i
o
n
s
 (
Fi

g.
 2
).
 T
h
e
 m
e
d
i
a
n
 v
a
l
u
e
 i
n 
t
h
e
 g
r
a
p
h
 i

s 

a
n
 i
n
d
i
c
a
t
o
r
 o
f
 t
he
 d
is
tr
ib
ut
io
n 
o
f
 t
he
 d
at
a;
 t
h
e
 c
l
o
s
e
r
 t
h
e
 

m
e
a
n
 a
n
d
 d
i
e
 m
e
d
i
a
n
 a
rc

, 
i
h
c
 m
o
r
e
 u
n
i
f
o
r
m
 i

s 
t
h
e
 d
is
tr
i 

b
u
t
i
o
n
.
 
If
 t
h
e
 m
e
d
i
a
n
 o
c
c
u
r
s
 a
b
o
v
e
 
th
e 
m
e
a
n
,
 
t
h
e
n
 
th
e 

m
i
n
i
m
u
m
 
is
 
a
n
 
e
x
t
r
e
m
e
 
v
a
l
u
e
.
 
If
 
it

 o
c
c
u
r
s
 
b
e
l
o
w
 
t
h
e
 

m
e
a
n
,
 t
h
e
n
 t
h
e
 m
a
x
i
m
u
m
 
is

 a
n
 e
x
t
r
e
m
e
 v
a
l
u
e
.
 



1
7
1
 

a a
.
 

a
.
 

a
 
o
 

(8
 

L
i
 

a
 

a
 

Q
 

ff
l 

4
5
 

-i
 

4
0
 
-

3
5
 
-

3
0
 
-

2
5
 
-

2
0
 
-

1
5
 
-

1
0
 

5
 
-

0
 

X
 
-
.
<
 

--
-
-
<
 

-r
 

—
 ■

— 
~
 ~
 
s*
' 

1
2
 

3
 

4
 

U
p
 

D
o
w
n
.
 

U
p
 

D
i
t
c
h
 

P
a
r
t
 
o
f
 
D
r
a
i
n
a
g
e
 

5
 

6
 

U
p
 

D
o
w
n
 

E
n
t
i
r
e
 
D
r
a
i
n
a
g
e
 

Fi
gu
re
 2
. 
Ca
lc
iu
m 
co

nc
en

tr
at

io
ns

 a
t 
sa
mp
li
ng
 s
it
es
 (
19

87
-1

98
8)

 (
sh

ow
in

g 
mi

ni
mu

m,
 m
ax
im
um
, 
me
an
 a
nd

 m
ed

ia
n 

(<
})
. 

T
h
e
 c
ol
le
ct
or
 d
it

ch
 (

Si
te
 4
) 
h
a
d
 s

ig
ni
fi
ca
nt
ly

 h
ig
he
r 

io
n 

co
nc

en
tr

at
io
ns

 
th

an
 
a
n
y
 
ot

he
r 

si
te
. 

T
h
i
s
 
c
a
n
 
b
e
 

at
tr
ib
ut
ed
 t

o 
th
re
e 

fa
ct

or
s:

 
1)
 n

ot
 m
uc

li
 w
at

er
 f
ro
m 

th
e 

u
n
d
r
a
i
n
e
d
 a
re

a 
en

te
re
d 
th
e 
s
u
r
r
o
u
n
d
 d
it
ch
; 
2)
 m
o
s
t
 o
f
 t
he
 

di
tc
he
s 
in

tr
ud

ed
 i
nt

o 
mi

ne
ra

l 
so

il
; 
a
n
d
 3
) 
8
7
%
 o
f 
th

e 
si
te
 

4
 b
as
in
 w
a
s
 d
ra
in
ed
 (
Ta

bl
e 

1)
. 
S
m
a
l
l
 a
m
o
u
n
t
s
 o
f 
w
a
t
e
r
 

w
e
r
e
 t

he
re
fo
re
 
in

 d
ir
ec
t 
co
nt
ac
t 
wi

th
 m
in

er
al

 s
oi

l.
 T
h
e
 

ot
he
r 
d
o
w
n
s
t
r
e
a
m
 s
it

es
 (
Si
te
s 
2
 a
n
d
 6
) 
h
a
d
 o
nl

y 
9
%
 a
n
d
 

7
%
 o

f 
th
e 

ar
ea

 o
f 

th
ei
r 
re
sp
ec
ti
ve
 b

as
in

s 
dr

ai
ne
d,
 
a
n
d
 

w
e
r
e
 
in

fl
ue

nc
ed

 t
o 
a 

la
rg
e 
d
e
g
r
e
e
 
b
y
 
su

bs
ur

fa
ce

 f
l
o
w
 

f
r
o
m
 u
n
d
r
a
i
n
e
d
 a
re
as
. 
T
h
e
 r
a
n
k
i
n
g
 o
f
 s
it
es
, 
f
r
o
m
 l
o
w
e
s
t
 

to
 h
i
g
h
e
s
t
 i
o
n
 c
o
n
c
e
n
t
r
a
t
i
o
n
s
,
 w
a
s
:
 

l
o
w
 

Si
te

s 
1
,
3
 

S
i
t
e
s
 2
, 
5
,
6
 

h
i
g
h
 

S
i
t
e
 4
 

T
h
e
r
e
 w
e
r
e
 n
o
 s
ig
ni
fi
ca
nt
 d
if
fe
re
nc
es
 w
it

hi
n 
e
a
c
h
 g
ro

up
, 

bu
t 
th
er
e 
w
e
r
e
 d
if
fe
re
nc
es
 a
m
o
n
g
 t
he
 g
ro

up
s.

 T
h
i
s
 i
nd

i 

ca
te
s 
th

at
 d
ra

in
ag
e 
di

d 
in

cr
ea

se
 t
he
 c
on
ce
nt
ra
ti
on
 o
f 
io

ns
. 

Di
re

ct
 c
o
m
p
a
r
i
s
o
n
 o
f 

Si
te

 5
 
(u

ps
tr

ea
m)

 w
it
h 

Si
te

 6
 

(
d
o
w
n
s
t
r
e
a
m
)
 
s
h
o
w
e
d
 h
i
g
h
e
r
 c
o
n
c
e
n
t
r
a
t
i
o
n
s
 o
f 

io
ns
 a

t 

th
e 
u
p
s
t
r
e
a
m
 s
it
e.
 T
h
i
s
 w
a
s
 p
r
o
b
a
b
l
y
 a
 r
es
ul
t 
o
f
 t
he
 c
o
n
 

tr
ib

ut
io

n 
o
f
 i
o
n
s
 f
r
o
m
 t
h
e 
d
r
a
i
n
e
d
 a
r
e
a
 u
p
s
t
r
e
a
m
 o
f
 S
it
e 
5.
 

Al
l 

th
e 

di
tc
he
s 

in
 
th
is
 
ar
ea
 
w
e
r
e
 
in

 
mi

ne
ra

l 
so

il
 
an

d 

u
n
d
e
r
w
e
n
t
 
si
gn

if
ic

an
t 

er
os

io
n,

 
w
h
i
c
h
 
e
n
h
a
n
c
e
d
 
th
e 

re
le
as
e 
o
f
 i
on

s.
 

T
h
e
 c

on
ce

nt
ra

ti
on

s 
o
f
 i
on
s 

va
ri

ed
 w
i
t
h
 
st
ic
am
fl

ow
. 

Co
nc

en
tr

at
io

ns
 o
f 
Ca

, 
M
g
,
 N
a
 a
n
d
 S
i
O
2
 w
e
r
e
 l
o
w
 d
ur

in
g 

s
n
o
w
m
c
l
t
 a
n
d
 h
ig

h 
d
u
r
i
n
g
 p
er

io
ds

 o
f 
l
o
w
 f
lo

w.
 T
h
e
 o
th
er
 

io
ns
 (
K,

 C
l
 a
n
d
 S
O
4
)
 h
a
d
 l
o
w
 c
on

ce
nt

ra
ti

on
s 
d
u
r
i
ng
 l
o
w
 

fl
ow

 p
er

io
ds

 a
n
d
 h
ig

h 
co

nc
en

tr
at

io
ns

 d
ur
in
g 
me

lt
. 
Th

is
 

di
ff

er
en

ce
 b
e
t
w
e
e
n
 t
he
 t
w
o
 g
r
o
u
p
s
 w
a
s
 d
u
e
 t

o 
di
ff
er
en
t 

so
ur

ce
s 
of

 r
un

of
f 
wa

ic
r.

 T
h
e
 i
on
s 
in

 t
he
 f
ir
st
 g
r
o
u
p
 a
re

 i
n 

di
ca
to
rs
 o
f 
g
r
o
u
n
d
w
a
t
e
r
 t

ha
t 
ha

s 
be
en
 i

n 
co

nt
ac

t 
wi

th
 

mi
ne

ra
l 

so
il

 (
Bo
cl
te
r 
a
n
d
 V
er

ry
 1
97

7)
. 
D
u
r
i
n
g
 p
er

io
ds
 o
f 

l
o
w
 f

lo
w,
 I
he
 g
r
o
u
n
d
w
a
t
e
r
 h
a
d
 a
 g
re
at
er
 o
pp

or
tu

ni
ty

 t
o 

in
cr
ea
se
 
it

s 
io
ni
c 

co
nc

en
tr

at
io

n 
b
e
c
a
u
s
e
 
o
f
 p
r
o
l
o
n
g
e
d
 

co
nt

ac
t 
w
i
t
h
 t
he
 u
n
d
e
r
l
y
i
n
g
 m
in

er
al

 s
oi

l.
 D
u
r
i
n
g
 t
he

 m
e
l
t
 

p
e
r
i
o
d
,
 c
o
n
c
e
n
t
r
a
t
i
o
n
s
 w
e
r
e
 d
i
l
u
t
e
d
 b
y
 t
he
 l
a
r
g
e
 a
m
o
u
n
t
 

o
f
 s
up
er
fi
ci
al
 
m
e
l
t
w
a
t
c
r
.
 
F
u
r
t
h
e
r
,
 
th

is
 
w
a
t
e
r
 
w
a
s
 
p
r
e
 

v
e
n
t
e
d
 f
r
o
m
 p
e
r
c
o
l
a
t
i
n
g
 t
o 
th
e 
m
i
n
e
r
a
l
-
e
n
r
i
c
h
e
d
 g
r
o
u
n
d
-

w
a
t
e
r
 b
y
 a
 l
a
y
e
r
 o
f
 f
r
o
z
e
n
 p
ea
t.
 

T
h
e
 i
on
s 
in

 t
he
 s
e
c
o
n
d
 g
r
o
u
p
 a
re
 a
b
u
n
d
a
n
t
 i
n 
th
e 
a
t
m
o
 

sp
he
re
 
(B
oe
lt
er
 
a
n
d
 
Vc

rr
y 

19
77
, 

Fo
st
er
 
a
n
d
 
N
i
c
o
l
s
o
n
 

19
88

) 
a
n
d
 t
he
re
fo
re
 a
c
c
u
m
u
l
a
t
e
d
 i
n 
th
e 
s
n
o
w
p
a
c
k
.
 T
h
e
y
 

w
e
r
e
 r
e
l
e
a
s
e
d
 a
s 
a
 s
u
r
g
e
 d
u
r
i
n
g
 m
el
t.
 L
o
w
 c
o
n
c
e
n
t
r
a
t
i
o
n
s
 

du
ri
ng
 p
er

io
ds

 o
f 
l
o
w
 f
l
o
w
 r
es
ul
te
d 
f
r
o
m
 a
 l
ac
k 
of

 i
np
ut
 

v
i
a
 p
r
e
c
i
p
i
t
a
t
i
o
n
.
 

T
h
e
 o
ve
ra
ll
 m
i
n
i
m
u
m
 a
n
d
 m
a
x
i
m
u
m
 c
on

ce
nt

ra
ti
on
s 

m
e
a
s
u
r
e
d
 a
t 
th
e 
si
te
s 
ar
e 
li
st
ed
 i
n 
Ta
bl
e 

4.
 D
es

pi
te

 t
he
 i
n-



1
7
2
 

cr
ea
se
s 
ca

us
ed
 b
y
 d
ra
in
ag
e,
 t
he
 F
re
sh
wa
te
r 
Aq

ua
ti

c 
an
d 

Dn
nk
in
g 

Su
pp
ly
 
Gu

id
el

in
es

 
(A
no
n.
 
19
87

) 
fo
r 

io
ns
 

wh
er

e 
gi

ve
n,

 w
e
r
e 
no

t 
ex

ce
ed

ed
. 

M
e
t
a
l
s
 

Co
nc
en
tr

at
io

ns
 o
f 

tr
ac

e 
me

ia
ls

 w
er
e 

hi
gh

ly
 v
ar
ia
bl
e 

an
d 

di
d 
no

t 
pe

rm
it

 a
ny
 o
bv

io
us

 r
an

ki
ng

 o
f 
si
te
s 

Si
te

 6
 

(d
ow
ns
tr
ea
m)
 d
id

 h
av
e 
hi

gh
er

 c
on
ce
nt
ra
ti

on
s 
of

 A
] 

Fc
 

Zn
 a
nd

 M
n
 t
ha

n 
th
e 
ot

he
r 
si
te
s,
 b
ut

 t
he
 d
if

fe
re

nc
es

 w
er
e 

no
t 
st
at
ic
al
ly
 s

ig
ni
fi
ca
nt
. 
T
h
e
 h

ig
he

r 
co
nc
en
tr
at
io
ns
 

co
ul

d 
no
t 
be

 a
tt
ri
bu
te
d 
to

 d
ra

in
ag

e 
be

ca
us

e 
th
e 
tw
o 

tr
ea
t-

me
nt

s 
(S

it
es
 2
 a
nd
 4
) 
of
te
n 
ha
d 
lo
we
r 
co

nc
en
tr
at
io
ns
 t
ha
n 

th
ec
on
tr
oI
s(
Si
tc
sI
an
d3
).
Th
ec
on
cc
nt
ra
ii

on
so

fC
d 

Ni
 

an
d 
P
b
 w
er
e 
at

 o
r 
be
lo
w 

th
e 
de
te
ct
io
n 

li
mi
t 
in

 m
o
r
e
 t
ha
n 

8
0
%
 o
f 

th
e 
co

ll
ec

ti
on

s.
 O
nl
y 
C
u
 t
en
de
d 

to
 h
av
e 
hi
gh
er
 

co
nc
en
tr
at
io

ns
 a

t 
th
e 

tr
ea

tm
en

t 
an
d 
d
o
w
n
s
t
r
e
a
m
 
si
te
s 

th
an

 a
t 
th
e 
co

nt
ro

l 
si
te
s.
 A
ga
in
, 

th
e 
di
ff
er
en

ce
s 
we
re
 n
ot

 
si

gn
if

ic
an

t.
 

Ex
ce
pt
 f
or
 C
d,
 N
i 
an
d 
Pb

, 
co
nc
en
tr
at
io
ns
 o
f 
me
ta
ls
 a
t 

al
l 
si

te
s 
we

re
 l
ow
 d
ur

in
g 
pe
ri
od
s 
of

 l
o
w 
fl
ow

 a
nd

 h
ig

h 

du
ri
ng
 s

to
rm
 e

ve
nt
s.
 T

hi
s 

in
di

ca
te

s 
th
at
, 
as
 t

he
 w

at
er
 

ta
bl

e 
ro

se
 b
ec
au
se
of
 p
re
ci
pi
ta
ti
on
, 
me

ta
ls

 w
er
e 
ga

in
ed

 i
n 

th
e 
up

pe
r 

la
ye
rs
 o
f 
th
e 

pe
at
. 
L
a
p
a
k
k
o
 (
19
85

) 
ob

se
rv

ed
 

th
aL
 
co
nc
en
tr
at
io
ns
 
of

 
Fc
, 

A!
 
a
n
d 
M
n
 
di

d,
 
in
 
fa
ct
, 

de
cr

ea
se

 a
s 
de

pt
h 
in

cr
ea

se
d.

 

Wa
te
r-
qu
al

it
y 
gu

id
el

in
es

 w
e
re

 e
xc
ee
de
d 

on
ly

 a
 f
ew
 

li
me
s 

in
 b

ot
h 
ye
ar
s 
by
 a

l!
 m
et

al
s 
ex

ce
pt

 A
l,

 F
e 
an

d 
Cu

. 
Th

es
e 

la
tt

er
 m
et

al
;;

 w
e
r
e 
co

ns
is

te
nt

ly
 f
ou
nd
 a
t 
al

l 
si
te
s 
in
 

hi
gh
er
 
co
nc
en
tr
at
io
ns
 
th

an
 
ar
e 
r
e
c
o
m
m
e
n
d
e
d
 
by
 
th
e 

gu
id

el
in

es
. 
Co

nc
en

tr
at

io
ns

 o
f 
A
l
 (

Fi
g.
 
3)

 a
n
d
 F
e
 w
e
r
e
 

pa
rt
ic
ul
ar
ly
 h
ig
h.
 
E
v
e
n
 t
he
 m
i
n
i
m
u
m
 A
l 
co

nc
en
tr
at
io
ns
 

w
e
r
e
 n
e
a
r
 o
r 
a
b
o
v
e
 t
he
 l
im

it
. 
T
h
e
 s
im

il
ar

it
y 
b
e
t
w
e
e
n
 t
he
 

co
nt
ro
ls
 (
Si

te
s 

1 
a
n
d
 3
) 
a
n
d
 d
o
w
n
s
t
r
e
a
m
 (

Si
te

 6
) 
s
h
o
w
s
 

th
at
 t
he
re
 w
er
e 
hi
gh
 n
at
ur
al
 b
ac

kg
ro

un
d 

co
nc
en
tr
at
io
ns
. 

Th
es

e 
va

lu
es

 w
er

e
 w
it

hi
n 
th
e 
ra

ng
e 
re
po
rt
ed
 b
y 
Hi

ll
ma

n 
(1
98
8)
. 

T
a
b
l
c
4
.
 
M
i
n
i
m
u
m
 a
n
d
 m
a
x
i
m
u
m
 

an
d 

To
ta

I 

Th
e 

nu
tr
ie
nt
 a
nd

 t
ot
al
 
P 

co
nc

en
tr

at
io

ns
 f

ol
lo

we
d 

a 
tr

cn
ds

im
il

ar
to

 t
ha

t o
f 
th
e 
io

ns
. 
Th
e 
co
nt
ro
ls
 h
ad

 t
he
 l
ow

 
es
t 
va
lu
es
, 
th
e 
co

ll
ec

to
r 
di

tc
h 
ha

d 
th
e 
hi
gh
es
t 
va
lu
es
 a
nd
 

th
e 
ot
he
r 
su

es
 w
er
e 

in
 t
he
 m
id

dl
e.

 T
he
 c
on
ce

nt
ra
ti
on
s 
of

 
to

ta
l 
Kj

cl
da

hl
 n
it
ro
ge
n 
(
T
K
N
)
 t
en

de
d 

to
 b
e 
hi
gh

er
ai

 t
he

 
co
nt
ro
l 

si
te
s,
 a
n 

in
di

ca
ti

on
 t

ha
t 
th
e 
pe

at
 w
a
s
 a
 s
ou

rc
e 
of

 

T
K
N
 v

ia
 d

ie
 f
lo

w 
of

 s
ub

su
rf

ac
e 
wa

te
r.

 N
o
n
e
 o
f 
th

e 
di

f 
fe
re
nc
es
 w

as
 s

ig
ni

fi
ca

nt
 
In
cr
ea
se
d 

co
nc

en
tr
at
io
ns
 o

f 
N
H
4
-
N
 
as
 
a 

re
su
lt
 
of

 
dr

ai
na

ge
 
we
re
 
ob

se
rv
ed
 
by

 
H
y
n
m
n
e
n
 a
nd
 S
ep
po
nc
n 

(1
98

3)
. 
O
n
 t

he
 b

as
is
 o
f 

ih
ci

r 
ob

se
rv

at
io

n 
th

at
 m
o
r
e
 t
ot
al
 P
 w
as
 r
el
ea
se
d 
fr

om
 d
ry

 p
ca

i 
th
an
 
fr
om
 
we
t 

pe
at
, 

Kn
ig
ht
on
 
an

d 
St
ie
gl

cr
 
(1

98
0)

 
hy
po
th
es
iz
ed
 
th

at
 c

on
ce

nt
ra

ti
on

s 
of

 t
ot
al
 P
 w
ou
ld
 i

n 
c
r
e
a
s
e
 a
ft
er
 d
ra

in
ag

e.
 

Fo
r 

th
es

e 
me
as
ur
es
, 

no
 
qu
al
it
y 

gu
id

el
in

es
, 

wh
er
e 

gi
ve
n,
 w
e
r
e
 e
x
c
e
e
d
e
d
.
 

pH
, 

Ac
id

it
y,

 
Al
ka
li
ni
ty
, 

Co
nd

uc
ti

vi
ty

 a
n
d
 

T
e
m
p
e
r
a
t
u
r
e
 

Th
es

e 
pa
ra
me
te
rs
, 
wi

th
 t
he
 e
xc
ep
ti
on
 o
f 
te
mp
er
at
ur
e,
 

fo
ll

ow
ed

 
th
e 
s
a
m
e
 r

an
ki

ng
 a

s 
ih
c 

io
ns
. 
T
h
e
 c

ol
le

ct
or

 

di
tc
h 
ha

d 
si

gn
if

ic
an

tl
y 
hi
gh
er
 v
al
ue
s,
 w
hi
le
 t
he

 c
on

tr
ol

s 
ha

d 
si
gn
if
ic
an
tl
y 
lo
we
r 
va
lu
es
. 
A
s
 w
as
 t
he
 c
as
e 
wi

th
 t
he

 

io
ns

, 
hi

gh
 l

ev
el

s 
oc

cu
rr

ed
 d

ur
in
g 

pe
ri

od
s 
of

 l
ow
 f

lo
w,

 
a
n
d
 
l
o
w
 
le
ve
ls
 
o
c
c
u
r
r
e
d
 
du

ri
ng

 p
er

io
ds

 
o
f
 
h
i
g
h
 
H
o
w
.
 

Co
nt

ac
t 
of

 g
r
o
u
n
d
w
a
t
e
r
 w

it
h 

mi
ne

ra
l 

so
il

 
m
a
y
 
be
 t

he
 

co
nt

ro
ll

in
g 

fa
ct

or
. 
In

cr
ea

se
s 

in
 p
H
 b
ec

au
se

 o
f 
dr

ai
na

ge
 

ha
ve
 b
ee
n 
d
o
c
u
m
e
n
t
e
d
 b
y 
Hc
ik
ur
ai
nc
n 

et
 a
l.

 (
19

78
) 
an
d 

H
y
n
n
i
n
e
n
 a
n
d
 S
e
p
p
o
n
e
n
 (
19
83
).
 A
lk

al
in

it
y 
di
d 
in

cr
ea

se
 

as
 a
 r
es
ul
t 
of

 d
ra
in
ag
e,
 b
ut
al
l 
th
e 
si
te
s,
 e
x
c
e
p
t
 t
he

 c
ol
le
c 

to
r 
di
tc
h,
 h
a
d
 v
al

ue
s 

le
ss

 t
ha

n 
2
4
 m
g
/
L
 (
as
 C
a
C
O
i
)
,
 i
nd
i 

ca
ti
ng
 a
 p
oo
r 
bu

ff
er

in
g 
ca

pa
ci

ty
 {
An
on
. 

19
81
).
 



1
7
3
 

f
t
 

fl
 
O
 

C
 

o
 

o
 

u
 

3
 

U
p
 

4
 

D
i
t
c
h
 

1 
2
 

U
p
 

D
o
w
n
 

P
a
r
t
 
o
f
 
D
r
a
i
n
a
g
e
 

sh
ow

in
g 
mi
ni
mu
m,
 m
a
x
i
m
u
m
,
 m
e
a
n
 a
nd

 m
ed

ia
n 
[<
};
 a
is

o 
wa

te
r-

qu
al

it
y 
gu

id
el

in
e 

5
 

6
 

U
p
 

D
o
w
n
 

E
n
t
i
r
e
 
D
r
a
i
n
a
g
e
 

li
mi
t)
. 

W
a
t
e
r
 t

em
pe
ra

tu
re
s 
w
e
r
e
 n
ot

 s
ig
ni
fi
ca
nt
ly
 
di
ff
er
en
t 

f
r
o
m
 s

it
e 
to
 s

it
e,
 a
lt
ho
ug
h 

th
e 
Fo

is
ie

 R
iv

er
 t
en

de
d 

to
 b
e 

sl
ig

ht
ly

 w
a
r
m
e
r
.
 
A
s
 m
i
g
h
t
 b
e
 e
x
p
e
c
t
e
d
,
 w
a
t
e
r
 t
e
m
p
e
r
a
 

tu
re
s 
w
e
r
e
 l
o
w
 i

n 
th
e 
sp

ri
ng

 a
n
d
 t
he
 a
u
t
u
m
n
,
 a
n
d
 h
ig

h 
in
 

t
h
e
 s
u
m
m
e
r
.
 

N
o
 g
ui

de
li

ne
s,

 w
h
e
r
e
 g
iv
en
, 
w
e
r
e
 e
x
c
e
e
d
e
d
.
 

T
u
r
b
i
d
i
t
y
 a
n
d
 S
u
s
p
e
n
d
e
d
 S
o
l
i
d
s
 

Tu
rb

id
it

y 
a
n
d
 
co

nc
en

tr
at

io
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ri
ng

 a
nd
 f

al
l.

 T
h
e
 
di
tc
h 
sy
st
em
 
in

te
rc

ep
te

d 
sh
al

lo
w 
g
r
o
u
n
d
w
a
t
e
r
 f
lo

w 
al
on
g 
th

e 
na

tu
ra

l 
gr
ad
ie
nt
 e
x
c
e
p
t
 i

n 
cl

os
e 
pr

ox
im

it
y 

to
 

th
e 

di
tc
h.
 T
h
e
 p
re

sc
ri

pt
io

n 
dr

ai
na
ge
 s
y
s
t
e
m
 i

s 
ef

fe
ct

iv
e 

in
 e
n
h
a
n
c
i
n
g
 s

il
vi

cu
lt

ur
al

 

op
er

at
io

ns
 o
n
 c
oa
rs
e-
te
xt
ur
ed
 m

in
er

al
 s

oi
ls
, 
a
n
d
 
is
 
le

ss
 c

os
tl

y 
th
an
 t
he

 p
at

te
rn

 

d
i
t
c
h
 
s
y
s
t
e
m
.
 

R
E
S
U
M
E
 

L
e
s
 s
y
s
t
e
m
e
s
 d
e
 d
ra

in
ag

e 
fo
re
st

ie
r 
on

t 
b
e
a
u
c
o
u
p
 e

te
 u

ti
li
se
s 
po

ur
 a
me

li
or

er
 l

a 

te
ne

ur
 e
n 
e
a
u
 d
u 

so
l 

ai
ns

i 
q
u
e
 
le
s 
tr
ai
te
me
nt
s 

sy
iv
ic
ol
es
 e

t 
la
 p

ro
du

ct
iv

it
y 
d
e
s
 

fo
re
ts
. 
L
e
 s
y
s
t
e
m
e
 d
e
 d
r
a
i
n
a
g
e
 l
e 
pl

us
 r
e
p
a
n
d
u
 e
st

 u
n
 r
e
s
e
a
u
 d
e
 f
o
s
s
e
s
 q
ui

 c
o
u
v
r
e
 

la
 
su
pe
rf
ic
ie
 
a
 
tr

ai
te

r.
 
U
n
 
au
tr
e 

ty
pe
 
es

t 
ce

lu
i 
d
u
 
s
y
s
t
e
m
e
 
d
e
 
d
r
a
i
n
a
g
e
 
to
po
-

g
r
a
p
h
i
q
u
e
 o
u
 l
es
 f
o
s
s
e
s
 s
on
t 
si

tu
es
 d
a
n
s
 l
es
 v
al

le
es

 e
t 
le
s 
d
e
p
r
e
s
s
i
o
n
s
 a
p
p
a
r
e
n
t
e
s
 

d
u
 p
a
y
s
a
g
e
.
 
U
n
e
 e
t
u
d
e
 a
 e
te

 e
f
f
e
c
t
u
e
e
 p
o
u
r
 d
e
t
e
r
m
i
n
e
r
 l
es
 e
ff

et
s 
d
e
 I
'
a
m
e
n
a
g
e
-

m
e
n
t
 d
e
 f
o
s
s
e
s
 c
o
n
f
o
r
m
e
s
 a
u
 m
o
d
e
l
s
 s
u
r
 l
a 
h
a
u
t
e
u
r
 d
e
 l
a 
n
a
p
p
e
 p
h
r
e
a
t
i
q
u
e
 e
t 
s
u
r
 

le
 d
eb
it
 d
e
 I
'e

au
 s
ou

te
rr

ai
ne

. 
L
e
s
 f
os
se
s 
on

t 
re

us
si

 a
 a
ba
is
se
r 

la
 n
a
p
p
e
 p
hr

ea
ti

qu
e 

a
u
 p
ri

n
t
em

p
s
 e
t 
a 
i'
au
to
mn
e.
 U
s 
on

t 
in

te
rc

ep
ts

 l
es
 e
a
u
x
 s
ou

te
rr

ai
ne

s 
p
e
u
 p
r
o
f
o
n
d
e
s
 

le
 l
on

g 
d
u
 g
ra

di
en

t 
d
e
 p
e
n
te

 n
at
ur

el
le

, 
sa
uf
 p
re
s 
d
u
 f
os
se
. 
L
e
 s
y
s
t
e
m
e
 d
e
 d
ra
in
ag
e 

d
u
 
m
o
d
e
l
e
 
na

tu
re

l 
re
us
si
t 
a
 
am

el
io

re
r 

le
s 
tr
ai
te
me
nt
s 

sy
iv
ic
ol
es
 
su

r 
d
e
s
 
so

is
 

m
i
n
e
r
a
u
x
 a
 t
ex

tu
re

 g
ro

ss
ie

re
 e

t 
es

t 
m
o
i
n
s
 c
o
u
t
e
u
x
 q
u
'
u
n
 r
e
s
e
a
u
 d
e
 f
os

se
s,

 

I
N
T
R
O
D
U
C
T
I
O
N
 

P
o
o
r
 s
oi

l 
d
r
a
i
n
a
g
e
 a
d
v
e
r
s
e
l
y
 a
f
fe
ct
s 
si
lv
ic
ul
tu
ra
l 
o
p
e
r
 

at
io
ns
 a
n
d
 w
o
o
d
 f

ib
er

 p
ro

du
ct

io
n.

 
M
a
n
a
g
e
m
e
n
t
 o
f
 s
oi

l 

w
a
t
e
r
 c
o
n
d
i
t
i
o
n
s
,
 t
h
r
o
u
g
h
 d
r
a
i
n
a
g
e
 
pr

ac
ti

ce
s,

 i
s 
a 
c
o
m
-

m
o
n
 a
p
p
r
o
a
c
h
 
to

 s
us

ta
in

in
g 
c
o
m
m
e
r
c
i
a
l
 
fo
re
st
ry
 i

n 
th
e 

so
ut

he
as

te
rn

 
U
n
i
t
e
d
 
St
at
es
 a
n
d
 i

n 
F
i
n
l
a
n
d
 
(A

ll
en

 
a
n
d
 

C
a
m
p
b
e
l
l
 1
9
8
8
,
 P
a
a
v
i
l
a
i
n
c
n
 a
n
d
 P
a
i
v
a
n
e
n
 1
98

8
).
 T
h
e
r
e
 

a
r
e
 t
w
o
 b
a
s
i
c
 t
y
p
e
s
 o
f
 f
or
es
t 
d
r
a
i
n
a
g
e
 s
y
s
t
e
m
:
 t
he
 p
at
te
rn
 

di
tc
h 
s
y
s
t
e
m
 a
n
d
 t
he
 p
re
sc
ri
pt
io
n 
di

tc
h 
s
y
s
t
e
m
 (
Te
rr
y 
a
n
d
 

H
u
g
h
e
s
 1
9
7
8)

.
 T
h
e
 p
a
l
t
e
m
 s
y
s
t
e
m
 i

s 
a
n
 e
n
g
i
n
e
e
r
e
d
 s
ys
 

t
e
m
 o
f
 d
i
t
c
h
e
s
 u
n
i
f
o
r
m
l
y
 s
p
a
c
e
d
 i

n 
a
 s
y
s
t
e
m
a
t
i
c
 p
at
te
rn
. 

It
 i

s 
ty
pi
ca
ll
y 
a
p
p
l
i
e
d
 t

o 
p
e
a
t
 o
r 
m
i
n
e
r
a
l
 
so

il
s 

in
 w
h
i
c
h
 

re
li

ef
 i
s 
ve

ry
 l
o
w
 a
n
d
 n
at
ur
al
 s
ur
fa
ce
 d
ra

in
ag

e 
is
 n
ot
 w
el

l 

de
ve

lo
pe

d.
 T
h
e
 d
it
ch
es
 a
re
 c
lo
se
ly
 s
p
a
c
e
d
 t
o 
dr

ai
n 
w
a
t
e
r
 

t
h
r
o
u
g
h
 s
oi

l 
ma

te
ri

al
s 

th
at

 h
a
v
e
 l
o
w
 h
y
d
r
a
u
l
i
c
 c
o
n
d
u
c
 

ti
vi
ty
. 
T
h
e
 r

es
ul
t 

is
 a
 h

ig
h-

de
ns

it
y 
n
e
t
w
o
r
k
 o
f
 d
it

ch
es

. 

T
h
e
 d
e
s
i
g
n
 o
f
 p
at
te
rn
 d
it

ch
 
s
y
s
t
e
m
s
 i

s 
w
e
l
l
 e
st

ab
li

sh
ed

 

(
C
a
m
p
b
e
l
l
 
1
9
7
6
,
 P
a
i
v
a
n
e
n
 a
n
d
 W
e
l
l
s
 1
9
7
8
,
 R
o
s
e
n
 1
9
8
6
,
 

H
a
a
v
i
s
t
o
a
n
d
P
i
i
i
v
a
n
c
n
 1
9
8
7
)
 a
n
d
 t
h
e
 e
f
f
e
c
t
i
v
e
n
e
s
s
 o
f
 t
h
e
 

d
i
t
c
h
e
s
 i
n 
c
o
n
t
r
o
l
l
i
n
g
 
w
a
t
e
r
 t

ab
le
 l
ev
el
s 
h
a
s
 b
e
e
n
 d
o
c
u
-



1
7
6
 

me
ni
ed
 i

n 
Ih
e 
Un
it
ed
 S

la
te
s 
(T

er
ry

 a
nd

 H
ug
he
s 

19
75

 
19
78
),
 i
n 
Eu
ro

pe
 (
He

ik
ur

ai
nc

n 
19
64
, 
Br

ac
kk
e 
19

83
) 
an

d 
in
 C
an
ad
a 
(B

er
ry

 a
nd

 J
eg

lu
m 

19
88
, 
Hi
ll
ma

n 
19
88
).
 

Th
e 

pr
es
cr
ip
ti
on
 d

ra
in
ag
e 

sy
st
em
 d

if
fe
rs

 f
ro
m 

th
e 

pa
tt
er
n 
s
y
s
t
e
m
 i

n 
th
e 
ba
si
c 
de

si
gn

 a
n
d
 i
n 
th
e 
ty

pe
 o
f 
si
te
 

on
 w
hi

ch
 i

t 
is

 u
se

d.
 T
he

 p
re
sc
ri
pt
io
n 
dr
ai
na

ge
 s
ys
te
m 

is
 

us
ed

 o
n 
su

es
 t

ha
t 
ha
ve
 a
n 

id
en
ti
fi
ab
le
 d
ra

in
ag

e 
pa

tt
er

n,
 

bu
lo

n 
wh

ic
h 
dr

ai
na

ge
 is

 i
mp

ed
ed

 as
 ar

es
ul

to
f b

lo
ck
ag
es
 

or
 
lo

w 
to
po

gr
ap

hi
c 

re
li

ef
 (

Te
rr

y 
an
d 

Hu
gh

es
 
19

78
).

 
Dr
ai
na
ge
 
is

 a
cc
om
pl
is
he
d 

by
 o

pe
ni
ng
 
up

 t
he
 n

at
ur
al
 

dr
ai
na
ge
 p

at
te

rn
s.

 T
h
e
 r
es

ul
ti

ng
 d
ra

in
ag

e 
sy

st
em

 h
as

 a
 

de
nd
ri
ti
c 
pa

tt
er
n 
an
d 
a 
lo

w 
di
tc
h 
de
ns
it
y 
pe

r 
un
it
 a
re
a 

in
 

co
mp

ar
is

on
 w
it

h 
th
e 
pa
tt
er
n 
di

tc
h 
sy

st
em

. 
Al

th
ou
gh
 t
he
 

pr
es
cr
ip
ti
on

 d
it

ch
 s
ys
te
m 

is
 r
ec
og
ni
ze
d 
as
 a
n 
ap
pr
oa
ch
 t
o 

m
a
n
a
g
i
n
g
 w
a
t
e
r
 t
ab
le
s 
o
n
 f
or

es
te

d 
si

te
s,

 i
t 
h
a
s
 n
o
t
 b
e
e
n
 

wi
de

ly
 u
se
d.

 C
on
se
qu
en
tl
y,
 p
ub

li
sh

ed
 d
at

a 
do

cu
me

nt
in

g 

th
e 
ef
fe
ct
s 
of

 t
he
 d
ra
in
ag
e 
sy
st
em
 o
n 
hy

dr
ol
og

ic
al

 c
ha

r 
ac

te
ri

st
ic

s 
of
 t
he
 w
ci

la
nd

 a
rc
 s
ca
rc
e.
 T
re
tt
in
 e
l 

al
. 
(1

98
2)

 
re

po
rt

ed
 
th
at

 
a 

pr
es

cr
ip

ti
on

 
sy
st
em
 
w
a
s
 
ef
fe
ct
iv
e 

in
 

re
m
ov

in
g
 p
er

ch
ed

 w
at

er
 a
ss

oc
ia

te
d 
wi

th
 s
n
o
w
m
e
l
L
 A
 

pr
es
cr
ip
ti
on
 d

it
ch
 c
au
se
d 
a 
wa

te
r-

ta
bl

e 
re

sp
on

se
 a
pp

ro
x 

im
at
el
y 
30
0 
m
 
a
w
a
y
 f

ro
m,

 a
nd
 
pe

rp
en

di
cu

la
r 

to
, 

th
e 

d
i
t
c
h
.
 

Th
is

 
pa

pe
r 

pr
ov
id
es
 
a 

re
po

rt
 
o
n
 
th
e 

hy
dr
ol
og
ic
 

re
sp
on
se
s 
of

 a
 p
re

sc
ri

pt
io

n 
dr
ai
na
ge
 s
y
s
t
e
m
 a
n
d
 a
n 
ev
al
 

ua
ti

on
 o
f 

it
s 
ap
pl
ic
at
io
n.
 S
pe

ci
fi

c 
hy

dr
ol

og
ic

 p
ar

am
et

er
s 

co
ns
id
er
ed
 w
er

e
 t
he
 w
at
er
-t
ab
le
 r
es

po
ns

e 
to

 d
it
ch
in
g 
an

d 
th

e 
di
re
ct
io
n 
of

 g
r
o
u
n
d
w
a
l
c
r
 f
lo

w.
 T
h
e
 s
tu
dy
 w
a
s
 b
as
ed
 

o
n
 a
n 
op
er
at

io
na
l 
dr

ai
na

ge
 p
ro
je
ct
, 
a
n
d
 t
he
re

 w
a
s
 n
o
 u
n-

dr
ai
nc
d 

co
nt
ro
l.
 T
h
e
 d
is

cu
ss

io
n 
of

 t
he
 a
pp
li
ca

ti
on

 o
f 
a 

pr
es
cr
ip
ti
on
 
dr

ai
na

ge
 
sy
st
em
 
is

 
ba
se
d 
o
n
 
12

 
ye

ar
s 

of
 

op
er
at
io
na
l 
ex

pe
ri

en
ce

 o
n
 a
 
12

,0
00

 
ha
-t
ra
ct

 o
w
n
e
d
 b
y
 

A
b
i
t
i
b
i
-
P
r
i
c
e
,
 I
nc

. 

S
T
U
D
Y
 S
I
T
E
 

T
h
e
 s
tu
dy

 a
re
a 

is
 i
n 
Al
gc
r 
Co

un
ty

, 
in

 I
he
 n
or

th
ea

st
er

n 

pa
rt
 o
f
 t
he
 L
o
w
e
r
 P
en

in
su

la
 o
f 
M
i
c
h
i
g
a
n
.
 T
h
e
 c
li

ma
te

 i
s 

ch
ar
ac
te
ri
ze
d 
b
y
 a
 m
e
a
n
 a
nn

ua
l 
pr
ec
ip
it
at
io
n 
of

 8
3
5
 m
m
 

a
n
d
 
a 
m
e
a
n
 
an
nu
al
 
te

mp
er

at
ur

e 
of
 5
.2

°C
. 
T
h
e
 s

it
e 

is
 

lo
ca
te
d 
o
n
 a
n 
o
u
t
w
a
s
h
 p
la

in
. 
Se

di
me

nt
s 
ra

ng
e 
f
r
o
m
 1

1 
to
 

35
 m
 i
n 
th

ic
kn
es
s 
a
n
d
 a
re
 u
nd
er
la
in
 b
y
 O
rd

ov
ic
ia
n 
li

me
 

st
on
e.
 
So
il
s 

ar
c 
ch
ar
ac
te
ri
ze
d 

b
y
 
th
e 
Ki

nr
os

s 
sc

ri
es

, 
a 

Ty
pi

c 
ha
pl
aq
uo

ii
 t
ha

t 
is

 s
an

dy
, 
m
i
x
e
d
 a
n
d
 f
ri

gi
d 
(B

er
nd

l 

19
67
).
 T
h
e
 K
in

ro
ss

 s
er
ie
s 

is
 
po

or
ly

 d
ra

in
ed

, 
wi

th
 a
 f
in

e 

s
a
n
d
 s
o
l
u
m
 o
ve

rl
ai

n 
b
y
 a
b
o
u
t
 1
5 
c
m
 
of

 S
p
h
a
g
n
u
m
 m
o
s
s
 

a
n
d
 p
ea

t.
 T
h
e
 s
o
l
u
m
 i
s 
un

if
or

m 
to

 a
 d
ep

th
 o
f 
2.
5 
m,
 a
n
d
 i
s 

ac
id

 t
hr
ou
gh
ou

t.
 B
e
c
a
u
s
e
 d
ie
 w
at
er
 t
ab
le
 i
s 
ty

pi
ca
ll
y 
at

 o
r 

ne
ar
 t
he
 s
ur
fa
ce
 d
ur

in
g 

th
e 
g
r
o
w
i
n
g
 s
ea
so
n,
 
di
e 

so
il
 
is

 

co
ns
id
er
ed
 '
hy

dr
ic
1 
(A
no
n.
 1
98
5)
. 
T
h
e
 o
vc

rs
to

ry
 v
eg

et
a 

ti
on

 c
on
si
st
s 
pr
im
ar
il
y 
of

 b
la
ck
 s
pr

uc
e 
(P

ic
ea

 m
ar
ia
na
),
 

t
a
m
a
r
a
c
k
 (
L
a
r
i
x
 l

ar
ic

in
d)

, 
a
n
d
 j
a
c
k
 
p
i
n
e
 
(
P
i
m
m
 b
a
n
k
-

si
an
a)
. 
T
h
e
 d
o
m
i
n
a
n
t
 s
pe

ci
es

 i
n 
di
e 
s
h
r
u
b
 l
ay

er
 a
re
 b
lu
e 

be
rr
y 
(V
ac
ci
ni
um
 a

ng
us

ti
fo

li
um

 a
nd

 V
. 
co
ry

mb
os

um
) 

le
at
he
r 
le
af
 (
Ch

am
ae

da
ph

nc
 c
al
yc
ul
at
a)
, 
an

d 
La
br
ad
or
 

te
a 
(
L
e
d
u
m
 g
ro
en
la
nd
ic
um
).
 

M
E
T
H
O
D
S
 

D
r
a
i
n
a
g
e
 S
y
s
t
e
m
 

A
 p
re

sc
ri

pt
io

n 
dr

ai
na

ge
 s
ys

te
m 
wa
s 

in
st
al

le
d 
on
 t

he
 

si
te
 i
n 
J
u
n
e
 1

98
4.
 D
it

ch
es

 w
e
r
e
 l
oc
at
ed
 i

n 
th

e 
ap

pa
re

nt
 

va
ll
ey
s 
wi

th
 t
he
 u
se

 o
f 
ae
ri
al
 p
ho
to
 i
nt
er
pr
et
at

io
n,

 t
op

o 
gr

ap
hi

c 
ma

ps
, 
an
d 

He
ld

 r
ec
on
na
is
sa
nc
e.
 T
he

re
 w
as

 n
o 

pr
ed

ra
in

ag
e 
su

rv
ey

 o
f 
th
e 

si
te
. 
T
w
o
 s
iz
es
 o
f 
di
tc
h 
we
re
 

us
ed

, 
th
e 
pr

im
ar

y 
di

tc
h 

(4
.8

 m
 w

id
e 

at
 t

he
 t

op
, 

1.
5 
m
 

de
ep
, 

1.
8 
wi
de
 a

t 
th
e 
bo

tt
om

) 
an
d 

th
e 
se

co
nd
ar
y 

di
tc

h 
(2

.4
 m
 w
id
e 

at
 t
he
 t

op
, 

1.
0 
m
 d

ee
p,
 1

.3
 
m
 w
id
e 

at
 t

he
 

bo
tt

om
).

 T
h
e
 d
it
ch
es
 w
er
e 
co
ns
tr
uc
te
d 
by
 a
n 
ex

ca
va

to
r 

eq
ui
pp
ed
 w

it
h 
a 

1-
m3
 b

uc
ke

t.
 M
ac

hi
ne

 o
pe
ra
ti
on
s 

fo
r 

co
ns
tr
uc
ti
ng
 
a 

pr
es
cr
ip
ti
on
 
di

tc
h 

ar
c 

as
 
fo
ll
ow

s:
 
Fi

rs
t 

cl
ea

r 
a 
sh

or
t 
se
ct
io
n 
of

 r
ig
ht
-o
f-
wa
y,
 p
ro

ce
ed

 u
p 
gr

ad
e,

 
th
en
 r
ot
at
e 
an

d 
di

g 
th
e 
di

tc
h 
fa
ci
ng
 d
o
w
n
 g
ra

de
. 

In
 t
hi
s 

m
a
n
n
e
r
 
bo

th
 
la
nd
 
cl
ea
ri
ng
 
a
n
d
 
di
tc
hi
ng
 
ar
c 
a
c
c
o
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b
-
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a
s
i
n
s
 o
f
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e
j
i
m
k
u
j
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 d
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T
h
e
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u
b
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b
a
s
i
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e
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r
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y
 

Ri
ve
r,
 A
t
k
i
n
s
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e
a
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o
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o
k
,
 
H
e
b
e
r
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e
a
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o
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o
g
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r
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e
s
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m
p
l
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i
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c
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p
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e
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p
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p
e
n
 
(n
on
-t
re
ed
).
 
O
f
 
th
e 

w
e
d
a
n
d
s
 
s
u
r
v
e
y
e
d
,
 
th

re
e 
w
e
r
e
 
b
o
g
s
 
(
H
c
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c
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 m
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 c
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c
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 c
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 f
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b
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c
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c
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 p
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 d
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 c
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 c
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c
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b
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p
l
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 c
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 m
a
x
i
m
u
m
 
in
 
la

te
 s
u
m
m
e
r
.
 

T
w
o
 p
e
a
l
 c
or

es
, 

2.
5 
c
m
 
in

 d
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 c
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 p
ea
t 
c
o
r
e
s
 p
e
r
 s
it
e 
w
e
r
e
 t
a
k
e
n
 t
o 
o
b
 

ta
in

 s
o
m
e
 i
nd

ic
at

io
n 
o
f
 d
ie
 v
ar
ia
ti
on
 i
n 
p
e
a
t
 c
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c
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b
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p
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p
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 c
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p
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c
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c
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 b
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ra
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 d
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c
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c
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c
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l
c
i
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a
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n
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i
u
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p
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o
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K
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w
e
r
e
 
a
n
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d
 
b
y
 

a
t
o
m
i
c
-
a
b
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r
p
t
i
o
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p
e
c
t
r
o
p
h
o
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o
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c
t
r
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n
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 c
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a
n
d
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O
4
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y
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 c
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r
o
m
a
i
o
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r
a
p
h
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 f
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 p
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 f
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 o
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 c
ol
le
ct
ed
. 
Ot

he
rw

is
e,

 a
 p
or

e-
wa

te
r 
s
a
m
p
l
e
 w
a
s
 c
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 d
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 t
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 c
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 d
ry

 c
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on
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t 
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S 
tr
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e 
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n 
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 f
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m
e
t
r
e
s
 
u
p
s
t
r
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a
m
 
a
n
d
 
d
o
w
n
s
t
r
e
a
m
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a
c
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a
m
p
l
i
n
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at
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at
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e
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ly
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d 
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r 
an
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c 

co
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en
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t 
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t
er
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ra
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en
t 
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to
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e
w
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T
h
e
 

p
H
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a
s
 d
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ct
ro
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g
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 b
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 b
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 C
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h
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 c
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 d
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w
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 c
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 b
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 c
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h
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ra
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r 
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 p
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H
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tr
y 

da
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n
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 c
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it
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! 
io
n 

da
ta
' 

fo
r 
th
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y.
 P
lo
ts
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 p
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 c
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 m
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d 
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an
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Ou
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ti
fi
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at
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s
k
e
w
e
d
 d
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w
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 c
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l 
pa

ra
me

te
r 

fo
r 

al
l 

s
e
v
e
n
 w
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n
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n
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e
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u
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 c
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at
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at
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 d
o
m
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b
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p
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u
i
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n
u
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se
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ll
y 

ol
ig
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tr
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n
d
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u
c
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r 
nu
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ie
nt
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pl
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ra
in
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te
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 a
n
d
 fe

ns
, 
w
h
i
c
h
 a
re
 m
es
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ro
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tr
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c 
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 c
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ct
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a
n
d
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 d
o
m
i
n
a
t
e
d
 b
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C
a
r
e
x
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 c
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m
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e
qL
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1
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r
a
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(
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g
L
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1
)
 

T
o
t
a
l
s
:
 

A
n
i
o
n
s
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e
p
m
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a
t
i
o
n
s
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e
p
m
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.
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.
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2
 

a 
S
E
 =
 s
t
a
n
d
a
r
d
 e
r
r
o
r
 o
f
 t
he
 m
e
a
n
 (
%
)
 

b 
S
e
a
s
o
n
a
l
 c
h
a
n
g
e
s
:
 M
S
 ■
 M
a
y
-
S
e
p
t
e
m
b
e
r
,
 S
N
 =
 S
c
p
l
e
m
b
e
r
-
N
o
v
c
m
b
c
r
,
 M
N
 =
 M
a
y
 

N
o
t
e
:
 D
i
f
f
e
r
e
n
c
e
s
 i

n 
s
e
as

o
n
al

 m
e
a
n
 s
ig

ni
fi

ca
nt

 a
t:

 

@
p
<
0
.
1
0
 

-
N
o
v
e
m
b
e
r
 

p
<
0
.
0
1
 

T
a
b
l
e
 3
. 
P
o
r
e
w
a
t
c
r
 c
h
e
m
i
s
t
r
y
:
 s
e
a
s
o
n
a
l
 m
e
a
n
s
 (
7 
w
e
t
l
a
n
d
s
,
 1
4 
s
a
m
p
l
e
s
)
 

3 
S
E
 =
 s
t
a
n
d
a
r
d
 e
r
r
o
r
 o
f
 t
he
 m
e
a
n
 (
%
)
 

b 
M
N
 =
 M
a
y
-
N
o
v
e
m
b
e
r
 

N
o
i
e
:
 
D
i
f
f
e
r
e
n
c
e
s
 i

n 
s
e
a
s
o
n
a
l
 m
e
a
n
 s
i
g
n
i
f
i
c
a
n
t
 a
t:

 

@
p
<
0
.
1
0
 

#
 p
 <
 0
.
0
5
 

*
p
<
0
.
0
1
 

F
o
r
 
e
a
c
h
 
v
a
r
i
a
b
l
e
 
in

 
th
e 

t
h
r
e
e
 
m
e
d
i
a
 

(p
ea
l,
 s
t
r
e
a
m
w
a
t
e
r
 a
n
d
 
p
o
r
e
w
a
t
e
r
)
,
 p

ai
r-

w
i
s
e
 
c
o
m
p
a
r
i
s
o
n
s
 
w
e
r
e
 
m
a
d
e
 
b
e
t
w
e
e
n
 

s
e
a
s
o
n
s
 
fo
r 

al
l 

o
f
 
th
e 

w
e
t
l
a
n
d
s
.
 
S
i
g
n
i
f
 

i
c
a
n
c
e
 
le
ve
ls
 
(p
ro
ba
bi
li
ti
es
) 
w
e
r
e
 
d
e
t
e
r
 

m
i
n
e
d
 f
or
 F
 v
a
l
u
e
s
.
 T
h
e
s
e
 w
e
r
e
 g
e
n
e
r
a
t
e
d
 

b
y
 a
 t
w
o
-
l
e
v
e
l
 f

ac
to

ri
al

 
an
al
ys
is
 o
f
 v
ar
i 

a
n
c
e
 (
A
N
O
V
A
)
 p
r
o
c
e
d
u
r
e
 b
a
s
e
d
 o
n
 
S
A
S
 

G
L
M
 (
J
o
y
n
e
r
 
1
9
8
5
)
 
fo
r 
a
 c
r
o
s
s
e
d
 d
e
s
i
g
n
 

(
w
e
t
l
a
n
d
 v
e
r
s
u
s
 s
ea
so
n)
, 
w
i
t
h
 c
or

re
ct
io
n 

fo
r 

u
n
e
q
u
a
l
 
w
e
i
g
h
t
i
n
g
 
as
 
d
e
s
c
r
i
b
e
d
 
in
 

S
n
e
d
e
c
o
r
 
a
n
d
 C
o
c
h
r
a
n
 
(
1
9
6
7
)
.
 
T
h
e
 
d
a
t
a
 

w
e
r
e
 
u
n
e
q
u
a
l
l
y
 
w
e
i
g
h
t
e
d
 
b
e
c
a
u
s
e
,
 
in
 
a
 

f
e
w
 i
n
s
t
a
n
c
e
s
,
 o
n
l
y
 a
 s
i
n
g
l
e
 p
e
a
l
 c
o
r
e
 w
a
s
 

c
o
l
l
e
c
t
e
d
 
f
r
o
m
 
a
 
w
e
t
l
a
n
d
,
 
r
a
t
h
e
r
 
t
h
a
n
 
a
 

pa
ir
, 
a
n
d
 
th

is
 s
k
e
w
e
d
 
th
e 

di
st
ri
bu
ti
on

 
o
f
 

da
ta
. 
A
 c
o
r
r
e
c
t
i
o
n
 p
r
o
c
e
d
u
r
e
 w
a
s
 r
e
q
u
i
r
e
d
 

(i
bi
d.
).
 T
h
e
 p
r
o
b
a
b
i
l
i
t
y
 t
ha

t 
th
e 
d
i
f
f
e
r
e
n
c
e
 

b
e
t
w
e
e
n
 a
n
y
 t
w
o
 s
e
a
s
o
n
s
 w
a
s
 r
a
n
d
o
m
 w
a
s
 

c
a
t
e
g
o
r
i
z
e
d
 
al

 
i
h
r
e
e
 
s
i
g
n
i
f
i
c
a
n
c
e
 
le
ve
ls
: 

0.
10

, 
0
.
0
5
 a
n
d
 0
.0
1 

(
T
a
b
l
e
s
 
1,
 2

, 
a
n
d
 
3)

. 

F
o
r
 
t
h
e
 
p
e
a
t
 
a
n
d
 
t
h
e
 
s
t
r
e
a
m
w
a
t
c
r
,
 
t
h
e
r
e
 

w
e
r
e
 
t
h
r
e
e
 
s
u
c
h
 
c
o
m
p
a
r
i
s
o
n
s
 
p
e
r
 
p
a
r
a
 

m
e
t
e
r
,
 M
a
y
 v
e
r
s
u
s
 S
e
p
t
e
m
b
e
r
,
 S
e
p
t
e
m
b
e
r
 

v
e
r
s
u
s
 
N
o
v
e
m
b
e
r
,
 

a
n
d
 
M
a
y
 

v
e
r
s
u
s
 

N
o
v
e
m
b
e
r
,
 w
h
i
l
e
 f

or
 t
he
 p
o
r
e
w
a
t
e
r
 t
h
e
r
e
 

w
a
s
 o
n
l
y
 o
n
e
 p
e
r
 p
a
r
a
m
e
t
e
r
 (
M
a
y
 v
e
r
s
u
s
 

N
o
v
e
m
b
e
r
)
.
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ch
em
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an
nu

al
 m
e
a
n
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 f
or
 b
og
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an
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fe

n 
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S
i
g
n
i
f
i
c
a
n
c
e
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ev
el
s 
o
f
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n
n
u
a
l
 m
e
a
n
s
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o
t
 a
va
il
ab
le
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N
o
t
e
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 D
i
f
f
e
r
e
n
c
e
s
 b
e
t
w
e
e
n
 b
o
g
 a
n
d
 f
en
 m
e
a
n
s
 s
ig
ni
fi
ca
nt
 a
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@
p
<
0
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1
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*
p
<
0
.
0
5
 

-
n
o
n
s
i
g
n
i
f
i
c
a
n
t
 

T
a
b
l
e
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S
t
r
e
a
m
w
a
t
c
r
 c
h
e
m
i
s
t
r
y
:
 s
c
a
s
o
n
a
i
 a
n
d
 a
n
n
u
a
l
 m
e
a
n
s
 f
or
 b
o
g
s
 a
n
d
 f
en
s 

M
a
y
 

S
e
p
t
.
 

N
o
v
.
 

A
n
n
u
a
l
 m
e
a
n
"
 

p
H
 

H
 (
e
p
m
)
 

A
l
 (
c
p
m
)
 

F
c
 (
c
p
m
)
 

C
a
 (
c
p
m
)
 

M
g
 (
c
p
m
)
 

N
a
 (
e
p
m
)
 

K
 (
e
p
m
)
 

S
O
4
 (
e
p
m
)
 

C
l
 (
e
p
m
)
 

D
O
C
 (
m
g
 I
/1

) 

N
(
m
g
L
-
l
)
 

O
r
g
.
 a
n
i
o
n
s
:
 

(
m
c
q
 L
"1

) 

G
r
a
n
 a
lk
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(
m
g
L
-
'
)
 

T
o
t
a
l
s
:
 

A
n
i
o
n
s
 (
c
p
m
)
 

C
a
t
i
o
n
s
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p
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o
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4
5
 

0
.
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.
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.
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.
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.
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.
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.
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.
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.
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.
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.
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.
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.
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.
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.
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S
i
g
n
i
f
i
c
a
n
c
e
 l
ev
el
s 
o
f
 a
n
n
u
a
l
 
m
e
a
n
s
 n
o
t
 a
va
il
ab
le
. 

N
o
t
e
:
 
D
i
f
f
e
r
e
n
c
e
s
 b
e
t
w
e
e
n
 b
o
g
 a
n
d
 f
e
n
 m
e
a
n
s
 s
ig
ni
fi
ca
nt
 a

t:
 

@
p
<
0
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1
0
 

*
 
p
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.
0
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-
n
o
n
s
i
g
n
i
f
i
c
a
n
t
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Po
rc

wa
tc

r 
ch

em
is

tr
y:

 s
ea
so
na
l 
an
d 
an
nu
al
 m
e
a
n
s
 f
or
 b
og
s 
an

d 
fe
ns
 

M
a
y
 

No
v-

A
n
n
u
a
l
 
m
e
a
n
3
 

W
~
 

4.
1
8
 

H
 (
e
p
m
)
 

0.
07
 

A
l
(
e
p
m
)
 

0.
16
 

F
e
 (
e
p
m
)
 

0
.
0
7
 

C
a
(
c
p
m
)
 

0.
01

 

M
g
 (
c
p
m
)
 

0.
0
1
 

N
a
 (
e
p
m
)
 

0
.0

7
 

K
 (
c
p
m
)
 

0.
01

 

S
O
4
 (
e
p
m
)
 

0.
02
 

Cl
 (
e
p
m
)
 

0.
08
 

D
O
C
 (
m
g
L
-
1
)
 

25
.8
3 

N
O
n
g
L
"
1
)
 

0.
01

 

Or
g.
 a
ni
on
s:
 (
m
c
q
 L
'1
) 

0.
15

 

G
r
a
n
a
l
k
.
 (
m
g
L
1
)
 

-4
.1
0 

T
o
t
a
l
s
:
 

A
n
i
o
n
s
 (
c
p
m
)
 

0
.
2
5
 

C
a
t
i
o
n
s
 (
e
p
m
)
 

0
.
3
8
 

a 
Si
gn

if
ic

an
ce

 l
ev
el

s 
of

 a
nn

ua
l 
m
e
a
n
s
 n
ot

 a
va
il
ab
le
. 

N
o
t
e
:
 D
i
f
f
e
r
e
n
c
e
s
 b
e
t
w
e
e
n
 b
o
g
 a
n
d
 f
en
 m
e
a
n
s
 s
ig
ni
fi
ca
nt
 a

t:
 

@
p
<
0
.
1
0
 

*
 
p
 <
 0
.
0
5
 

-
n
o
n
s
i
g
n
i
f
i
c
a
n
t
 

An
al

ys
is

 o
f
 v
ar
ia
nc
e 
w
a
s
 
al

so
 c
ar

ri
ed

 
ou

t 
fo
r 
e
a
c
h
 

va
ri
ab
le
 t
o 
te

st
 f
or
 t
he
 d
if
fe
re
nc
e 
b
e
t
w
e
e
n
 t
o
g
s
 a
n
d
 f
en

s.
 

S
i
g
n
i
f
i
c
a
n
c
e
 l
ev

el
s 
w
e
r
e
 a
g
a
i
n
 d
e
t
e
r
m
i
n
e
d
 b
y
 a
n
 F

-t
es

t,
 

w
h
i
c
h
 w
a
s
 o
b
t
a
i
n
e
d
 f
r
o
m
 a
 t
w
o
-
w
a
y
 A
N
O
V
A
 p
r
o
c
e
d
u
r
e
 

c
o
m
p
u
t
e
d
 
b
y
 
S
A
S
 
G
L
M
 
(
J
o
y
n
e
r
 
1
98

5
)
. 

In
 
th

is
 
ca

se
, 

h
o
w
e
v
e
r
,
 t
he
 d
e
s
i
g
n
 w
a
s
 n
e
s
t
e
d
 i
ns

te
ad

 o
f
 c
r
o
ss

e
d
. 
T
h
e
r
e
 

w
e
r
e
 t
w
o
 l
ev

el
s 
o
f
 n
es
ti
ng
: 

in
di
vi
du
al
 s
a
m
p
l
e
s
 (
t
w
o
 p
e
r
 

w
e
d
a
n
d
)
 n
e
s
t
e
d
 w
i
t
h
i
n
 w
e
t
l
a
n
d
s
 a
n
d
 i
n
d
i
v
i
d
u
a
l
 w
e
t
l
a
n
d
s
 

n
e
s
t
e
d
 w
it

hi
n
 t
he
 w
e
t
l
a
n
d
 c
la
ss
 (
b
o
g
 o
r
 f
en
).
 T
h
e
 p
r
o
b
a
 

bi
li

ty
 
o
f
 a

 
r
a
n
d
o
m
 
di
ff
er
en
ce
 
in
 
a
n
y
 
of

 t
he
 
c
h
e
m
i
c
a
l
 

p
a
r
a
m
e
t
e
r
s
 b
e
t
w
e
e
n
 
b
o
g
s
 
a
n
d
 
fe

n
s 
w
a
s
 
c
a
t
e
g
o
r
i
z
e
d
 
at

 

t
w
o
 l

ev
el

s 
o
f
 s
ig
ni

fi
ca
nc
e:
 
0
.
1
0
 a
n
d
 0
.
0
5
 
(
T
a
b
l
e
s
 4
, 

5,
 

a
n
d
 
6)

. 
S
i
g
n
i
f
i
c
a
n
c
e
 
le
ve
ls
 
w
e
r
e
 
n
o
t
 
av
ai
la
bl
e 

fo
r 
th
e 

a
n
n
u
a
l
 m
e
a
n
s
 b
e
c
a
u
s
e
 o
f
 t
he

or
et

ic
al

 d
if

fi
cu

lt
ie

s 
i
n
v
o
l
v
e
d
 

in
 t
h
e
i
r
 d
e
t
e
r
m
i
n
a
t
i
o
n
.
 

I
n
d
i
v
i
d
u
a
l
 
va

ri
ab
il
it
y 

in
 p
e
a
t
 
c
h
e
m
i
s
t
r
y
 
is

 i
m
p
o
r
t
a
n
t
 

b
e
c
a
u
s
e
 o
f
 t
he
 r
el
at

iv
el

y 
s
m
a
l
l
 s
a
m
p
l
e
 s
iz

e,
 b
o
d
i
 o
f
 i
nd

i 

vi
du

al
 p
ea

t 
co
re
s 

(1
4)

 a
n
d
 o
f
 w
e
t
l
a
n
d
s
 (
7)

. 
If

 t
he

 v
ar
ia
 

ti
on

 b
e
t
w
e
e
n
 p
ai
rs

 o
f 
pa

ra
ll

el
 p
ea
t 
co
re
s 

(1
 m
 a

pa
rt

) 
in
 

e
a
c
h
 w
e
t
l
a
n
d
 e
x
c
e
e
d
s
 t
he
 v
ar

ia
ti

on
 b
e
t
w
e
e
n
 w
e
t
l
a
n
d
s
 f
or
 

a
 
pa
rt
ic
ul
ar
 
c
h
e
m
i
c
a
l
 
p
a
r
a
m
e
t
e
r
,
 
t
h
e
n
 
t
h
e
 
d
i
f
f
e
r
e
n
c
e
 

b
e
t
w
e
e
n
 
s
e
a
s
o
n
a
l
 
c
h
a
n
g
e
s
 o
r
 b
e
i
w
e
e
n
 
w
e
t
l
a
n
d
 
cl
as
se
s 

(b
og
s 
a
n
d
 f

en
s)

 w
il

l 
no

t 
b
e
 s
ig

ni
fi

ca
nt

. 
In

 T
ab

le
s 

1 
lo

 6
 

m
a
n
y
 
o
f
 
th
e 

di
ff
er
en
ce
s 
b
e
t
w
e
e
n
 
s
e
a
s
o
n
s
,
 
a
s
 
we
ll
 
as
 

b
e
t
w
e
e
n
 
w
e
t
l
a
n
d
 
c
l
a
s
s
e
s
 
(
b
o
g
s
 
v
e
r
s
u
s
 
fe
ns
),
 
w
e
r
e
 
n
o
t
 

s
i
g
n
i
f
i
c
a
n
t
(
i
.
e
.
,
p
>
0
.
1
0
)
.
I
n
m
o
s
t
c
a
s
e
s
,
 d
ii
s 
w
a
s
 d
u
e
 t
o 
a
 

h
i
g
h
 
va

ri
at

io
n 
b
e
t
w
e
e
n
 
w
e
t
l
a
n
d
s
 
ra
th
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b
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 p
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c
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at
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c
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w
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h
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r 
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h
 c
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l
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r
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r
e
 c
o
m
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u
t
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d
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t
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y
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n
e
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N
O
V
A
 p
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o
c
e
d
u
r
e
 b
a
s
e
d
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n
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A
S
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L
M
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e
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f
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f
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d
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d
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a
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t
l
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n
d
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m
e
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n
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u
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r 
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e
t
l
a
n
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.
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il

it
ie

s 
o
f
 
a 

r
a
n
d
o
m
 
o
c
c
u
r
r
e
n
c
e
 
(s

ig
ni

fi
ca
nc
e 

le
ve

ls
) 
ar
e 
al
so
 l

is
te
d.
 
A
t
 F
 =
 1

, 
th
e 
pr

ob
ab

il
it

y 
is
 0
.5

0.
 

A
s
 F
 b
e
c
o
m
e
s
 
la

rg
er

, 
th
e 

pr
ob

ab
il

it
y 
d
e
c
r
e
a
s
e
s
 
t
o
w
a
r
d
 

ze
ro
. 

A
t
 t
he
 p
 -

0
.
0
5
 l

ev
el
 o
f
 s
ig

ni
fi

ca
nc

e,
 d
ie
 F
 v
a
l
u
e
 

ge
ne

ra
ll

y 
r
a
n
g
e
s
 b
e
t
w
e
e
n
 3
 a
n
d
 4
. 

M
o
s
t
 o
f
 t
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 F
 v
a
l
u
e
s
 i
n 
T
a
b
l
e
 7
 a
rc
 r
el
at
iv
el
y 
h
i
g
h
 (
F
 >
 

4)
 a
n
d
 t
he
 p
ro
ba
bi
li
ti
es
 a
rc
 l
o
w
 {
p 
<
 0
.0
5)
, 
a
n
 i
nd

ic
at
io
n 

th
at

 t
he
 v
ar
ia
ti
on
 i
n 
c
h
e
m
i
s
t
r
y
 w
it
hi
n 
e
a
c
h
 w
e
t
l
a
n
d
 (
i.

e.
, 

b
e
t
w
e
e
n
 p

ar
al

le
l 
pe

at
 c
or
es
) 
w
a
s
 m
u
c
h
 
l
o
w
e
r
 t
ha
n 

th
e 

va
ri
at
io
n 
b
e
t
w
e
e
n
 w
e
t
l
a
n
d
s
.
 C
o
n
s
e
q
u
c
n
d
y
,
 i
n 
T
a
b
l
e
s
 1

 t
o 

6,
 
"
b
e
t
w
c
c
n
"
-
w
e
t
l
a
n
d
 
va

ri
ab

il
it

y 
a
n
d
 
no

t
 
"w

il
hi
n"
-

w
e
d
a
n
d
 v
ar
ia
bi
li
ty
 w
a
s
 g
en

er
al

ly
 r
es
po
ns
ib
le
 f
or
 m
o
s
t
 o
f 

th
e.
 c
a
s
e
s
 
in
 
w
h
i
c
h
 
s
e
a
s
o
n
a
l
 
di

ff
er

en
ce

s 
or
 d
if

fe
re
nc
es
 

b
e
t
w
e
e
n
 w
e
t
l
a
n
d
 c
l
a
s
s
e
s
 w
e
r
e
 n
o
t
 s
ig
ni
fi
ca
nt
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F
o
r
 c
o
m
p
a
r
a
t
i
v
e
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u
r
p
o
s
e
s
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Ta

bl
es

 1
 t

o 
6,
 c
on

ce
nt

ra
 

ti
on

s 
of
 h
y
d
r
o
g
e
n
 (
H)

, 
Al
, 
F
e
,
C
a
,
 M
g
,
 N
a,

 K
,
 S
O
4
 a
n
d
 C
I 

in
 p
ea

t 
a
n
d
 s
tr

ea
mw

al
cr

 a
re
 e
xp

re
ss

ed
 i
n 
eq

ui
va
le
nt
s 
pe

r 

mi
ll
io
n 
(e
pm

).
 T
h
e
s
e
 u
ni

ts
 a
rc
 c
o
n
v
e
n
i
e
n
t
 b
e
c
a
u
s
e
 p
ea
l 

c
h
e
m
i
s
t
r
y
 c
a
n
n
o
t
 b
e 
e
x
p
r
e
s
s
e
d
 o
n
 a
 v
o
l
u
m
e
 b
as

is
 i
n 
m
e
q
 

L"
 
(I
 e
p
m
 =
 1

 m
e
q
 L
-1

).
 O
r
g
a
n
i
c
 a
ni

on
s 
ar

c 
re
po
rt
ed
 i

n 

m
c
q
 L
"1
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A
s
h
 c
on
te
nt
s 
an
d 
C
 a
nd
 N
 v
al

ue
s 
of
 p
ea

t 
ar
e 
ex

 

pr
es
se
d 
in
 p
er
ce
nt
 (
%
)
 d
ry

 w
ei
gh
t.
 T
h
e
 c
a
t
i
o
n
-
e
x
c
h
a
n
g
e
 

ca
pa
ci
ty
 (
C
E
C
)
 i
s 
gi

ve
n 
in

 m
e
q
/
l
O
O
g
 d
ry

 w
e
i
g
h
t
 o
f 
so
il
. 

Io
n 
ba
la
nc

es
 i
n 
s
t
r
c
a
m
w
a
t
c
r
 [

i.
e.

, 
(t

ot
al

 c
at
io
ns
 -

lo
ta
l 

an
io
ns
) 

/ 
(l
ot

al
 c
at

io
ns

 +
 t

ot
al
 a
ni

on
s)

] 
w
e
r
e
 w
it
hi
n 

th
e 

1
0
%
 r
an
ge
 o
f
 a
cc
ep
ta
bl
e 

va
ri
ab
il
it
y 
(
H
o
w
e
l
l
 
19
88
, 
a
n
d
 

p
e
r
s
o
n
a
l
 c
o
m
m
u
n
i
c
a
t
i
o
n
)
.
 F
o
r
 p
ea

t,
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on

s 
d
o
 n
o
t
 n
e
e
d
 t
o 

b
e
 b
a
l
a
n
c
e
d
.
 T
h
e
 m
u
c
h
 l
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ge
r 
n
u
m
b
e
r
 o
f
 c
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io
ns
 r
ef

le
ct

s 

th
e 

p
r
e
d
o
m
i
n
a
n
t
l
y
 
n
e
g
a
t
i
v
e
 
c
h
a
r
g
e
 
o
f
 
th
e 

o
r
g
a
n
i
c
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ll
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F
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r
 
p
o
r
e
w
a
t
c
r
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e 

b
a
l
a
n
c
e
s
 
w
e
r
e
 
p
o
o
r
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o
v
e
m
b
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r
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bl
e 
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 t
he
 b
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ce
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x
c
e
e
d
e
d
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M
a
y
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c
a
u
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e
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 p
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 d
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e
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b
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r
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s
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 d
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d
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m
o
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o
u
g
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t
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r
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a
m
p
l
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s
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r
e
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y
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 b
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 c
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a
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d
 c
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b
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d 
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p
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t
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g
,
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c,
 A
l,
 H
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n
d
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 c
o
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C
E
C
 
a
n
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C
:
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n
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n
u
m
e
r
o
u
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e
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a
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n
d
 

N
o
v
e
m
b
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r
,
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ic
at
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an
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ua
l 
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 c
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u 

en
ts
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g 
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u
t
u
m
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 b
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H
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 i

s 
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ll
 k
n
o
w
n
 t

ha
t 
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e 

so
lu
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li
ty
 
o
f
 A
l
 
a
n
d
 F
e
 i

s 

hi
gh

ly
 d
e
p
e
n
d
e
n
t
 o
n
 p
H
 (
S
h
o
t
y
k
 1
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8)
, 
as
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s 
th
e 
C
E
C
 o
r
 

o
r
g
a
n
i
c
 c
ol
lo
id
s 
(
S
t
e
v
e
n
s
o
n
 1
98
2)
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A
s
 p
H
 d
e
c
l
i
n
e
d
 f
r
o
m
 

M
a
y
 
to
 
N
o
v
e
m
b
e
r
,
 
A
l
 
le

ve
ls

 
d
e
c
r
e
a
s
e
d
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e
x
p
e
c
t
e
d
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H
o
w
e
v
e
r
,
 F
e
 a
n
d
 C
E
C
 b
o
t
h
 i
nc

re
as

ed
, 
c
o
n
t
r
a
r
y
 t

o 
w
h
a
t
 

w
a
s
 e
x
p
e
c
t
e
d
.
 T
h
i
s
 w
a
s
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n
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nd

ic
at

io
n 

di
al

 o
il
ie

r 
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ct
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s 

h
a
d
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n
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v
e
r
r
i
d
i
n
g
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nf
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en

ce
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B
e
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w
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n
 M
a
y
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n
d
 N
o
v
e
m
b
e
r
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 i
n 
th
e 
pe

al
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ed
 

co
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id
er
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ly
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h
e
r
e
 w
a
s
 a
 s
im
il
ar
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re
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e 

in
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n 
p
o
r
c
 

w
a
t
e
r
 
a
n
d
 
s
i
r
e
a
m
w
a
t
c
r
 
d
u
r
i
n
g
 
t
h
e
 
s
a
m
e
 
p
e
r
i
o
d
,
 
a
s
 

e
x
p
e
c
t
e
d
.
 T
h
e
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e 

in
 H
 i

n 
s
t
r
c
a
m
w
a
t
e
r
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a
s
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c
c
o
m
 

p
a
n
i
e
d
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y
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 s
ig
ni
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nt
 d
e
c
l
i
n
e
 i

n 
g
r
a
n
 a
lk
al
in
it
y 
d
u
r
i
n
g
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e 
s
a
m
e
 
pe
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od
. 
T
h
e
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in
 
H
 
in
 
s
t
r
c
a
m
w
a
t
e
r
 

b
e
t
w
e
e
n
 M
a
y
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n
d
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o
v
e
m
b
e
r
 c
o
r
r
e
s
p
o
n
d
e
d
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it
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an
t 
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n 
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 d
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g 
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h
e
r
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w
a
s
 n
o 
si
gn
if
ic
an
t 
ch

an
ge

 i
n 
th
e 
or

ga
ni

c-
an

io
n 
co
nt
en

t 
of
 

th
e 
po

rc
wa

te
r 
du
ri
ng

 t
hi

s 
pe
ri
od
, 
as

 m
ig

ht
 b
e 
ex

pe
ct

ed
 i

f 
th

e 
w
e
t
l
a
n
d
 p
or

e/
su
rf
ac
e 
wa

te
rs

 w
e
r
e
 m
a
j
o
r
 c
on
tr
ib

ut
or

s 

to
 D
O
C
 i

n 
th
e 

st
rc

am
wa

tc
r.

 H
ow

e
v
er

,
 p
or
ew
at
er

 d
a
m
 

ca
nn
ot

 b
e 

re
li

ed
 u
po
n 
to

o 
he
av
il
y 
be

ca
us

e 
of
 t
he
 J
ac
k 
of

 
an
 i
on
 b
al
an
ce
 i
n 
N
o
v
e
m
b
e
r
.
 A
 s
ig
ni
fi
ca
nt
 f
lu

ct
ua

ti
on

 i
n 

S
O
4
 
le

ve
ls

 i
n 

th
e 

so
il
 w
a
s
 a

nt
ic
ip
at
ed
. 
S
O
4
 s

to
ra
ge

 
in
 

we
tl

an
ds

 o
ft
en
 f

lu
ct

ua
te

s 
as
 
a 

re
su
lt
 o
f 
ox
id
at
io
n 

an
d 

fl
us
hi
ng
 o
f 
su
lf
ur
 a
ss

oc
ia

te
d 
wi
th
 s
ea
so
na
l 

fl
uc

tu
at

io
ns

 

in
 
th
e 

w
a
t
e
r
 
ta
bl
e.

 
H
o
w
e
v
e
r
,
 
S
O
4
 
di

d 
no

t 
s
h
o
w
 
a
n
y
 

si
gn
if
ic
an
t 
se
as
on
al
 t
re
nd
 i
n 
pe

al
, 
a
l
t
h
o
u
g
h
 t
he
re
 w
a
s
 a

 
s
i
g
n
i
f
i
c
a
n
t
i
n
c
r
e
a
s
c
i
n
S
O
4
i
n
s
l
r
c
a
m
w
a
t
c
r
a
n
d
p
o
r
e
w
a
t
e
r
 

f
r
o
m
 M
a
y
 t
o 
N
o
v
e
m
b
e
r
.
 I

f 
w
e
 i
gn

or
e 
th
e 
po

re
wa

te
r 
da
ta
 

b
e
c
a
u
s
e
 o
f 

it
s 
un
re
li

ab
il

it
y,

 t
he
 a
ci
di
ty
 b
al

an
ce

 o
f 
th

e 
pe

at
 

ap
pe
ar
s 
to
 b
e
 c
on

tr
ol

le
d 
ma
in
ly
 b
y
 C
:
N
 r
at

io
s 
re

gu
la
ti
ng
 

th
e 
pr
od
uc
ti
on
 o
f 
or

ga
ni

c 
an

io
ns

, 
ra
th
er
 t

ha
n 
by
 
S
O
4
,
 

w
h
e
r
e
a
s
 t
he
 a
ci
di
ty

 o
f 
th
e 
si

rc
am

wa
tc

r 
is

 c
on

tr
ol

le
d 
b
y
 

bo
th
 a
ni
on
s.
 
H
ow
cl

l
 (
19

88
) 
an
d 
Ke
rc
kc
s 

ct
 a

l.
 (

19
86

) 
f
o
u
n
d
 t
ha

i 
ac
id
it
y 
in

 t
he
 s
tr

ea
ms

 o
f 
th
e 
K
c
j
i
m
k
u
j
i
k
 a
re
a 

w
a
s
 a
s
s
o
c
i
a
t
e
d
 w
i
t
h
 b
o
t
h
 i
on
s.
 

O
v
e
r
 

al
l,
 
ih
e 

da
ta

 
in
di
ca
te
 
th

at
 
S
O
4
 
cy
cl
in

g 
in
 

K
c
j
i
m
k
u
j
i
k
 s
tr
ea
ms

 i
s 
no

t 
a
c
c
o
m
p
a
n
i
e
d
 b
y
 s

ig
ni

fi
ca
nt
 

S
O
4
 c
yc
li
ng
 
in

 
so

il
 
ch

em
is

tr
y.

 
It

 
is

 p
os
si
bl
e 

th
at

 
S
O
4
 

cy
cl
in
g 

in
 t
he
 s
tr
ea

ms
 i

s 
st

il
l 
co
nt
ro
ll
ed
 b
y
 s
ma
ll
, 
in
si
g 

ni
fi
ca
nt
 c
h
a
n
g
e
s
 i
n 
S
O
4
 c
on
ce
nt
ra
ti
on
s 

in
 t
he
 s
oi

l.
 S
ma
ll
 

c
h
a
n
g
e
s
 i
n 
so
il
 c
h
e
m
i
s
t
r
y
 c
a
n
 p
r
o
d
u
c
e
 v
e
r
y
 l
ar

ge
 c
h
a
n
g
e
s
 

in
 
wa
te
r 
ch
em
is
tr

y 
b
e
c
a
u
s
e
 
th
e 
co
nc
en
tr
at
io
ns
 
of
 e

le
 

m
e
n
t
s
 i
n 
so

il
 a
re
 s
ev
er
al
 o
rd

er
s 
o
f
 m
a
g
n
i
t
u
d
e
 l
ar
ge
r 
th
an
 

th
os
e 

in
 t
he
 w
at
er
. 
Fu
rt
he
r 
st

ud
y 
of

 s
ea
so
na
l 
c
h
a
n
g
e
s
 i

n 

S
O
4
 l
ev
el
s 
o
f
 t
he
 s
ur

fa
ce

 w
a
t
e
r
s
 o
f
 w
e
t
l
a
n
d
s
 i
n 

th
is
 a
re
a 

is
 r
eq
ui
re
d 

10
 e
st
ab
li
sh
 i

f 
th
is
 i

s 
th
e 
ca
se
. 
H
o
w
e
v
e
r
,
 i

i 
is
 

po
ss

ib
le

 t
ha
t 
S
O
4
 
le
ve
ls
 
in

 t
he
 s

tr
ea

ms
 a

re
 c

on
tr

ol
le

d 

m
o
r
e
 b
y
 
in
pu
ts
 f
r
o
m
 s
u
r
r
o
u
n
d
i
n
g
 u
p
l
a
n
d
 a
re
as
 t
h
a
n
 b
y
 

i
n
p
u
t
s
 f
r
o
m
 w
e
t
l
a
n
d
 s
oi

ls
. 

L
a
r
g
e
 
in
cr
ea
se
s 

in
 
or

ga
ni

c-
an

io
n 

co
nc
en
tr
at

io
ns

 
in
 

st
re
am
s 

in
 
th

is
 
ar

ea
 
la

te
 
in
 
th
e 
s
u
m
m
e
r
 
h
a
v
e
 
b
e
e
n
 

re
po
rt
ed
 b
y
 H
o
w
e
l
l
 (
19

88
).

 P
ro

du
ct

io
n 
of

 o
rg

an
ic
 a
ci

ds
 

ap
pe
ar
s 

lo
 b
e
 r
el
at
ed
 t

o 
th
e 
C
:
N
 r

at
io

 i
n 
pe
at
 (
Ta
bl
e 

1)
. 

T
h
e
 C
:
N
 r
at

io
 d
ec

li
ne
d 

si
gn
if
ic
an
tl
y 
b
e
t
w
e
e
n
 
M
a
y
 a
n
d
 

N
o
v
e
m
b
e
r
 (
T
a
b
l
e
 1

),
 a
n
d
 t
hi
s 
c
o
r
r
e
s
p
o
n
d
s
 w
i
t
h
 i
nc

re
as
es
 

in
 
o
r
g
a
n
i
c
-
a
n
i
o
n
 
c
o
n
c
e
n
t
r
a
t
i
o
n
s
 
in

 
t
h
e
 
s
i
r
c
a
m
w
a
t
e
r
 

(
T
a
b
l
e
 2
).

 T
h
e
 C
:
N
 r
at
io
 i

s 
al

so
 a
n
 i
nd
ic
at
io
n 
o
f
 t
he
 o
xi
 

d
a
t
i
o
n
 r
at
e 
o
f
 o
r
g
a
n
i
c
 m
a
t
t
e
r
 (
S
t
e
v
e
n
s
o
n
 1
9
8
2
)
.
 A
s
 d
e
c
a
y
 

a
n
d
 o
x
i
d
a
t
i
o
n
 o
cc
ur
, 

th
e 
C
:
N
 r

at
io

 d
e
c
r
e
a
s
e
s
 s
i
n
c
e
 C
 i

s 

c
o
n
s
u
m
e
d
 b
y
 m
i
c
r
o
b
i
a
l
 a
ct
iv
it
y,
 w
h
e
r
e
a
s
 N
 i

s 
m
o
r
e
 c
o
n
 

se
rv
at
iv
e.
 M
ic
ro
bi

al
 d
e
c
a
y
 p
r
o
d
u
c
e
s
 b
y
p
r
o
d
u
c
t
s
 s
u
c
h
 a
s 

o
r
g
a
n
i
c
 a
ci
ds
, 
c
a
r
b
o
n
 d
i
o
x
i
d
e
 (
C
O
2
)
 a
n
d
 m
e
t
h
a
n
e
 (
C
H
4
)
.
 

H
 a
n
d
 t

he
 C
:
N
 r

at
io

 a
re
 i
nv
er
se
ly
 r

el
at
ed
 
in
 a
 p
os
it
iv
e-

f
e
e
d
b
a
c
k
 p
ro
ce
ss
. 
A
s
 H
 i
nc
re
as
es
, 
th
e 
ie

ve
l 
of

 m
ic

ro
bi

al
 

ac
ti

vi
ty

 
is
 d
e
p
r
e
s
s
e
d
,
 
th
e 
C
:
N
 
ra
ti
o 
in

cr
ea

se
s,

 
a
n
d
 p
r
o
 

du
ct
io
n 
of
 o
rg
an
ic

 a
ci
ds
 i

s 
e
n
h
a
n
c
e
d
.
 T
h
e
 C
:
N
 r
at

io
 a
n
d
 

it
s 
ef

fe
ct

s 
o
n
 H
 a
rc
 i
nf
lu
en
ce
d 
b
y
 t
he
 h
yd

ro
lo

gi
c 
cy
cl
e.
 I
n 

la
te

 s
um
me
r,
 r
ep

or
te

d 
in
cr
ea
se
s 
in

 o
rg

an
ic

 a
ni
on
s 

li
ke

ly
 

oc
cu

r 
be

ca
us

e 
of

 d
r
a
w
d
o
w
n
 
of
 
th
e 

wa
te
r 

ta
bl
e 

an
d 

i
n
c
r
e
a
s
e
d
 o
x
i
d
a
t
i
o
n
 o
f
 c
a
r
b
o
n
.
 

Co
nc

en
tr

at
io

ns
 o
f 
H
 w
e
r
e
 m
u
c
h
 g
re
at
er
 i
n 
pe
al
 m
a
n
 i
n 

wa
te
r;
 t

hi
s 
in

di
ca

te
s 

a 
si
gn
if
ic
an
t 
di
lu
ti
on
 f

ac
to
r 

in
 t

he
 

la
tt
er
, 
as
 o
rg

an
ic

 a
ci

ds
 a
rc
 m
os
t 
he

av
il

y 
co
nc
en
tr
at
ed
 i

n 
th
e 
b
o
u
n
d
a
r
y
 
la

ye
r 
ne

xt
 t

o 
th
e 

so
li
d 

ma
te
ri
al
 
in
 
pe

at
. 

In
di

vi
du

al
 p
H
 
va
lu
es
 
fo
r 
pe

at
 s
h
o
w
e
d
 
a 

co
ns

id
er

ab
le

 
ra
ng
e,
 v
ar

yi
ng

 b
et
we
en
 2
.6

 (
Hc
bc
r 
M
e
a
d
o
w
s
 B
ro

ok
) 
an
d 

3.
9 

(
M
e
r
s
e
y
 

Ri
ve
r)
. 

F
o
r
 
si
re
am
wa
tc
r,
 
p
H
 
ra
ng

ed
 

b
e
t
w
e
e
n
 4
.2

 (
H
c
b
c
r
 M
e
a
d
o
w
s
 B
r
o
o
k
)
 a
n
d
 6

.8
 (
Ro

ge
rs
 

Br
oo

k)
, 

a
n
d
 

fo
r 

po
re

wa
te

r,
 
b
e
t
w
e
e
n
 

4.
1 

(H
cb
er
 

M
e
a
d
o
w
s
 B
r
o
o
k
)
 a
n
d
 5
.5
 (

Li
tt

le
 R
iv
er
).
 

T
h
e
r
e
 w
e
r
e
 c
on
si
de
ra
bl
y 
m
o
r
e
 s
ig
ni
fi
ca
nt
 c
h
a
n
g
e
s
 i

n 

ch
em

is
tr

y 
in

 s
tr
ca
mw
at
cr
 t
ha
n 

in
 p
ea
t.
 
Al
l 
of

 t
he
 c
at

io
ns

 

a
n
d
 a
ni

on
s,

 w
i
t
h
 d
ie
 e
xc

ep
ti

on
 o
f 
N
a
 a
n
d
 K
,
 
in
cr
ea

se
d 

b
e
t
w
e
e
n
 
M
a
y
 
a
n
d
 
N
o
v
e
m
b
e
r
.
 
Si

mi
la

r 
in

cr
ea

se
s 

in
 
th
e 

ot
he
r 
io
ns
 w
er
e 
re

po
rt

ed
 b
y 
H
o
w
e
l
l
 (
19

88
) 

fo
r 
se
ve
ra
l 
of

 
th
e 
st

re
am

s 
a
n
d
 r

iv
er

s 
in

 K
e
j
i
m
k
u
j
i
k
 N
at

io
na

l 
Pa

rk
. 
B
y
 

co
nt

ra
st

, 
on

ly
 H
, 
Fe

, 
C
a
 a
nd

 N
 i
nc

re
as

ed
 i
n 
pe

at
 d
ur
in

g 
th
is
 p

er
io
d.
 I

n 
st
rc
am
wa
tc
r,
 N
a
 a
n
d
 K
 b
ot

h 
de

cr
ea

se
d 

d
u
r
i
n
g
 t
hi

s 
p
e
r
i
o
d
.
 

Se
as

on
al

 c
h
a
n
g
e
s
 i

n 
wa
te
r 
ch
em
is
tr
y 
(T

ab
le

s 
2 
a
n
d
 3
) 

w
e
r
e
 
v
e
r
y
 
s
m
a
l
l
 
in
 
c
o
m
p
a
r
i
s
o
n
 
w
i
t
h
 
c
h
a
n
g
e
s
 
in
 
p
e
a
t
 

ch
em
is
tr
y,
 
w
h
e
r
e
a
s
 
me

ta
l 

co
nc

en
tr

at
io

ns
 w
e
r
e
 
se

ve
ra
l 

or
de

rs
 o
f 
m
a
g
n
i
t
u
d
e
 l
ow
er
 i

n 
wa

te
r 

lh
an
 
in
 
pe

at
. 
Th
is
 

il
lu
st
ra
te
s 
th
e 
ve

ry
 s
ub

st
an

ti
al

 s
to
ra
ge
 c
ap
ac
it
y 
o
f
 p
ea

t.
 

T
h
e
 l
ar

ge
st

 d
if

fe
re

nc
es

 w
e
r
e
 i
n 
A
l
a
n
d
 F
e
 c
on
ce
nt
ra
ti

on
s;

 

th
os
e 

in
 p
ea
t 
e
x
c
e
e
d
e
d
 t
ho
se
 i
n 
w
a
t
e
r
 b
y
 s
ix
 a
n
d
 f
iv

e 
or

 

de
rs
 o
f 
m
a
g
n
i
t
u
d
e
,
 r
es

pe
ct

iv
el

y.
 C
on

ce
nt

ra
t
i
o
n
s
 o
f
 C
a
,
 

M
g
,
 K
, 
N
a
 a
n
d
 S
O
4
 w
e
r
e
 t
w
o
 t
o 
th

re
e 
or

de
rs

 o
f 
m
a
g
n
i
 

t
u
d
e
 g
re
at
er
 i
n 
p
e
a
l
 d
i
a
n
 i

n 
wa

te
r.

 T
ot

al
 c
at
io
ns
 a
n
d
 t
ot
al
 

un
io

ns
 w
er

e,
 r
es

pe
ct

iv
el

y,
 f

iv
e 
a
n
d
 t
hr
ee
 o
rd

er
s 
o
f
 m
a
g
 

ni
tu
de
 g
re
at
er
 i
n 
pe
al
 t
h
a
n
 i

n 
wa
te
r.
 
A
l
 c
o
m
p
r
i
s
e
d
 o
v
e
r
 

8
0
%
 o
f
 t
he
 t
ol
a)
 c
a
t
i
o
n
s
 i
n 
pe
al
, 
w
h
e
r
e
a
s
 i

n 
s
i
r
e
a
m
w
a
i
c
r
 

it
 w
a
s
 o
nl

y 
a 
sm
al
l 
fr
ac
ti
on
 o
f
 t
he
 t
ot
al
 c
at
io
ns
. 
A
l
 f
o
r
m
e
d
 

a 
s
o
m
e
w
h
a
t
 l
ar
ge
r 

fr
ac
ti
on
 o
f
 t
he
 t
ot
al
 c
at
io
ns
 i

n 
po
re
-

wa
te

r 
lh

an
 
in
 
s
t
r
e
a
m
w
a
t
c
r
 
(T

ab
le

 
3)

 
b
e
c
a
u
s
e
 
o
f 

su
s 

p
e
n
d
e
d
 s
ol
id
 o
r
g
a
n
i
c
 m
a
L
e
r
i
a
l
 i

n 
th
e 
p
o
r
e
w
a
t
e
r
.
 

T
h
e
 v
er

y 
hi

gh
 r
at

io
 o
f
 c
at
io
ns
 t
o 
an

io
ns

 i
n 
pe
at
 (
67

:1
 i

n 

N
o
v
e
m
b
e
r
 a
n
d
 9
5:
1 

in
 S
e
p
t
e
m
b
e
r
)
 r
ef

le
ct

s 
th
e 
n
e
g
a
t
i
v
e
 

c
h
a
r
g
e
 o
f
 o
r
g
a
n
i
c
 c
ol
lo
id
s.
 B
y
 c
on
tr
as
t,
 a
 c
h
a
r
g
e
 b
a
l
a
n
c
e
 

is
 
m
a
i
n
t
a
i
n
e
d
 
in
 
st
rc
am
wa
tc
r,
 
c
o
n
s
e
r
v
i
n
g
 
th
e 

el
ec
tr
o-

ne
ut
ra
li
ty
 
of

 
th
e 
m
e
d
i
u
m
.
 
T
h
e
 
re

la
ti

ve
 
a
b
u
n
d
a
n
c
e
 
of

 

me
ta
ll
ic
 c
at
io
ns
 i

n 
pe
at
, 
d
e
t
e
r
m
i
n
e
d
 
f
r
o
m
 
th
e 
se

as
on

al
 

m
e
a
n
s
 (
no
t 
s
h
o
w
n
 i
n 
T
a
b
l
e
 1
),

 i
s 
A
l
>
F
c
>
N
a
>
K
>
M
g
>
 

Ca
, 
wi

th
 t
he
 v
al
ue
s 
of

 1
4
0
8
 >
 1

91
 
>
 5
3 
>
 4
0
 >
 3
8
 >
 
13

 

c
p
m
,
 r
es
pe
ct
iv
el
y.
 B
y
 c
on
tr
as
t,
 t
he
 r
el

at
iv

e 
a
b
u
n
d
a
n
c
e
 i
n 

s
i
r
e
a
m
w
a
i
c
r
 i
s 
N
a
 >
 M
g
 >
 C
a
 >
 A
l
 >
 K
 >
 F
e
,
 w
i
t
h
 v
a
l
u
e
s
 

o
f
 0
.
1
3
9
 >
 0
.
3
9
 >
 0
.
0
3
1
 
>
 0
.
0
2
5
 >
 0
.
0
2
1
 
>
 0
.
0
0
7
 e
p
m
,
 



1
9
2
 

re
sp

ec
ti

ve
ly
. 

In
 p

ea
t,
 
th
e 
ab

un
da

nc
e 

fo
ll

ow
s 

ap
pr

ox
i 

ma
te

ly
 a
 l
yo

tr
op

ic
 s
er
ie
s,
 r
ef

le
ct

in
g 
th
e 
co
mb
in
ed
 e
ff

ec
ts

 
oi
 t
he
 i
on
ic

 r
ad
iu
s 
an
d 
th
e 
ch
ar
ge
 d
en
si
ty
 o
f 
th
e 
io
n 
(T
al
i-

bu
rd

ee
n 

19
81
).
 T
he
 e
xc
ep
ti
on
 i

s 
th
e 
re
ve
rs
al
 o
f 
di
va
le
nt
 

Ca
 a
nd
 M
g
 w
it

h 
mo
no
va
le
nt
 N
a
 a
nd
 K
. 
Th
is

 s
ug
ge
st
 a
n 

ov
er

ab
un

da
nc
e 
of
 N
a
 a
nd
 K
 i
n 
th
e 
nu
tr
ie
nt

 s
up
pl
y 

di
al

 is
 

pr
ob
ab
ly
 d
ue

 t
o 
th
e 
pr

ox
im

it
y 
of

 t
he
se
 s
am

pl
in
g 

si
lc
s 
to
 

th
e 
o
c
e
a
n
.
 

C
H
E
M
I
C
A
L
 C
H
A
R
A
C
T
E
R
I
S
T
I
C
S
 

O
F
 B
O
G
S
 A
N
D
 F
E
N
S
 

Se
ve
ra
l 

si
gn
if
ic
an
t 
ch
em
ic
al
 d

if
fe
re
nc
es

 w
er
e 

no
te

d 
be

tw
ee

n 
we

tl
an

ds
 
cl

as
si

fi
ed

 
as

 
bo
gs
 
(d

om
in
at
ed
 
by
 

Sp
h
ag
nu
m 

ve
ge
ta
ti
on
) 
an
d 
th

os
e 
cl

as
si

fi
ed
 a
s 
fe
ns
 (
pr
e 

do
mi
na
nt
ly

 
wi

th
 
gr

am
in

oi
d 

ve
ge
ta
ti
on
).

 
T
h
e
 
bo
gs
 

in
cl

ud
ed

 
He
bc
r 

M
e
a
d
o
w
s
 
Br
oo
k,
 
At
ki
ns
 
M
e
a
d
o
w
 

Br
oo

k,
 a
nd
 t
he
 l
ow
er
 s
it

e 
on
 W
e
s
t
 R
iv
er
 (
Fi
g.

 1
).

 C
la

di
na

 

st
el

la
ri

s,
 C
la

di
na

 m
it

is
, 
Cl

ad
in

a 
ra

ng
if

er
in
a.
 S
p
h
a
g
n
u
m
 

fu
sc

um
. 
Sp
ha
gn
um
 r
ub
el
lu
m,
 S
pl
ia
gn
um
 a
ng

us
ti

fo
li

um
 

an
d 
Po

ly
tr

ic
hu
m 
c
o
m
m
u
n
e
 c
ha

ra
ct

er
iz

ed
 t
he
 l
ic

he
n 
an

d 
m
o
s
s
 l
ay
er
. 
C
h
a
m
a
e
d
a
p
h
n
e
 c
al
yc
ul
at
a,
 K
a
i
m
i
a
 a
ng
us
ti
-

fo
li
wn
, 

L
e
d
u
m
 

gr
oc

nl
an

di
cu

m,
 

Ka
im

ia
 

po
li

fo
li

a,
 

E
m
p
e
t
r
u
m
 n
i
g
ru

m
 a
n
d
 O
xy

c
oc

c
o
s 
mi

cr
oc
ar

po
n 
d
o
m
i
 

na
te
d 
th
e 
sh

ru
b 
a
n
d
 l
ow
-s
hr
ub
 l
ay

er
. 
T
h
e
 f
en
s 
w
e
r
e
 c
ha

r 

ac
te
ri
ze
d 
b
y 

va
ri
ou
s 

sh
ru

b 
an
d 

gr
am

in
oi
d 

sp
ec
ie
s;
 
a 

no
ti

ce
ab

le
 a
bs

en
ce

 o
f 
S
p
h
a
g
n
u
m
 v

eg
et

at
io
n 

in
di
ca
te
d 

m
o
r
e
 
nu

tr
ie
nt
-r
ic
h 

co
nd

it
io

ns
. 
C
a
r
e
x
 s

tr
ic

ta
, 
C
a
l
a
m
a
-

gr
os
ti
s 

ca
na

de
ns
is
, 
C
a
r
e
x
 r

os
tr

at
a 
a
n
d
 
C
a
r
e
x
 b

ul
la
ia
 

ch
ar
ac
te
ri
ze

d 
th
e 
gr

am
in

oi
d 

la
ye

r,
 w
he
re
as
 S
pi
rc
a 

la
ii
-

fo
li

a,
 M
y
r
i
c
a
 g
al
e 
an
d 
Al

nu
s 
ru
go
sa
 w
er

e
 p
re

do
mi

na
nt

 i
n 

th
e 

sh
ru
b 

la
ye

r.
 
O
s
m
u
n
d
a
 r

eg
al

is
, 
a
n
d
 S
ol

id
ag

o 
sp

p.
, 

w
e
r
e
 c
o
m
m
o
n
 h
er
bs
. 

Se
ve
ra
l 

si
gn
if
ic
an
t 

di
st
in
ct
io
ns
 
(p

 <
 0

.1
0}
 
be
tw
ee
n 

bo
gs
 a
n
d
 f
en
s 
w
e
r
e
 a
pp
ar
en
t 
in

 t
he
 p
ea

t 
ch

em
is
tr
y,
 i
n 
pa

r 

ti
cu

la
r 
fo
r 
va

lu
es

 o
f 
H,
 A
l,
 F
e,
 N
a,
 K
, 
C
:
N
 r
at
io
, 
as

h 
co
n 

te
nt
 
a
n
d
 

to
ta

l 
ca

ti
on

s 
(T

ab
le

 
4)

. 
L
a
r
g
e
 
di

ff
er

en
ce

s 

oc
cu
rr
ed
 f
or
 C
a,

 C
, 
a
n
d
 t
ot

al
 a
ni

on
s 
as

 w
el
l,
 b
ut

 i
he
 p
ro
b 

ab
il

it
ie

s 
we

re
 h
ig

he
r 

(i
.e

.,
 p
 =
 0
.1

0 
to

 0
.2
0)
. 
Va
lu

es
 h
ig

he
r 

th
an

 p
 =
 0
.1
0 
ar
e 
no
t 
in
di
ca
te
d 
in

 T
ab

le
 4
. 
Si
gn

if
ic

an
t 
di
s 

ti
nc

ti
on

s 
w
e
r
e
 s
o
m
e
w
h
a
t
 d

if
fe
re
nt
 i

n 
th
e 
po

rc
wa

te
r 

of
 

bo
gs
 a
n
d
 t
ha
t 
of

 f
en

s 
(T

ab
le

 6
);

 t
he
y 
w
e
r
e
 f
ou

nd
 f
or
 C
a,

 

M
g
,
 a
nd
 C
l 
(b
ut
 n
ot

 i
n 
th
e 
pe
at
),
 a
nd
 f
or
 H
, 
F
e
 a
nd

 N
a,

 b
ut
 

no
t 
fo
r 
A
l
 a
n
d
 K
. 

W
i
t
h
 t
he
 e
xc
ep
ti
on
 o
f 
M
g
,
 i
he
 d
is

ti
nc

 

ti
on

s 
we

re
 n
ot

 c
on
si
st
en
t 
on

 a
 s
ea
so
na
l 

ba
si

s 
(T

ab
le

 6
).
 

Th
er

e 
we

re
 
al
mo
st
 
no
 
si
gn
if
ic
an
t 

di
st

in
ct
io
ns
 
in
 
th
e 

s
i
r
c
a
m
w
a
t
c
r
 (
Ta

bl
e 

5)
. 
O
f
 t
he
 s
tr

ea
ms

 a
n
d
 r
iv
er
s 
te

st
ed

, 

ea
ch
 d
ra
in
ed
 a
 v
ar
ie
ty
 o
f 
b
o
g
s
 a
n
d
 f
en

s 
as
 w
el
l 
as
 v
eg
e 

ta
te

d 
up

la
nd

 a
re
as
. 
Th

ei
r 
ch

em
is

tr
y 

re
fl
ec
te
d 

th
is

 c
o
m
 

bi
ne
d 
in
fl
ue
nc

e;
 h
en

ce
, 
no
 s
ig
ni
fi
ca
nt
 d
is
ti
nc

ti
on
s 
w
e
r
e
 

e
x
p
e
c
t
e
d
.
 

O
v
e
r
 a

ll
, 
an

nu
al

 H
 c
on
ce
nt
ra
ti
on
s 

in
 b
o
g
 p
ea
ts
 w
er
e 

th
re
e 
ti
me
s 
hi

gh
er

 d
ia

n 
th

os
e 
in

 f
en
s,
 b
og
s 
ha
vi

ng
 a
 m
e
a
n
 

an
nu

al
 v
al
ue
 o
f 
1.
07
 c
p
m
 a
nd
 f
en
s 
a 
va

lu
e 
of

 0
.3

1 
c
p
m
 

Co
nc

en
tr

at
io

ns
 o
f 

Al
, 
Fe

. 
Ca

, 
N
a
 a
nd
 K
 i

n 
bo
gs
 w
er
e 

ap
pr
ox
im
at
el
y 

ha
lf
 t

ho
se
 
in

 
fe

ns
, 

re
fl
ec
ti
ng

 
th

e 
m
o
r
e
 

cu
tr

op
h.

c 
na
tu
re
of
 t
he

se
 w
et

la
nd

s.
 M
g
,
 C
I,
 S
O
4
 a
nd

 t
ot
al
 

an
io

ns
 d
.d

 n
ot

 s
h
o
w
 t

he
 a

nn
ua

l 
or

 c
on
si
st

en
t 
se

as
on

al
 

d.
su

nc
ti

on
s 
be
tw
ee
n 

bo
gs

 a
nd

 f
en
s 

th
at

 w
er

e 
ap

pa
re

nt
 

w
i
t
h
 t
he
 o
t
h
e
r
 i
on
s.
 

Al
di
ou
gh
 C
E
C
 w
as
 i
ns
ig
ni
fi
ca
nt
ly
 h
ig
he
r 
in
 b
og
s 
th

an
 

in
 f
en

s,
 t
he
 t
ot
al
 c
at
io
n 
le
ve
ls
 w
er
e 

lo
we
r,
 r
ef

le
ct

in
g 
th

e 
mo

re
 o
li
go
tr
op
hi
c 

na
tu

re
 o
f 

bo
gs

. 
Si
gn
if
ic

an
dy
 h
ig
he
r 

C:
N 

ra
uo
s 

in
 b

og
s 

su
gg

es
t 

th
at

 c
ar

bo
n 

ox
id
at
io
n 

by
 

mi
cr

ob
ia

l 
ac
ti
vi
ty
 i

s 
m
u
c
h
 l
ow
er
 i

n 
bo
gs
. 
Th

is
 i

s 
pr
ob
 

ab
ly

 r
el
at
ed
 t

o 
th
e 

hi
gh

er
 H
 c

on
ce
nt
ra
ti
on
s 

ge
ne
ra
ll
y 

as
so
ci
at
ed
 
wi

th
 
S
p
h
a
g
n
u
m
 
sp
ec
ie
s,
 
w
h
i
c
h
 
su

pp
re

ss
 

mi
cr

ob
ia

l 
ac
ti
vi
ty
. 
Th
e 

su
cc
es
si
ve
 i
nv

as
io

n 
of
 w
et

la
nd

s 
by
 S
p
h
a
g
n
u
m
 v

eg
et
at
io
n 

is
 a

 p
os

it
iv

e-
fe

ed
ba
ck
 m
e
c
h
 

an
is

m 
th

at
 r
ed

uc
es

 g
ra

n 
al
ka
li
ni
ty
 a
nd
 e
nc
ou

ra
ge

s 
th

e 
de

ve
lo

pm
en

t 
of
 o
li
go
tr
op
hi
c 
co
nd
it
io
ns
 (
G
o
r
h
a
m
 e

t 
al

. 
19
87
).
 
In

cr
ea

se
d 

ac
id
it
y 

an
d 

re
du

ce
d 

ox
yg

en
 
le

ve
ls

 
as
so
ci
at
ed
 w

it
h 

th
e 
in

va
si

on
 o
f 
S
p
h
a
g
n
u
m
 s
pp

. 
fu
rt
he
r 

di
mi

ni
sh

 
th
e 
su
pp
ly
 
of
 b
as

e 
ca
ti
on
s 
an
d 
en

ha
nc

e 
th

e 
co
mp
et
it
iv
en
es
s 
of
 t
he

se
 s
pe
ci
es
 o
ve
r 
ot
he
rs

 (
G
o
o
d
w
i
n
 

an
d 
Ze
ik
os
 1

98
7)
. 
Th

is
 a
ls
o 
re

du
ce

s 
th
e 
de
co

mp
os
it
io
n 

ra
te

 w
hi

ch
, 
in

 t
ur

n,
 l
ea

ds
 t
o 
fu
rt
he
r 
ac
cu
mu
la
ti

on
 o
f 
pe

at
, 

a 
gr

ad
ua

l 
re

du
ct

io
n 

in
 n
ut
ri
en
t 
su
pp
ly
 a
nd

 t
he
 e
st

ab
li

sh
 

m
e
n
t
 
of
 
ol
ig
ot
ro
ph
ic
 
an
d,
 
ev

en
tu

al
ly

, 
om
br

ot
ro

ph
ic

 
c
o
n
d
i
t
i
o
n
s
.
 

Al
th
ou
gh
 n
ot

 a
ll

 o
f 
th
e 
dr

iv
in

g 
fo

rc
es

 b
eh

in
d 
th
e 
tr
an
 

si
ti

on
 f
ro
m 

fe
n 

to
 b
o
g
 
ha
ve
 b
ee
n 
de
te
rm
in
ed

 c
on

cl
u 

si
ve

ly
, 
th
e 
ch
ar
ac
te
ri
st
ic
s 
of

 s
it
es
 i
n 
tr
an
si
ti
on
 h
av
e 
be
en
 

id
en

ti
fi

ed
. 
Su

rv
ey

s 
of

 p
ca

tl
an

ds
 i
n 
S
w
e
d
e
n
 a
n
d
 M
i
n
n
e
 

so
ta
 i
nd
ic
at
e 
a 
b
i
m
o
d
a
l
 p
H
 d
is
tr
ib
ut
io
n 
of

 w
et

la
nd

s,
 w
it

h 

fe
ns
 a
t 
p
H
 6
 a
nd

 b
og
s 

at
 p
H
 4
. 
Th

er
e 
ar
e 
co
mp
ar
aU
ve
ly
 

fe
w 

si
te

s 
wi

th
 i

nt
er

me
di

at
e 

va
lu
es
. 
A
 s

im
il
ar

 b
im
od
al
 

di
st
ri
bu
ti
on
 
oc

cu
rs

 
in
 b

as
e 

sa
tu
ra
ti
on
, 

wi
th

 
mo
st
 
fe

n 
pe

at
s 
at

 v
al

ue
s 
o
v
e
r
 5
0
%
 a
n
d
 b
o
g
 p
ea

ts
 a
t 
va

lu
es
 l
es
s 
th

an
 

25
%.

 W
c
d
a
n
d
s
 a

t 
in

te
rm

ed
ia

te
 v

al
ue

s 
ar
e 
re
ga

rd
ed

 a
s 

tr
an
si
ti
on
al
 t

o 
bo
gs
 (
G
o
r
h
a
m
 e

t 
al

. 
19
87
).
 A
s
 w

ct
ia

nd
s 

c
h
a
n
g
e
 f
r
o
m
 m
in
er
ol
ro
ph
y 

to
 o
mb
ro
tr
op
hy
, 
as
h 
co

nt
en

ts
 

de
cl

in
e 
an

d 
ba

se
 s
at

ur
at

io
n 
dr

op
s 

to
 v
er

y 
lo
w
 l

ev
el

s 
as

 
th
e 
nu
tr
ie
nt
 s
up
pl
y 
fr
om
 g
ro

un
d 
an

d 
su

rf
ac

e 
wa
te

r 
is
 c
ut
 

of
f.
 F
en
s 
wi

th
 a
 p
H
 o
f 
5 
or
 l
es
s,
 C
a
 c
on

ce
nt

ra
ti
on
s 
in
 s
ur
 

fa
ce
 w
at
er
 l
es

s 
th
an
 0
.1

5 
to
 0
.2

5 
m
e
q
 L
"1
, 
an
d 
lo

w 
ba

se
 

sa
tu

ra
ti

on
 (
2
5
%
 t
o 
5
0
%
)
 a
re
 l
ik
el
y 
to

 b
e
 i
n 
tr
an

si
ti

on
 t
o 

b
o
g
s
 (
G
o
r
h
a
m
 
19
53
, 
G
o
r
h
a
m
 e

t 
al

. 
19
87
).
 

T
h
e
 c
he
mi
ca
l 

ch
ar

ac
te

ri
st

ic
s 
of

 t
he
 f
en
s 

in
 t

hi
s 
st
ud
y 

in
di
ca
te
 
th

at
 
th

ey
 
ar

e 
we

ll
 
wi

th
in

 
th
e 

tr
an
si
ti
on
al
 

ca
te
go
ry
. 
T
h
e
 p
H
 v
a
l
u
e
s
 a
n
d
 b
a
s
e
 c
at
io
n 
le
ve
ls

 a
re
 v
e
r
y
 

l
o
w
 f
or
 f
en
s 
wi

th
 g
ra
mi
no
id
 v
eg
et
at
io
n 
(
m
e
a
n
 a
nn

ua
l 
p
H
 

-
4.

58
; 
C
a
 =
 0
.0

3 
m
e
q
 L
"1
, 
Ta
bl
e 

6)
. 
In

 g
en
er
al
, 
th

ei
r 
p
H
 

a
n
d
 
nu
tr
ie
nt
 
st

at
us

 
in
di
ca
te
 
th

at
 
th
ey
 
w
o
u
l
d
 
b
e
 
m
o
r
e
 



1
9
3
 

ap
pr

op
ri

at
el

y 
ca
ie
go
ri
zc
d 
as
 e
xt
re
me
ly
 p
oo
r 
fe
ns
 (
Sj

or
s,

 

19
52

).
 W
e
t
l
a
n
d
s
 
in
 
th

is
 c
at

eg
or

y 
ar
c 
co

ns
id

er
ed

 
m
o
s
t
 

se
ns
it
iv
e 
to

 a
nt

hr
op

og
en

ic
 i
np

ut
 o
f 
ac

id
s 
(
G
o
r
h
a
m
 e
t 

a)
. 

19
87
).
 
T
h
e
s
e
 
fe
ns
 
d
o
 
no

t 
h
a
v
e
 
su
ff
ic
ie
nt
 
b
a
s
e
 c

at
io
n 

re
se

rv
es

 t
o 
bu
ff
er
 s
ig
ni
fi
ca
nt
 a
ci
d 
lo
ad
in
gs
. 
G
o
r
h
a
m
 e
t 

al
. 

(i
bi

d.
) 

su
gg

es
t 

th
at

 a
ci
d 

de
po
si
ti
on
 
ac

ce
le

ra
te

s 
ih
e 

po
si

ti
ve

 f
ee
db
ac
k 
pr

oc
es

s 
de
sc
ri
be
d 
ab

ov
e,

 e
nh
an
ci
ng
 

th
e 
su

cc
es

si
ve
 i
nv

as
io

n 
of

 S
p
h
a
g
n
u
m
 s
pe
ci
es
. 
F
o
r
 e
x
a
m
 

pl
e,
 S
p
h
a
g
n
u
m
 a
ng
us
ti
fo
li
um
, 
a
n
 a
ci

do
ph

il
ic

 s
pe
ci
es
, 

is
 

pr
es

en
t 

in
 m
a
n
y
 o

f 
Ih
e 

fe
ns

. 
S
p
h
a
g
n
u
m
 m
a
g
e
l
l
a
n
i
c
u
m
 

an
d 
S
p
h
a
g
n
u
m
 f
us
cu
m,
 w
hi

ch
 a
re
 b
ot

h 
st
ro
ng
ly
 a
ci
do
 

ph
il
ic
 s
pe

ci
es
, 
oc

cu
r 

in
 i
so
la
te
d 
h
u
m
m
o
c
k
s
 i

n 
s
o
m
e
 o
f 

th
e 
fe

ns
, 
al

th
ou

gh
 t
he
 d
en
si
ty
 o
f 
oc
cu
rr
en
ce
 i

s 
sU

ll
 Q
ui

te
 

lo
w.

 O
v
e
r
 a

ll
, 

th
e 
lo
w 
ba

se
 s

ta
tu

s 
of

 t
he
 f

en
s 
an

d 
th
e 

pr
es

en
ce

 o
f 
S
p
l
i
a
g
n
u
m
 s
pp
. 
su

gg
es

t 
th

at
 c
on
di
ti
on
s 
ar
e 

fa
vo
ra
bl
e 

fo
r 
ra
pi
d 
ve
ge
ta
ti
on
al
 s
uc

ce
ss

io
n 
of

 t
he
 m
o
r
e
 

ac
id

op
hi

li
c 
S
p
h
a
g
n
u
m
 s
pe
ci
es
. 

S
U
M
M
A
R
Y
 

T
h
e
 r
es

ul
ts

 o
f 
th

is
 s
tu
dy
 p
ro

vi
de

 a
n 
o
v
e
r
v
i
e
w
 o
f 
w
e
t
 

la
nd

 c
he

mi
st

ry
 i

n 
K
e
j
i
m
k
u
j
i
k
 N
at

io
na

l 
Pa

rk
. 
T
h
e
r
e
 a
re
 

si
gn

if
ic

an
t 
se

as
on

al
 c
ha

ng
es

 i
n 
m
a
n
y
 o
f 
th
e 
m
a
j
o
r
 i
on
s 

in
 

th
e 
pe

at
. 
S
e
a
s
o
n
a
l
 c
h
a
n
g
e
s
 i
n 
ac
id
it
y 
a
p
p
e
a
r
 t
o 
b
e
 a
s
s
o
 

ci
at

ed
 m
a
i
n
l
y
 w
it

h 
C
:
N
 r
at

io
 r
ai
he
r 
th

an
 w
it

h 
S
O
4
.
 E
v
e
n
 

m
o
r
e
 s
ig

ni
fi
ca
nt
 s
ea
so
na
l 
c
h
a
n
g
e
s
 o
c
c
u
r
 i
n 
th
e 
m
a
j
o
r
 i
on
 

c
h
e
m
i
s
t
r
y
 o
f 
st

re
am

 w
at
er
. 
Se

as
on

al
 c
h
a
n
g
e
s
 i
n 
ac
id
it
y 
of
 

th
e 
w
a
t
e
r
 
ar
e 

as
so
ci
at
ed
 
wi

th
 
bo

th
 
S
O
4
 
a
n
d
 
or

ga
ni

c 

a
n
i
o
n
s
.
 

T
h
e
r
e
 
ar
e 

si
gn
if
ic
an
t 

c
h
e
m
i
c
a
l
 
di

st
in

ct
io

ns
 
in

 
th
e 

m
a
j
o
r
 i

on
ic
 c
on
st
it
ue
nt
s 

in
 w
e
t
l
a
n
d
s
 c

la
ss
if
ie
d 
as
 b
o
g
s
 

a
n
d
 t
h
o
s
e
 c
la
ss
if
ie
d 
a
s
 f
en

s.
 T
h
e
 f
en
s,
 h
o
w
e
v
e
r
,
 a
r
c
 g
e
n
 

er
al
ly
 v
er

y 
l
o
w
 i
n 
ba

se
 c
at
io
ns
 a
n
d
 i
n 
p
H
,
 a
n
 i
nd

ic
at

io
n 

th
at
 t
he

y 
ar
e 
p
r
o
b
a
b
l
y
 i
n 
tr
an
si
ti
on
 t

o 
bo
gs
. 
T
h
e
y
 t
he
re
 

fo
re

 h
a
v
e
 l

it
tl
e 
bu

ff
er

in
g 
ca

pa
ci

ty
 a
n
d
 a
re
 c
on

si
de

re
d 

to
 

b
e
 s
en

si
ti

ve
 1
0 
ac
id
 d
ep

os
it

io
n.

 

A
C
K
N
O
W
L
E
D
G
M
E
N
T
S
 

T
h
e
 
au

th
or

s 
th
an
k 

D.
 
M
c
L
e
o
d
,
 
A
p
p
l
i
e
d
 
St

at
is

ti
cs

 

Di
vi
si
on
, 
E
n
v
i
r
o
n
m
e
n
t
 C
a
n
a
d
a
,
 
fo
r 
ca

rr
yi

ng
 o
ut

 s
ta
ti
s 

ti
ca
l 
a
n
a
l
y
s
e
s
 o
f
 r
es

ul
ts

, 
a
n
d
 J
.
W
e
n
t
z
c
l
l
,
 C
a
n
a
d
i
a
n
 P
a
r
k
s
 

Se
rv

ic
e,

 E
n
v
i
r
o
n
m
e
n
t
 C
a
n
a
d
a
,
 f

or
 l

og
is

ti
ca

l 
su

pp
or

t 
in
 

K
e
j
i
m
k
u
j
i
k
 N
at

io
na

l 
Pa
rk
. 
R
.
G
.
 H
eT

ic
 a
n
d
 H
.E

. 
H
i
r
v
o
-

ne
n,

 
S
u
s
t
a
i
n
a
b
l
e
 
D
e
v
e
l
o
p
m
e
n
t
 
B
r
a
n
c
h
,
 
E
n
v
i
r
o
n
m
e
n
t
 

C
a
n
a
d
a
,
 a
n
d
 
S.
C.
 
Zo
it
ai
, 

Fo
re
st
ry
 
C
a
n
a
d
a
,
 N
o
r
t
h
w
e
s
t
 

R
e
g
i
o
n
,
 p
r
o
v
i
d
e
d
 c
o
m
m
e
n
t
s
 o
n
 t
he
 m
an

us
cr

ip
t.

 

L
I
T
E
R
A
T
U
R
E
 C
I
T
E
D
 

G
o
o
d
w
i
n
,
 
S.

 a
n
d
 Z
ei

ko
s,

 J
.G
. 

19
87
. 
E
c
o
p
h
y
s
i
o
l
o
g
i
c
a
l
 

ad
ap

ti
on
s 
of

 a
na

er
ob

ic
 b
ac
te
ri
a 
to
 l
o
w
 p
H
:
 a
na
ly
si
s 
of

 

an
ae

ro
bi
c 

di
ge
st
io
n 

in
 
ac

id
ic

 
b
o
g
 
se
di
me
nt
. 

Ap
pl

. 

E
n
v
i
r
o
n
.
 M
i
c
r
o
b
i
o
l
.
 5
3
:
5
7
-
6
4
.
 

G
o
r
h
a
m
.
E
.
 1
95
3.
 C
he

m
ic
a
l
 s
tu
di
es
 o
n 
th
e 
so

il
s 
an
d 
ve
ge

 
ta
ti
on
 
of

 w
at
er
lo
gg
ed
 h

ab
it
at
s 

in
 t

he
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.
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c
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ch
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so
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d.
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ec
ts
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f 
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r 
Po
ll

ut
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gr
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c
u
l
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u
r
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n
d
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e
t
l
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n
d
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V
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l
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u
b
l
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 C
o
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r
k
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 d
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r
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 o
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er
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 D
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a
t
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r
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ua

l.
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r
,
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o
n
c
t
o
n
,
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.B
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o
.
 

I
W
/
L
-
A
R
-
W
Q
B
-
8
8
.
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er
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85
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S
A
S
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S
T
A
T
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 p
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so
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c
o
m
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te
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rs
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A
S
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L,
 C
ar
y,
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K
c
r
e
k
c
s
,
J
.
,
B
c
a
u
c
!
i
a
m
p
,
S
.
,
T
o
r
d
i
n
,
R
.
,
T
r
e
m
b
l
a
y
,
C
.
a
n
d
 

Po
ll
oc
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. 
19
86
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O
r
g
a
n
i
c
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er
su

s 
a
n
t
h
r
o
p
o
g
e
n
i
c
 a
ci
d 

it
y 
in
 t
ri

bu
ta

ri
es

 o
f 
th
e 
Ke
ji
mk
uj
ik
 w
at
er

sh
ed

s 
in

 N
o
v
a
 

Sc
ot
ia
. 
W
a
t
e
r
 A
ir

 S
oi
l 
Po
ll
ut
. 
3
1
:
1
6
5
-
1
7
3
.
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ss

cl
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ay
lo

r,
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19
86
. 
A
n
 e
x
a
m
i
n
a
t
i
o
n
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f
 a
lt

er
na

ti
ve
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us

es
 o
f 
At
la

nt
ic

 s
a
l
m
o
n
 d
ec

li
ne

 a
n
d
 s
ur
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ce
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a
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r
 

a
c
i
d
i
f
i
c
a
t
i
o
n
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n
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o
u
t
h
w
c
s
t
N
o
v
a
S
c
o
t
i
a
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 D
e
p
.
E
n
v
i
r
o
n
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,
 

L
a
n
d
s
 D
ir
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 O
tt

aw
a,

 O
nt
. 
W
o
r
k
i
n
g
 P
ap

. 
N
o
.
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6.
 
4
2
 p
. 

N
a
t
i
o
n
a
l
 W
e
t
l
a
n
d
s
 W
o
r
k
i
n
g
 G
r
o
u
p
.
 1
9
8
7
.
 C
a
n
a
d
i
a
n
 W
e
t
 

la
nd
s 
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si
fi
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ti
on
 
S
y
s
t
e
m
.
 
D
e
p
.
 
En
vi

ro
n.
, 

C
a
n
.
 

Wi
ld
].
 
Sc
rv
.,
 
C
a
n
.
 
C
o
m
m
.
 
o
n
 
Ec

ol
. 
L
a
n
d
 
Cl
as
si

f.
, 

Ot
ta

wa
, 
On

t.
 E
co

l.
 L
a
n
d
 C
la
ss
if
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S
e
n
 
N
o
.
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1
,
1
8
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. 
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er
, 
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T
h
u
r
m
a
n
,
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.
M
.
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a
l
c
o
l
m
,
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.L
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T
h
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 c
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ut
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u
m
i
c
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di
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f 

c
o
l
o
u
r
e
d
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at
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er
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e
o
c
h
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m
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 C
o
s
m
o
c
h
i
m
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c
t
a
 

4
7
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2
0
3
1
-
2
0
3
5
.
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B
r
c
z
o
n
i
k
,
 
P
L
.
 
a
n
d
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s,

 
G
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E
.
 
19
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. 
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m
p
i
r
i
c
a
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o
d
e
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s
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l
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u
p
p
e
r
 

G
r
e
a
t
L
a
k
c
s
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a
t
e
r
 A
i
r
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ll
ut
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3
1
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3
0
0
-
3
0
8
.
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k
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W
.
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n
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v
e
r
v
i
e
w
 o
f 
th
e 
in

or
ga

ni
c 
c
h
e
m
i
s
t
r
y
 

of
 

pe
at

s,
 

p.
 

5
4
-
6
3
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A
d
v
a
n
c
e
s
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at

la
nd
 

En
gi
ne
er
in
g.
 N
at
'l
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C
o
u
n
c
.
 C
an
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t
t
a
w
a
,
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nt

. 
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.
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n
 t
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 r
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at
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n 
b
e
t
w
e
e
n
 v
eg
et
at
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n 
a
n
d
 

el
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tr
ol
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in
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o
r
t
h
e
r
n
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w
e
d
i
s
h
 m
i
r
e
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at
er

s.
 O
i
k
o
s
 

2
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2
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1
9
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0
:
2
4
1
-
2
5
8
.
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n
e
d
e
c
o
r
,
 
G
.
W
,
 
a
n
d
 
C
o
c
h
r
a
n
,
 
W
.
G
.
 
1
9
6
7
.
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at
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ti
ca

l 

M
e
t
h
o
d
s
,
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th

 e
d.
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o
w
a
 S
ta

te
 U
ni

v.
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re
ss

, 
D
c
s
 M
o
i
n
c
s
,
 

I
o
w
a
.
 
p.
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9
1
-
2
9
4
.
 

S
t
e
v
e
n
s
o
n
,
F
.
J
.
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9
8
2
.
H
u
m
u
s
c
h
e
m
i
s
t
r
y
:
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e
n
e
s
i
s
,
c
o
m
p
o
 

si
ti

on
, 
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ti
on
s.
 
J
o
h
n
 
W
i
l
e
y
 
a
n
d
 
So

ns
, 

Li
d.

, 
N
e
w
 

Y
o
r
k
.
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 C
at
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d.
 T
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 c
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n 

Wi
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an

d 
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, 
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d 
N
e
w
 

Y
o
r
k
.
 

Wi
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R
T
A
P
 c
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te
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Ke
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uj
ik
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, 
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N
o
v
a
 

Sc
ot
ia
. 
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p.
 

En
vi

ro
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,L
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 D
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Ot
ta
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, 
On
t.
 C
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tr
ac
t 
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p.
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+
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p
p
e
n
d
i
c
e
s
.
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, 
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, 
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cl
-T
ay
lo
r,
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d 
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c,

 C
.D
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. 
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87
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te
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ti
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 o
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ct
ed
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R
T
A
P
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at

ed
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at
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ed
s 

of
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ej
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k 

Na
ti
on

al
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k 
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ut
hw
es
te
rn
No
v.
a 
Sc
ot
ia
, 

p.
 5
27
-5
34
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n 
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Sy
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' 

'8
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—
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nd
s/
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at
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nd
s,
 E
dm

on
to

n,
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lt

a.
 

Wr
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, 
R.

19
83
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rc
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in
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ca

ti
on
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N
o
r
w
e
g
i
a
n
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t.

 W
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er
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o 
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R
a
i
n
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S
e
n
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e
p
.
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1
6
5
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C
O
S
T
-
E
F
F
E
C
T
I
V
E
N
E
S
S
 O
F
 F
O
R
E
S
T
 D
R
A
I
N
A
G
E
 A
N
D
 

F
E
R
T
I
L
I
Z
A
T
I
O
N
 IN N

O
R
T
H
E
R
N
 O
N
T
A
R
I
O
 P
E
A
T
L
A
N
D
S
 

B
.
 
P
a
y
a
n
d
e
h
 

F
o
r
e
s
t
r
y
 C
a
n
a
d
a
 

O
n
t
a
r
i
o
 R
e
g
i
o
n
 

S
a
u
l
t
 S
t
e
.
 M
a
r
i
e
,
 O
n
t
a
r
i
o
 

C
a
n
a
d
a
 

A
B
S
T
R
A
C
T
 

The economic feasibility oi draining and fertilizing a black spruce (Picea mariana) 
stand 

and 
2
4 

possible 
m
e
t
h
o
d
s
 
of 

planting 
a clearcut 

area 
near 

Cochrane, 
Ontario were evaluated with a forestry investment decision model, "

F
I
D
M
E
P
C
 . 

O
n
 the basis of the cost estimates used and assumptions made, drainage of the 

existing stand w
a
s
 the m

o
s
t
 cost-effective treatment if it r

e
d
u
c
e
d
 the rotation a

g
e
 

by m
o
r
e
 than 3

0
 years. Drainage plus fertilization w

a
s
 the s

e
c
o
n
d
 best alternative 

if it reduced the rotation age by more than 40 years. Fertilization of the undrained 
site ranked a distant third, if it reduced the rotation age by m

o
r
e
 than 20 years; 

o
t
h
e
r
w
i
s
e
,
 it w

a
s
 u
n
e
c
o
n
o
m
i
c
a
l
.
 

Of the 2
4
 alternatives considered, planting bare-root stock o

n
 a mechanically pre 

pared but undrained site without and with w
e
e
d
 control ranked first and second, 

respectively. Planting containerized seedlings on a mechanically prepared but un 
drained site with w

e
e
d
 control ranked third, followed by planting bare-root stock 

on a mechanically prepared a
nd

 drained site with w
e
e
d
 control. Planting contain 

erized seedlings o
n
 a
n
 u
n
p
r
e
p
a
r
e
d
 site with no w

e
e
d
 control ranked 24th a

n
d
 w
a
s
 

t
h
e
 least cost-effective m

e
t
h
o
d
 c
o
n
s
i
d
e
r
e
d
.
 

R
E
S
U
M
E
 

L
a
 
faisabilite 

e
c
o
n
o
m
i
q
u
e
 
d
u
 
d
r
a
i
n
a
g
e
 
et 

d
e
 
la 

fertilisation 
d'un 

p
e
u
p
l
e
m
e
n
t
 

d'epinettes noires {Picea mariana) et d
e
 2
4
 m
e
t
h
o
d
e
s
 d
e
 reboisement possibles 

d'u
n
e z

o
n
e
 d
e
 c
o
u
p
e
 rase pres d

e
 C
o
c
h
r
a
n
e
 e
n
 Ontario a ete e

v
a
l
u
e
e
 a I'aided'un 

m
o
d
e
l
e
 d
e
 decision d'investissement e

n
 foresterie, "

F
I
D
M
E
P
C
"
.
 

D'apres les estimations d
e
s
 cou

ts et d
e
s
 h
y
p
o
t
h
e
s
e
s
 utilisees, le d

r
a
i
n
a
g
e
 d
u
 p
e
u
 

plement existant constituait le traitement le plus rentable s'il permettait de reduire 
I'age d'exploitabilite d

e
 plus d

e
 3
0
 ans. L

e
 drainage et la fertilisation constituaient 

la d
e
u
x
i
e
m
e
 meilleure solution s'ils reduissaient I'age d'exploitabilite d

e
 plus de 20 

a
n
s
;
 s
i
n
o
n
 

il n'est p
a
s
 e
c
o
n
o
m
i
q
u
e
.
 

D
e
s
 2
4
 solutions e

n
v
i
s
a
g
e
e
s
,
 le r

e
b
o
i
s
e
m
e
n
t
 a
v
e
c
 d
u
 materiel a racines n

u
e
s
 sur 

u
n
 site pre

p
are

 m
e
c
a
n
i
q
u
e
m
e
n
t
 m
a
i
s
 n
o
n
 drain6, a

v
e
c
 o
u
 s
a
n
s
 controle d

e
s
 m
a
u
-

vaises herbes, se classait respectivement au premier et au d
e
u
x
i
e
m
e
 rang. 

La 

plantation d
e
 s
e
m
i
s
 e
n
 c
o
n
t
e
n
e
u
r
s
 sur u

n
 site p

r
e
p
a
r
e
 m
e
c
a
n
i
q
u
e
m
e
n
t
 m
a
i
s
 n
o
n
 

draine, a
v
e
c
 controle d

e
s
 m
a
u
v
a
i
s
e
s
 herbes, arrivait au 

troisieme 
rang, 

suivide 
la 

plantation 
d'un 

stock a racines n
u
e
s
 sur u

n
 site p

r
e
p
a
r
e
 m
e
c
a
n
i
q
u
e
m
e
n
t
 et 

draine, a
v
e
c
 controle d

e
s
 m
a
u
v
a
i
s
e
s
 h
e
r
b
e
s
.
 L
a
 plantation d

e
 s
e
m
i
s
 e
n
 c
o
n
t
e
n
e
u
r
s
 

sur u
n
 site n

o
n
 prepare, et s

a
n
s
 controle d

e
s
 m
a
u
v
a
i
s
e
s
 herbes, arrivait au 2

4
e
 

r
a
n
g
 et etait la m

e
t
h
o
d
e
 e
n
v
i
s
a
g
e
e
 la m

o
i
n
s
 rentable. 
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k 
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ru
ce
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a 
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ri
an
a)
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s 
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e 
mo
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or
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pu
lp
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 s
pe
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 i

n 
On

ta
ri

o.
 I

t 
oc

cu
pi

es
 a
n 

es
ti

ma
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d 
17
.4
 m
il
li
on

 h
a,
 o
r 
ab

ou
t 
A 
\
%
 o
f 
th
e 
pr

ov
in
ce
's
 p
ro

du
c 

ti
ve

 f
or

es
t 
la

nd
 a
nd
 2
0
%
 o
f 
ih
c 

to
ta

l 
la

nd
 a
re
a 
(K
et
ch
es
on
 

an
d 
Jc

gl
um
 1

97
2)
. 
Be

ca
us

e 
of
 it

s d
es
ir
ab
le
 p
ul

pi
ng

 q
ua
l 

it
ie

s,
 b
la
ck

 s
pr

uc
e 
ma

ke
s 

up
 a
bo

ut
 6
0
%
 o

f 
[h
e 
ro

un
d-

w
o
o
d
 u
se

d 
b
y
 t

he
 p
ul

p 
an
d 
pa
pe
r 

in
du

st
ry
 i

n 
On

ta
ri

o 
(
H
e
a
m
d
c
n
 1
97
5)
. 

Ne
ar

ly
 5
0
%
 o
f 
th
e 
bl

ac
k 
sp

ru
ce

 i
n 
no
rt

he
rn

 O
nt

ar
io

 
o
c
c
u
r
s
 o
n
 p
ea
ll
an
d 

si
te
s 
(
K
c
l
c
h
e
s
o
n
 a
n
d
 J
e
g
l
u
m
 
19
72
).
 

Be
ca

us
e 
of

 ex
ce

ss
 w
at
er
, 
po
or
 a
er
at
io
n,
 i
na

de
qu

at
e 
nu
tr
i 

en
t 
av

ai
la

bi
li

ty
, 
an
d 
ad

ve
rs

e 
cl

im
at

ic
 c
on
di
ti

on
s,

 i
ls

 p
ro

 
du
ct
iv
it
y 
on

 s
uc

h 
si
te
s 

is
 u

su
al

ly
 v

er
y 
lo
w 
(
M
c
E
w
c
n
 

19
66
, 
Pa

ya
nd

eh
 1

97
3a
).
 H
ow

ev
er

, 
pr
od
uc
ti

vi
ty

 c
an

 b
e 

i
m
p
r
o
v
e
d
 
by
 
dr
ai
na
ge
, 

fe
rt
il
iz
at
io
n 

an
d/

or
 
th
in
ni
ng
 

(S
ta
nc
k 

19
68

, 
19
77
; 
M
c
E
w
c
n
 
19
69
; 
Pa

ya
nd
ch
 
19
73
a 

1
9
7
3
b
a
n
d
l
9
8
2
)
.
 

L
a
r
g
e
 
ar
ea
s 

of
 
pc
at
la
nd
 
si
te
s 

s
u
p
p
o
r
d
n
g
 
N
o
r
w
a
y
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ru
ce
 (

Pi
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a 
ab
ie
s)
 a
n
d
 
Sc
ot
s 
pi
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 (

Pi
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s 
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lv

es
tr
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) 

ha
ve

 b
ee
n 
dr

ai
ne

d 
an

d/
or

 f
er

ti
li

ze
d 
su
cc
es
sf

ul
ly

 i
n 
Fi

n 
la
nd
, 

th
e 
U
S
S
R
 a
n
d
 s

ev
er

al
 o

th
er

 E
u
ro

p
e
an
 c

ou
nt
ri
es
 

(H
ci

ku
ra

in
cn
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82
a,
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82
b;

 
P
a
y
a
n
d
e
h
 
19
82

).
 
Se

ve
ra

l 
sm
al
l-
sc
al
e 

fo
re
st
 d
ra

in
ag

e 
ex
pe
ri
me
nt
s 
ha
ve
 b
ee

n 
ca

r 

ri
ed

 o
ut

 i
n 
No

rt
h 
A
m
e
r
i
c
a
 (
St

an
ek

 1
96
8,
19
70
; 
M
c
E
w
c
n
 

19
69
; 
Ri
ch
ar

ds
on

 c
t 

al
. 
19

76
; 
S
m
i
t
h
 
19

78
1;

 A
l
b
a
n
 a
nd
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tt
 1
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 R
ic
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so
n 

19
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 c
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f
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 d
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 d
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 c
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 d
ra

in
 

ag
e,
 w
it
h 
y
o
u
n
g
e
r
 a
nd
 m
o
r
e
 v
ig

or
ou

s 
tr
ee
s 
on
 b
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at
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c
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at
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 d
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 b
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b
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i
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w
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 m
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 b
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 o
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 b
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 d
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 b
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 d
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 c
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 p
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at
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 D
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ra
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 b
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 f
ro
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at
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 o
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 p
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 c
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.
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ra
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 p
ro
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al
 R
es

ou
rc

es
 

(
O
M
N
R
)
 i
n 
co

op
er

at
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 C
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 p
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 p
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 f
ea

si
bi

li
ty

 o
f 
fo
re
st
 d
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 d
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ra
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 d
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at
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n
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p
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r
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 f
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 p
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 d
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 b
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c
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c
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 b
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 p
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c
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l
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.
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p
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w
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at
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 b
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 c
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 b
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 b
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 c
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at
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.
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c
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c
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 c
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 d
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 d
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 b
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 c
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r
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p
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at
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 r
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 p
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/
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 c
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.
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 d
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 d
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 b
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 c
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.
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ro
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ro
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c
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p
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l
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r
t
h
 

C
e
n
t
r
a
l
 F
or
. 
E
x
p
.
 S
tn

.,
 R
e
s
.
 P
a
p
.
 N
C
-
1
6
3
.
 7
 p
. 

Pa
iv

il
nc

n,
 J
. 
a
n
d
 L
a
p
p
i
,
 J
. 
1
9
8
3
.
 A
 c
al

cu
la

ti
on

 m
o
d
e
l
 f
or
 

th
e 
c
o
m
p
a
r
i
s
o
n
 o
f
 a
rt
if
ic
ia
l 
fo
re
st
 r
e
g
e
n
e
r
a
t
i
o
n
 c
ha
in
s.
 

F
o
l
.
 F
o
r
.
 5
4
9
:
1
-
2
4
.
 

P
a
y
a
n
d
c
h
,
B
.
 1
9
7
3
a
.
 A
n
a
l
y
s
e
s
o
f
a
f
o
r
e
s
t
d
r
a
i
n
a
g
c
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c
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d
r
a
i
n
a
g
e
 e
xp
er
i 

m
e
n
t
 i

n 
no
rt
he
rn
 
On

ta
ri

o.
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c
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.
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 p
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 b
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c
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c
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.
 
E
n
v
i
r
o
n
.
,
 
C
a
n
.
 
Fo
r.
 
Se
rv
.,
 
Sa

ul
t 

Sl
e.
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c
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.
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 f
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 f
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 d
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.
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.
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 d
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.
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c
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c
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c
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 p
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.
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 C
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.
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c
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.
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 D
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 f
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 D
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 f
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p
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 C
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.
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ra
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b
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 C
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b
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 C
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 c
la
y 
be

lt
 p
e
a
l
l
a
n
d
s
 —
 a
re
 t
h
e
y
 

su
it
ab
le
fo
rf
or
es
td
ra
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R
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R
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n
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 d
e
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r
g
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e
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c
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e
r
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c
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 d
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s
 t
r
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t
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n
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s
 s
y
l
v
i
c
o
l
e
s
 

Q
u
e
b
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Q
u
S
b
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C
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n
a
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A
B
S
T
R
A
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T
 

T
h
e
 
h
i
s
t
o
r
y
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S
o
r
e
s
t
 d
r
a
i
n
a
g
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u
e
b
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l
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r
g
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p
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 p
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c
e
'
s
 f
o
r
e
s
t
s
 a
r
e
 o
n
 w
e
t
 s

oi
ls

, 
in
te
re
st
 i

n 
f
o
r
e
s
t
 d
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h
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5
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h
a
 
p
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r
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 d
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n
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n
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c
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 p
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 d
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 c
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p
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p
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b
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.
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c
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c
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c
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c
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 m
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 d
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 d
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 d
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 p
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 d
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 f
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 c
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 d
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c
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 m
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 p
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b
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 d
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 d
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 c
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 c
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pr
is
 u
n
e
 e
nv
er
gu
re
 

si
gn
if
ic
at
iv
e.
 L
e
 m
a
j
o
r
i
t
e
 d
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 d
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 c
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d
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 d
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 d
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 c
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 d
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 d
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 p
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 d
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at
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 d
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 d
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 p
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 p
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 c
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c
i
e
n
t
 
a
v
e
c
 

le
 
g
o
u
v
e
r
n
e
m
e
n
t
,
 
le
s 

c
o
m
p
a
g
n
i
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 d
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 d
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 d
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 p
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 d
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 d
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 l
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 d
e
s
 

a
r
r
e
r
a
g
e
s
 
(
b
a
c
k
l
o
g
)
.
 



2
0
8
 

I
N
T
R
O
D
U
C
T
I
O
N
 

W
e
t
l
a
n
d
s
 c
o
v
e
r
 a
n
 i
m
p
o
r
t
a
n
t
 p
ar

t 
o
f
 Q
u
e
b
e
c
'
s
 f

or
es
t 

la
nd

s.
 I
n 
th
e 
Ab

it
ib

i 
a
n
d
 L
a
c
 S
ai

nt
-J

ea
n 
re
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c
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n
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b
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b
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c
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r
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w
e
t
l
a
n
d
s
 h
a
v
e
 a
 h
i
g
h
 p
r
o
d
u
c
t
i
o
n
 p
ot
en
ti
al
 

an
d,

 i
n 
m
a
n
y
 r
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p
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i
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c
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 b
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 d
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 d
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ti

me
2'

3'
4.

 
La
te
r,
 
s
o
m
e
 p
hy

to
so

-

ci
ol
og
is
ts
 w
h
o
 h
a
d
 r
e
c
o
r
d
e
d
 a
 h
i
g
h
 c
o
n
t
e
n
t
 o
f
 n
ut
ri
en
ts
 i
n 

m
a
n
y
 
p
c
a
l
l
a
n
d
s
 s
u
g
g
e
s
t
e
d
 
th

ai
 t
he
 
l
a
n
d
s
 b
e
 d
e
v
e
l
o
p
e
d
 

t
h
r
o
u
g
h
 d
r
a
i
n
a
g
e
 
(
G
r
a
n
d
t
n
e
r
 
I
9
6
0
,
 L
a
f
o
n
d
 a
n
d
 L
a
d
o
u
-

c
c
u
r
 
1
9
6
9
,
 
S
i
m
a
r
d
 

19
74
).
 
S
i
a
n
e
k
 
(
1
9
7
0
a
,
b
,
 
1
9
7
5
)
 

a
p
p
r
a
i
s
e
d
 t
h
e 
ef

fe
ct

s 
o
f
 d
r
a
i
n
a
g
e
 a
n
d
 f
er
ti
li
za

ti
on

 o
n
 t
he
 

g
r
o
w
l
h
 o
f
 y
o
u
n
g
 b
l
a
c
k
 s
p
r
u
c
e
 (
P
i
c
e
a
 m
a
r
i
a
n
a
)
.
 O
n
c
e
 t
he
 

w
a
t
e
r
 
ta

bl
es

 
h
a
d
 
b
e
e
n
 
su
ff
ic
ie
nt
ly
 
l
o
w
e
r
e
d
,
 s
ig
ni
fi
ca
nt
 

g
r
o
w
t
h
 i
nc
re

as
es
 w
e
r
e
 o
b
t
a
i
n
e
d
 w
i
t
h
i
n
 5
 y
ea
rs
. 

A
g
r
i
c
u
l
t
u
r
a
l
 
d
r
a
i
n
a
g
e
 p
r
o
g
r
a
m
s
 a
l
s
o
 p
r
o
v
i
d
e
d
 
m
a
n
y
 

e
x
a
m
p
l
e
s
 o
f
 f
or
es
t 
d
r
a
i
n
a
g
e
 s
i
n
c
e
 s
o
m
e
 o
f
 t
he

 w
a
t
e
r
w
a
y
s
 

th
at
 d
ra
in
 
fi
el

ds
 a
ls

o 
p
a
s
s
 t
h
r
o
u
g
h
 t

re
e 
st

a
nd
s 
a
n
d
 p
ea
t-

la
nd

s.
 T
ro
tt
ie

r 
(
1
9
8
6
)
 n
o
t
e
d
 t
h
e 
g
r
o
w
t
h
 o
f
 a
 s
t
a
n
d
 a
l
o
n
g
 

o
n
e
 o
f
 t
he
se
 w
a
t
e
r
w
a
y
s
 d
u
g
 i
n 
1
9
5
3
.
 T
h
e
 h
i
g
h
 v
o
l
u
m
e
s
 

o
b
t
a
i
n
e
d
 
n
e
a
r
 t
he
 
w
a
t
e
r
c
o
u
r
s
e
 d
r
o
p
p
e
d
 
ra

pi
dl
y 

as
 
o
n
e
 

m
o
v
e
d
 
a
w
a
y
 
f
r
o
m
 

it
. 

O
b
s
e
r
v
a
t
i
o
n
s
 
o
f
 
Lr

ec
 
g
r
o
w
t
h
 

r
e
s
p
o
n
s
e
 a
l
o
n
g
 d
i
t
c
h
e
s
 o
n
 s
m
a
l
l
 p
r
i
v
a
t
e
 p
r
o
p
e
r
t
i
e
s
 h
a
v
e
 

al
so
 b
ee
n 
re
co

rd
ed

5.
 

In
 e
ff

ec
t,

 a
l
t
h
o
u
g
h
 s
t
ud
ie
s 
o
f
 g
r
o
w
t
h
 g
a
i
n
s
 a
ft

er
 d
r
a
i
n
 

a
g
e
 a
r
e
 f
e
w
 i
n 
Q
u
e
b
e
c
 a
s
 i

n 
th
e 
re
st
 o
f
 C
a
n
a
d
a
 (
H
i
l
l
m
a
n
 

19
87

)
, 
th

e
y 
ne
ve

r
t
he

l
e
ss

 s
h
o
w
 t
ha

t 
a
p
p
r
e
c
i
a
b
l
e
 i
nc
re
as
es
 

c
a
n
 b
e
 o
b
t
a
i
n
e
d
 b
y
 c
a
r
r
y
i
n
g
 o
u
t
 s
u
c
h
 w
o
r
k
.
 T
h
e
 c
r
e
a
t
i
o
n
 

1 
Ri
ve
st
, 

J.
F.
 
19

83
. 

Re
le

ve
 
sy
si
cm
at
iq
uc
 
de

s 
Lo

ur
bi

er
cs

 
d
u
 

Q
u
e
b
e
c
 m
e
r
i
d
i
o
n
a
l
 (
n
i
v
e
a
u
 
1)
. 
H
y
d
r
a
 -
Q
u
e
b
e
c
,
 u
n
p
u
b
l
.
 
re
p.
 

2
6
 p
. 
+
 
a
p
p
e
n
d
i
c
e
s
.
 

2 M
cN

ei
l,

 A
. 
19
58

. 
Dr

ai
na

ge
 d
'u
ne
 t
ou
rb
ie
re
 [
en
 e
m
p
l
o
y
 an

t]
 l

a 
d
y
n
a
m
i
t
e
.
 U
n
i
v
.
 L
a
va

l,
 F
a
c
u
l
t
e
d
'
a
r
p
e
n
t
a
g
e
e
t
g
e
'
n
i
c
f
o
r
c
s
t
i
c
r
,
 

B
.
S
c
.
 t

he
si

s.
 3
9
 p
. 

3 
Pi
ch
e,
 
M
.
 
19

58
. 
L
e
 d
ra
in
ag
e 
dc

 l
a 

lo
ur
bi
er
e 
Bo
ur
g-
Lo
ui
s.
 

U
n
i
v
.
 
La
va
l,
 
F
a
c
u
M
 
d
'
a
r
p
e
n
t
a
g
e
 
el

 
g
e
n
i
e
 
fo

rc
st

ic
r,

 
B
.
S
c
.
 

ih
cs

is
. 
3
4
 p

. 

4 
Ou

el
kt

, 
E.
 1
96

0.
 M
i
s
e
 e
n 
va

le
ur

 d
es

 l
ou
rb
ie
re
s.
 U
ni
v.
 L
av

al
, 

F
a
c
u
l
t
e
 d
'
a
r
p
e
n
t
a
g
e
 e
t 
g
d
n
i
c
 f

or
cs
ti
er
, 
B
.
S
c
.
 
th
es

is
. 
4
8
 
p.

 

J 
L
e
m
i
e
u
x
,
 C
. 

19
88

. 
Dr

ai
na

ge
 d
'u
ne
 t

ou
rb
ie
re
 C

ar
ex
, 

Sa
in
i-

A
g
a
p
i
t
 
d
o
 
L
o
t
b
i
n
i
e
r
e
.
 
E
n
d
 
o
f
 s
t
u
d
i
e
s
 
m
e
m
o
r
a
n
d
u
m
,
 
U
n
i
v
.
 

L
a
v
a
l
.
 

o
f
 a
ss

is
ta

nc
e 
p
r
o
g
r
a
m
s
 
fo
r 
th
e 
d
e
v
e
l
o
p
m
e
n
t
 o
f
 p
ri
va
te
 

w
o
o
d
l
o
t
s
,
 
a
n
d
 
th
e 
n
e
w
 
F
o
r
e
s
t
 
A
c
t
 
w
h
i
c
h
 
fo

st
er

s 
si

lv
i-

cu
lt

ur
al

 
tr
ea
tm
en
ts
 
in

 p
ub

li
c 

fo
re

st
s,

 h
a
v
e
 c
on

tr
ib

ut
ed

 

g
r
e
a
t
l
y
 l
o 
th

is
 e
x
p
a
n
s
i
o
n
.
 

In
 
th
e 

f
o
l
l
o
w
i
n
g
 
p
a
g
e
s
,
 

1 
sh

al
l 

d
e
s
c
r
i
b
e
 
th

e 
fo
re
st
 

d
r
a
i
n
a
g
e
 p
ro
je
ct
s 
e
x
e
c
u
t
e
d
 u
n
d
e
r
 t
he

se
 p
r
o
g
r
a
m
s
.
 I

 s
ha

ll
 

al
so
 e
x
p
l
a
i
n
 t
he
 o
bj

ec
ti

ve
s 
o
f
 d
r
a
i
n
a
g
e
 a
n
d
 t
he
 s
t
a
n
d
a
r
d
s
 

a
p
p
l
i
e
d
 d
u
r
i
n
g
 t
he
 p
ro

je
ct

s.
 

O
B
J
E
C
T
I
V
E
S
 

In
 
th
e 
pa
st
 f
e
w
 
ye
ar
s,
 Q
u
e
b
e
c
'
s
 
fo
re
st
 p
ol
ic

ie
s 

h;
iv

e 

e
m
p
h
a
s
i
z
e
d
 f
or

es
t 
re
ge
ne
ra
ti
on
. 
Fo

re
st

er
s 
h
a
v
e
 t
he

re
fo

re
 

u
n
d
e
r
t
a
k
e
n
 
d
r
a
i
n
a
g
e
 a
n
d
 
l
a
n
d
 
p
r
e
p
a
r
a
t
i
o
n
 
w
o
r
k
 
in
 
w
e
t
 

a
n
d
 
p
o
o
r
l
y
 
r
e
g
e
n
e
r
a
t
e
d
 
c
u
t
o
v
c
r
 
ar

ea
s.

 
D
r
a
i
n
a
g
e
 
he
lp
s 

m
a
i
n
t
a
i
n
 
if
 
n
o
t
 
in
cr
ea
se
 
th
e 

pr
od
uc
ti
vi
ty
 
o
f
 
si
te
s 

o
n
 

w
h
i
c
h
 t
he
 w
a
t
e
r
 t
ab
le
 c
a
n
 r
is

e 
c
o
n
s
i
d
e
r
a
b
l
y
 a
ft

er
 l
o
g
g
i
n
g
 

o
p
e
r
a
t
i
o
n
s
.
 
F
u
r
t
h
e
r
m
o
r
e
,
 
d
r
a
i
n
a
g
e
 
i
m
p
r
o
v
e
s
 
t
h
e
 
so

il
's

 

p
r
o
p
e
r
t
i
e
s
 
fo
r 
p
l
a
n
t
i
n
g
 
a
n
d
 
m
a
k
e
s
 
th
e 

si
te
 
m
o
r
e
 a
c
c
e
s
 

si
bl

e 
b
y
 i
n
c
r
e
a
s
i
n
g
 
it

s 
c
a
r
r
y
i
n
g
 c
ap
ac
it
y.
 
T
h
e
 
re

su
lt

s 
o
f
 

th
is

 w
o
r
k
 a
rc
 q
u
i
c
k
l
y
 n
ot

ic
ea

bl
e.

 I
m
p
r
o
v
i
n
g
 t
he
 s
ur

vi
va

l 

ra
te

 
o
f
 
th
e 

pl
an
ts
 
b
y
 
1
5
%
,
 
e
v
e
n
 
w
i
t
h
o
u
t
 
c
o
n
s
i
d
e
r
i
n
g
 

e
v
e
n
t
u
a
l
 g
r
o
w
t
h
 g
ai

ns
, 

is
 e
n
o
u
g
h
 t

o 
ju

st
if

y 
th
e 
co

st
s.

 

D
r
a
i
n
a
g
e
 w
o
r
k
 h
a
s
 a
l
s
o
 b
e
e
n
 u
n
d
e
r
t
a
k
e
n
 o
n
 s
t
a
n
d
s
 i
n 

th
e 
i
n
t
e
r
m
e
d
i
a
t
e
 s
t
a
g
e
 o
f
 g
r
o
w
t
h
 t

o 
i
n
c
r
e
a
s
e
 t
h
e
 g
r
o
w
l
h
 

ra
te

. 
T
h
i
s
 p

ra
ct
ic
e,
 
w
h
i
c
h
 
is

 q
u
i
t
e
 c
o
m
m
o
n
 i

n 
F
i
n
l
a
n
d
,
 

r
e
m
a
i
n
s
 m
a
r
g
i
n
a
l
 i
n 
Q
u
e
b
e
c
,
 a
l
t
h
o
u
g
h
 e
c
o
n
o
m
i
c
 s
t
u
d
i
e
s
 

s
e
e
m
 
to

 i
n
d
i
c
a
t
e
 
th

at
 
si
gn
if
ic
an
t 
y
i
e
l
d
s
 c
a
n
 
b
e
 
r
e
a
l
i
z
e
d
 

f
r
o
m
 
it
 (
N
a
d
e
a
u
 a
n
d
 P
a
r
e
n
t
 
1
9
8
2
)
.
 

In
 t
he
 p
a
s
t
 f
e
w
 y
ea
rs
, 
th
e 
a
r
e
a
s
 d
r
a
i
n
e
d
 h
a
v
e
 i
n
c
r
e
a
s
e
d
 

c
o
n
s
i
d
e
r
a
b
l
y
.
 O
v
e
r
 t
h
e
 p
a
s
t
 t
h
r
e
e
 y
e
a
r
s
,
 m
o
r
e
 t
h
a
n
 3
,
5
0
0
 

h
a
 o
f
 p
ri
va
te
 
w
o
o
d
l
o
t
s
 
h
a
v
e
 
b
e
e
n
 
d
r
a
i
n
e
d
 
an
nu

al
ly
. 

In
 

pu
bl
ic
 

fo
re

st
s,

 
th
e 

M
i
n
i
s
t
e
r
c
 
d
e
 
t
'
E
n
e
r
g
i
e
 

ct
 
d
e
s
 

R
c
s
s
o
u
r
c
c
s
 
h
a
s
 
e
x
p
e
r
i
m
e
n
t
e
d
 
e
a
c
h
 

y
e
a
r
 
o
n
 

a
r
e
a
s
 

to
ta

ll
in

g 
5
0
0
-
1
0
0
0
 h
a
 (
Fi
g.
 
1)

. 

M
o
s
t
 o
f
 t
he
 w
o
r
k
 i
s 
d
o
n
e
 o
n
 p
ri
va
te
 w
o
o
d
l
o
t
s
,
 o
ft
en
 b
y
 

a 
s
i
n
g
l
e
 o
w
n
e
r
.
 
A
s
 i

s 
s
h
o
w
n
 
in
 
F
i
g
u
r
e
 
2,
 
th
e 
a
r
e
a
s
 c
o
n
 

c
e
r
n
e
d
 a
r
e
 r
el
at
iv
el
y 
s
m
a
l
l
.
 

M
E
T
H
O
D
S
 

P
r
e
l
i
m
i
n
a
r
y
 
S
t
a
g
e
s
 

B
e
f
o
r
e
 u
n
d
e
r
t
a
k
i
n
g
 a
 p
ro
je
ct
, 

it
 i

s 
i
m
p
o
r
t
a
n
t
 t
o 
a
s
s
e
s
s
 

ih
c 

s
e
r
i
o
u
s
n
e
s
s
,
 
s
c
o
p
e
 
a
n
d
 
c
a
u
s
e
 
o
f
 
th
e 

so
il

 
m
o
i
s
t
u
r
e
 

p
r
o
b
l
e
m
.
 
T
h
e
 
d
r
a
i
n
a
g
e
 
c
l
a
s
s
e
s
 
u
s
e
d
 
a
r
c
 
t
h
o
s
e
 
o
f
 
t
h
e
 

C
a
n
a
d
a
 S
oi
l 
I
n
f
o
r
m
a
t
i
o
n
 S
y
s
t
e
m
 (
D
a
y
 a
n
d
 M
c
M
c
n
a
m
i
n
 

1
9
8
2
)
 t
o 
ch

ar
ac

te
ri

ze
 s
oi
l 
m
o
i
s
t
u
r
e
.
 S
oi
ls
 i
n 
w
h
i
c
h
 d
ra
in
 

a
g
e
 i

s 
p
o
o
r
 
a
n
d
 
v
e
r
y
 p
o
o
r
 (

cl
as
se
s 
6
 a
n
d
 
7)

 a
r
c
 
m
o
s
t
l
y
 

o
r
g
a
n
i
c
 a
n
d
 m
i
n
e
r
a
l
 t
y
p
e
s
 t
ha

t 
a
r
e
 g
l
e
y
e
d
 i
n 
th
e
 u
p
p
e
r
 5
0
 

c
m
.
 T
h
e
s
e
 s
oi

ls
 c
a
n
 b
e
n
e
f
i
t
 g
r
e
a
t
l
y
 f
r
o
m
 
d
r
a
i
n
a
g
e
.
 
It

 i
s 

al
so
 w
o
r
t
h
 e
x
e
c
u
t
i
n
g
 s
u
c
h
 w
o
r
k
 o
n
 i
m
p
e
r
f
e
c
t
l
y
 
d
r
a
i
n
e
d
 

so
il

s 
(
c
l
a
s
s
 5
) 
w
h
e
r
e
 a
 p
l
a
n
t
a
t
i
o
n
 i

s 
p
l
a
n
n
e
d
.
 



2
0
9
 

F
O
R
E
S
T
 
D
R
A
I
N
A
G
E
 
A
C
T
I
V
I
T
Y
 
I
N
 
Q
U
E
B
E
C
 

1
9
8
0
 
-
1
9
9
0
 

H
E
C
T
A
R
E
S
 
(
H
U
N
D
R
E
D
S
!
 

8
0
-
8
3
 
8
3
-
B
S
 
6
J
-
S
S
 
B
S
-
6
6
 
8
6
-
6
7
 
0
7
-
S
8
 
B
Q
-
B
9
 
6
9
-
9
0
 

P
E
R
I
O
D
 

i
S
J
 C
B
O
W
N
 
L
A
U
D
 
E
D
 P
R
I
V
A
T
E
 
W
O
O
D
L
O
T
S
 

5
!
Z
E
_
Q
I
S
T
R
!
B
I
J
T
|
Q
N
_
0
F
_
 
Q
R
A
I
N
A
G
E
 
P
R
O
J
E
C
T
S
 

0
1
 
-
S
O
U
T
H
 
A
D
M
I
N
I
S
T
R
A
T
I
V
E
 
P
E
O
I
O
N
 
1
9
6
6
-
6
8
 

F
R
E
Q
U
E
N
C
Y
 

6
-
1
0
 

1
0
-
1
5
 

S
I
Z
E
 
C
L
A
S
S
 

H
E
C
T
A
R
E
S
 

F
i
g
u
r
e
 1

. 
F
o
r
e
s
t
 d
r
a
i
n
a
g
e
 i
n 
Q
u
e
b
e
c
,
 
1
9
8
0
-
1
9
9
0
.
 

B
e
f
o
r
e
 p
r
o
p
o
s
i
n
g
 s
ol

ut
io

ns
, 
th
e 
p
l
a
n
n
e
r
 m
u
s
t
 d
i
s
c
o
v
e
r
 

th
e 
c
a
u
s
e
 o
f
 t
he
 d
r
a
i
n
a
g
e
 p
r
o
b
l
e
m
 b
y
 e
x
a
m
i
n
i
n
g
 t
he
 l
a
n
d
 

ca
re
fu
ll
y.
 T
h
e
 w
a
t
e
r
 t
ha

t 
f
l
o
o
d
s
 a
 p
a
r
c
e
l
 o
f
l
a
n
d
 c
a
n
 c
o
m
e
 

f
r
o
m
 r
ai

n 
a
n
d
 u
p
s
l
o
p
e
 r
un
of
f.
 T
h
e
 r
e
l
a
u
v
e
 c
o
n
t
r
i
b
u
t
i
o
n
s
 

f
r
o
m
 
t
h
e
s
e
 
s
o
u
r
c
e
s
 
d
e
p
e
n
d
 o
n
 
t
h
e
 
p
h
y
s
i
o
g
r
a
p
h
y
 
o
f
 t
h
e
 

p
e
a
t
l
a
n
d
 a
n
d
 l
o
c
a
t
i
o
n
 o
f
 t
h
e 
a
r
e
a
 i
n
t
e
n
d
e
d
 f
or
 d
r
a
i
n
a
g
e
 

(
F
c
o
d
o
r
o
f
f
 a
n
d
G
u
y
o
n
 
1
9
7
2
)
.
 

It
 i
s 
o
f
t
e
n
 n
e
c
e
s
s
a
r
y
 t
o 
c
u
t
 o
f
f
 o
u
t
s
i
d
e
 c
o
n
t
r
i
b
u
t
i
o
n
s
 o
f
 

w
a
t
e
r
 b
y
 d
i
g
g
i
n
g
 
a
 '
p
r
o
t
e
c
t
i
o
n
'
 
d
i
t
c
h
 a
r
o
u
n
d
 
t
h
e
 a
r
e
a
 t
o 

b
e
 d
r
a
i
n
e
d
.
 
O
n
c
e
 
th
e 
s
o
u
r
c
e
 
o
f
 t
h
e
 
w
a
t
e
r
 
is
 
de
fi
ni
te
ly
 

k
n
o
w
n
,
 a
 l
a
r
g
e
 a
r
e
a
 c
a
n
 b
e
 d
r
a
i
n
e
d
 b
y
 d
i
g
g
i
n
g
 o
n
l
y
 o
n
e
 

d
it
c
h.
 

W
i
t
h
i
n
 t
h
e
 a
r
e
a
 t
o 
b
e
 d
r
a
i
n
e
d
,
 t
h
e
r
e
 i
s 
a
 v
a
r
i
e
t
y
 o
f
 p
o
s
 

s
i
b
l
e
 d
i
t
c
h
i
n
g
 p
a
t
t
e
r
n
s
,
 a
n
d
 
t
h
e
s
e
 d
e
p
e
n
d
 
l
a
r
g
e
l
y
 o
n
 
t
h
e
 

d
e
p
t
h
 o
f
 t
h
e
 p
e
r
m
e
a
b
l
e
 s
oi
l 
o
r
 p
r
e
s
e
n
c
e
 o
f
 p
a
n
s
:
 

!.
 D
e
e
p
 p
e
r
m
e
a
b
l
e
 
so
il
: 
W
h
e
r
e
 t
h
e
 e
nt
ir
e 
a
r
e
a
 i

s 

u
n
d
e
r
l
a
i
n
 b
y
 d
e
e
p
 p
e
r
m
e
a
b
l
e
 s
oi

l,
 a
 n
e
t
w
o
r
k
 o
f
 

pa
ra

ll
el

 d
i
t
c
h
e
s
 i

s 
r
e
q
u
i
r
e
d
.
 

2.
 P
e
r
m
e
a
b
l
e
 s
oi
l 
o
f
 v
a
r
i
a
b
l
e
 
d
e
p
t
h
:
 I
n 

th
is
 c
a
s
e
,
 

t
h
e
 l
a
n
d
 i
s 
d
o
t
t
e
d
 w
i
t
h
 s
m
a
l
l
 w
e
t
 a
re
as
. 
D
i
g
g
i
n
g
 

a
 n
u
m
b
e
r
 o
f
d
i
t
c
h
e
s
 i
n 
t
h
e
 d
e
p
r
e
s
s
i
o
n
s
 a
n
d
 l
i
n
k
 

i
n
g
 t
h
e
m
 t

o 
a 
m
a
i
n
 d
it
ch
 w

il
l 
s
u
f
f
i
c
e
 t
o 
d
r
a
i
n
 a
 

l
a
r
g
e
 a
r
e
a
.
 

3.
 T
h
i
n
 p
e
r
m
e
a
b
l
e
 s
oi

l:
 W
h
e
r
e
 t
h
e
 p
e
r
m
e
a
b
l
e
 s
oi

l 

is
 t
hi
n 
(
5
0
 c
m
 o
r
 l
es

s)
, 

it
 i
s 
i
m
p
o
s
s
i
b
l
e
 t
o 
e
v
a
c
u
 

at
e 
s
u
r
p
l
u
s
 w
a
t
e
r
s
 e
f
fe
ct
iv
el
y 
b
y
 d
r
a
i
n
i
n
g
.
 T
h
e
 

so
il

 
s
u
r
f
a
c
e
 
m
u
s
t
 
t
h
e
n
 
b
e
 
b
e
d
d
e
d
 
t
o
 
fa
ci
li
ta

te
 

s
u
r
f
a
c
e
 r
un
of
f.
 T
h
i
s
 m
e
t
h
o
d
 i
s 
di
ff
ic
ul
t 
to

 a
p
p
l
y
 

in
 f
o
r
e
s
t
s
 b
e
c
a
u
s
e
 o
f
 t
re

e 
s
t
u
m
p
s
.
 O
n
 
t
h
e
 o
il

ie
r 

F
i
g
u
r
e
 2
. 
D
i
s
t
r
i
b
u
t
i
o
n
,
 
a
c
c
o
r
d
i
n
g
 
t
o
 
si
ze
, 
o
f
 f
o
r
e
s
t
 
d
r
a
i
n
a
g
e
 

p
r
o
j
e
c
t
s
 
c
a
r
r
i
e
d
 
o
u
t
 
o
n
 
p
r
i
v
a
t
e
 
w
o
o
d
l
o
t
s
 
in
 
t
h
e
 

0
4
-
S
o
u
t
h
 A
d
m
i
n
i
s
t
r
a
t
i
v
e
 R
e
g
i
o
n
,
 
1
9
8
6
-
1
9
8
8
.
 

h
a
n
d
,
 i
ti
s 
q
u
i
t
e
 a
p
p
r
o
p
r
i
a
t
e
 f
o
r
 a
b
a
n
d
o
n
e
d
 f
a
r
m
 

la
nd
s,
 w
h
i
c
h
 a
r
e
 n
u
m
e
r
o
u
s
 i

n 
th
e 
c
l
a
y
 z
o
n
e
 o
f
 

th
e 
A
b
i
t
i
b
i
 r
e
g
i
o
n
.
 A
n
o
t
h
e
r
 s
o
l
u
t
i
o
n
 c
o
n
s
i
s
t
s
 i
n 

p
l
o
w
i
n
g
 
3
0
-
c
m
 
f
u
r
r
o
w
s
 
1
0
 
m
 
a
p
a
r
t
.
 
T
e
s
t
s
 a
r
e
 

u
n
d
e
r
 w
a
y
 i
n 
A
b
i
l
i
b
i
 t
o 
a
s
s
e
s
s
 t
h
e
 e
f
f
e
c
t
i
v
e
n
e
s
s
 

o
f
 t
hi

s 
m
e
t
h
o
d
.
 

4.
 
I
m
p
e
r
m
e
a
b
l
e
 l
a
y
e
r
s
:
 I
f 
a
 h
a
r
d
e
n
e
d
 l
a
y
e
r
s
i
t
u
a
t
c
d
 

n
e
a
r
 t
he
 s
u
r
f
a
c
e
 f
o
r
m
s
 a
 p
e
r
c
h
e
d
 w
a
t
e
r
 t
ab

le
, 
in
-

fi
ll
ra
ti
on
 
o
f
 s
u
r
p
l
u
s
 
w
a
t
e
r
s
 b
y
 d
e
e
p
 p
l
o
w
i
n
g
 o
r
 

su
bt
il
li
ng
 m
i
g
h
t
 b
e
 p
r
e
f
e
r
a
b
l
e
.
 

T
h
e
 
u
s
e
 
o
f
 m
a
c
h
i
n
e
r
y
 
fo
r 
l
o
g
g
i
n
g
 
o
p
e
r
a
t
i
o
n
s
 

m
a
y
 c
a
u
s
e
 s
oi

l 
c
o
m
p
a
c
t
i
o
n
 a
n
d
 t
he
 f
o
r
m
a
t
i
o
n
 o
f
 

s
m
a
l
l
 
w
e
t
 
d
e
p
r
e
s
s
i
o
n
s
.
 
A
 n
e
t
w
o
r
k
 
o
f
 s
h
a
l
l
o
w
 

d
i
t
c
h
c
s
c
a
n
b
c
u
s
e
d
 t
o 
e
v
a
c
u
a
t
e
 t
h
e
 a
c
c
u
m
u
l
a
t
e
d
 

s
u
r
p
l
u
s
 w
a
t
e
r
s
.
 

P
l
a
n
n
e
r
s
 m
u
s
t
 a
p
p
r
a
i
s
e
 t
h
e
 r
e
l
e
v
a
n
c
e
 o
f
 t
he
 d
r
a
i
n
a
g
e
 

p
r
o
j
e
c
t
 b
y
 
s
t
u
d
y
i
n
g
 
t
h
e
 r
e
a
c
t
i
o
n
 
c
a
p
a
c
i
t
y
 
o
f
 t
h
e
 
st

an
d,

 

w
h
i
c
h
 
d
e
p
e
n
d
s
 
m
o
s
t
l
y
 
o
n
 

it
s 

d
e
v
e
l
o
p
m
e
n
t
 

s
t
a
g
e
 

(
H
e
i
k
u
r
a
i
n
e
n
 a
n
d
 K
u
u
s
c
l
a
 1
9
6
2
)
 a
n
d
 o
n
 t
h
e
 v
i
g
o
r
 o
f
 t
h
e
 

tr
ee
s.
 W
h
e
n
 a
 s
t
a
n
d
 o
u
t
g
r
o
w
s
 m
e
 p
o
l
e
 s
t
a
g
e
 (

i.
e.

, 
w
h
e
n
 

tr
ee

s 
a
r
c
 o
v
e
r
 2
0
 c
m
 i
n 
d
i
a
m
e
t
e
r
)
,
 i
t 
is

 t
i
m
e
 t
o
 h
a
r
v
e
s
t
 a
n
d
 

r
e
g
e
n
e
r
a
t
e
 i
t 
F
i
n
a
l
l
y
,
 p
l
a
n
n
e
r
s
 m
u
s
t
 a
n
a
l
y
z
e
 t
h
e
 f

er
ti
li
ty
 

le
ve

l 
o
f
 t
he
 p
c
a
t
l
a
n
d
.
 S
c
h
n
e
i
d
e
r
 (
1
9
8
5
)
 s
u
m
m
a
r
i
z
e
d
 t
h
e
 

m
a
i
n
 
p
h
y
t
o
s
o
c
i
o
l
o
g
i
c
a
l
 
s
t
u
d
i
e
s
 
o
n
 
Q
u
e
b
e
c
'
s
 
p
c
a
t
l
a
n
d
s
 

a
n
d
 c
la
ss
if
ie
d 
b
l
a
c
k
 s
p
r
u
c
e
 a
n
d
 l
ar
ch
 (
L
a
r
i
x
 s
pp
.)
 s
t
a
n
d
s
 

in
 s
e
v
e
n
 g
r
o
u
p
s
 a
c
c
o
r
d
i
n
g
 t
o 
th

ei
r 
fe
rt
il
it
y 
le
ve
l 
a
n
d
 t
he

ir
 

c
a
p
a
c
i
t
y
 t
o 
r
e
a
c
t
 t
o 
d
r
a
i
n
a
g
e
.
 



2
1
0
 

D
e
s
i
g
n
i
n
g
 t
h
e
 D
r
a
i
n
a
g
e
 
N
e
t
w
o
r
k
 

D
r
a
i
n
a
g
e
 
n
e
t
w
o
r
k
s
 
h
a
v
e
 
t
w
o
 
ba

si
c 

fu
nc

ti
on

s:
 
l
o
w
 

er
in
g 
th
e 
w
a
t
e
r
 t
ab

le
 a
n
d
 e
v
a
c
u
a
t
i
n
g
 t
he
 w
a
t
e
r
 o
ut
si
de
 t
he
 

si
te
. 
F
o
r
e
s
t
 e
n
g
i
n
e
e
r
s
 m
u
s
i
 t
e
a
r
 i
n 
m
i
n
d
 t
he
se

 t
w
o
 f
u
n
c
 

ti
on

s 
w
h
e
n
 p
r
e
p
a
r
i
n
g
 a
 d
r
a
i
n
a
g
e
 p
la
n.
 

In
 Q
u
e
b
e
c
,
 m
o
s
t
 d
r
a
i
n
a
g
e
 p
ro

je
ct

s 
c
o
v
e
r
 o
n
l
y
 
s
m
a
l
l
 

ar
ea
s,
 w
h
e
r
e
 d
it

ch
es

 a
re
 d
u
g
 t
o 
dr
ai
n 
a
 f
e
w
 h
u
m
i
d
 d
e
p
r
e
s
 

si
on

s.
 I

t 
is
 t
h
e
r
e
f
o
r
e
 r
ar
el
y 
n
e
c
e
s
s
a
r
y
 t
o 
se

t 
u
p
 a
 c
o
m
p
l
e
t
e
 

s
y
s
t
e
m
 
o
f
 p
ar

al
le

l 
di
tc
he
s.
 
In
 
pr

ac
ti

ce
, 
w
h
e
r
e
 
th
re
e 

o
r
 

fo
ur

 
pa

ra
ll

el
 
di

tc
he

s 
m
u
s
t
 b
e
 
d
u
g
,
 
th
ei
r 
d
is
ta
nc
e 

ap
ar

t 

va
ri
es
 
f
r
o
m
 
3
0
 
m
 
to

 6
0
 
m
,
 
d
e
p
e
n
d
i
n
g
 
o
n
 
th

e 
ph
ys
ic
al
 

p
r
o
p
e
r
t
i
e
s
 
o
f
 t
he
 s

oi
l,

 
th
e 
w
i
d
t
h
 
o
f
 t
he
 b
o
u
n
d
a
r
i
e
s
,
 
th
e 

t
h
i
c
k
n
e
s
s
 o
f
 t
he
 p
e
r
m
e
a
b
l
e
 l
ay

er
 a
n
d
 t
he
 v
eg

ct
au

'o
n.

 T
h
e
 

s
c
o
p
e
 
o
f
 
d
r
a
i
n
a
g
e
 
pr
oj
ec
ts
 
n
o
r
m
a
l
l
y
 
d
o
e
s
 
n
o
t
 
ju

st
if

y 

u
n
d
e
r
t
a
k
i
n
g
 e
x
h
a
u
s
t
i
v
e
 p
r
e
l
i
m
i
n
a
r
y
 s
tu

di
es

. 

W
h
e
r
e
 t
he
 a
r
ea

 t
o 
b
e
 d
r
a
i
n
e
d
 i
s 
wi

d
e
r,

 a
n
d
 a
 l
ar
ge
r 
ne
t 

w
o
r
k
 o
f
 p
ar

al
le

l 
di

tc
he

s 
m
u
s
t
 b
e
 
in

st
al

le
d,

 t
he
 o
p
t
i
m
a
l
 

di
st

an
ce

 b
e
t
w
e
e
n
 t
he
 d
it

ch
es

 m
u
s
t
 b
e
 d
et

er
mi
ne

d.
 I
n 
su

ch
 

ca
se
s,
 t

he
 G
u
y
o
n
 m
o
d
e
l
 c
a
n
 b
e
 u
s
e
d
 (

La
ga
cc

6,
 G
u
y
o
n
 

19
72
).
 T
h
i
s
 m
e
t
h
o
d
 i
s 
cu
rr
en
tl
y 
u
s
e
d
 i
n 
Q
u
e
b
e
c
 a
gr
ic
ul
-

Lu
re

, 
a
n
d
 w
a
s
 v
er
if
ie
d 
b
y
 B
cl
le
au
7 

fo
r 
w
o
o
d
e
d
 p
ca

tl
an

ds
. 

w
h
e
r
e
 E
 =
 s
p
a
c
i
n
g
 (
m
)
;
 

£
2
=
 

8
.
9
 
K
2
 

[V
 ~2

<r 
+ 
h0
KV
k2
 
/
 h

l\
 

K
i
 
=
 
h
y
d
r
a
u
l
i
c
 
c
o
n
d
u
c
t
i
v
i
t
y
 
(
m
/
d
a
y
)
 
in

 
th
e 

di
tc
h 

z
o
n
e
.
 
T
h
i
s
 
v
a
l
u
e
 
is

 
o
b
t
a
i
n
e
d
 
in

 
th
e 

fi
el
d 
b
y
 

a
p
p
l
y
i
n
g
 t
h
e
 a
u
g
e
r
 
h
o
l
e
 
m
e
t
h
o
d
 
(
V
a
n
 
B
e
e
r
s
 

1
9
7
0
)
;
 

K
2
 =
 h
y
d
r
a
u
l
i
c
 c
o
n
d
u
c
t
i
v
i
t
y
 (
m
/
d
a
y
)
 b
e
l
o
w
 t
h
e
 d
i
t
c
h
 

z
o
n
e
;
 

tl
 =
 u
n
i
t
a
r
y
 d
o
w
n
d
r
a
w
 p
e
r
i
o
d
:
 

1 
d
a
y
;
 

h
o
=
 h
e
i
g
h
t
 o
f
 w
a
t
e
r
 t
a
b
l
e
a
b
o
v
c
 t
h
e 
w
a
t
e
r
 l
ev
el

 i
n 
th
e 

d
i
t
c
h
 a
t 
T
T
 Y
 =
 0
 (
m
)
.
 T
h
e
 w
a
t
e
r
 t
ab
le
 i
s 
f
i
x
e
d
 a
t 

2
0
 c
m
 f
r
o
m
 t
h
e
 s
u
r
f
a
c
e
 o
f
 t
h
e
 s
oi
l 
as
 a
n
 i

ni
ti
al
 

c
o
n
d
i
t
i
o
n
.
 

h 
] 
=
 h
e
i
g
h
t
 o
f
 t
he
 w
a
t
e
r
 t
ab

le
 a
b
o
v
e
 t
h
e
 w
a
t
e
r
 l
ev

el
 i
n 

t
h
e
 d
i
t
c
h
 a
t 

t 
=
 t
l 
(
m
)
.
 h
i
 =
h
0
-
0
.
0
5
,
 f
or

 a
 d
r
a
w
 

d
o
w
n
 r
a
t
e
 o
f
5
 c
m
 p
e
r
 d
a
y
.
 T
h
i
s
 i
s 
i
h
c
 d
r
a
w
d
o
w
n
 

ra
te
 t
h
a
t
 i

s 
s
u
g
g
e
s
t
e
d
 f
o
r
 f
o
r
e
s
t
 d
r
a
i
n
a
g
e
 (
D
u
l
i
l
 

et
al

. 
1
9
8
9
)
.
 

6 
La

ga
ce

, 
R.
 1
98
7.
 L
a 

th
eo
ri
c 
de

 I
'i
ng
cn
ic
ur
 f

ra
nc

ai
s 
Gu

yo
n.

 
C
o
u
r
s
e
 n
o
t
e
s
,
 
R
u
r
.
 E
n
g
.
,
 
U
n
i
v
.
 L
a
v
a
l
.
 
1
3
 p

. 

7 
Be
ll
ca
u,
 P

. 
19
88
. 
Dr

ai
na

ge
 d
'u

nc
 p
es
si
er
c 
nn

ir
c 
sp
ha
tg
ne
 e
l 

n
c
m
n
p
a
n
l
h
e
 m
u
c
r
o
n
n
e
.
 
U
n
i
v
.
 
L
a
v
a
l
,
 
M
.
S
c
.
 
th

es
is

. 
8
2
 p
.
 

d'
 =
 H
o
o
g
h
o
u
d
l
'
s
 e
q
u
i
v
a
l
e
n
t
 d
e
p
t
h
;
 

p.
 
=
 
d
r
a
i
n
a
g
e
 
po
ro
si
ty
. 

T
h
i
s
 
v
a
l
u
e
 
r
e
p
r
e
s
e
n
t
s
 
t
h
e
 

e
q
u
i
v
a
l
e
n
t
 
p
o
r
t
i
o
n
 
o
f
 s
oi

l 
d
r
a
i
n
e
d
 
o
f
 i

ts
 
w
a
t
e
r
 

af
te

r 
d
r
a
w
d
o
w
n
 o
f
 t
be
 w
a
t
e
r
 t
ab
le
. 
A
s
 a
n
 e
x
a
m
 

pl
e,

 
w
e
 
s
u
g
g
e
s
t
 
th
e 

f
o
l
l
o
w
i
n
g
 
v
a
l
u
e
s
 
(
A
n
o
n
.
 

1
9
7
8
)
:
 R
a
n
g
e
 o
f
 d
r
a
i
n
a
g
e
 p
o
r
o
s
i
t
y
 v
a
l
u
e
s
 

H
y
d
r
a
u
l
i
c
 

c
o
n
d
u
c
t
i
v
i
t
y
 (
K
)
 

D
r
a
i
n
a
g
e
 p
o
r
o
s
i
t
y
 (
m
)
 

(
m
/
d
a
y
)
 

C
l
a
y
 a
n
d
 S
il
t 

S
a
n
d
 

0
.
1
<
K
<
0
.
5
 

0
.
5
<
K
<
1
.
0
 

1
.
0
<
K
<
5
.
0
 

K
<
5
.
0
 

0
.
0
2
-
0
.
0
3
 

0
.
0
3
-
0
.
0
5
 

0
.
0
4
-
0
.
0
6
 

0
.
0
5
-
0
.
0
7
 

0
.
0
3
 -

0
.
0
5
 

0
.
0
5
-
0
.
0
8
 

0
.
0
8
-
0
.
1
0
 

0
.
1
0
-
0
.
1
2
 

T
h
e
 d
it
ch
es
 a
re
 g
e
n
e
r
a
l
l
y
 7
0
 c
m
 d
e
e
p
 i
n 
m
i
n
e
r
a
l
 s
oi

ls
 

a
n
d
 9
0
 c
m
 i

n 
o
r
g
a
n
i
c
 s

oi
ls
. 
T
h
e
i
r
 f
o
r
m
 v
ar

ie
s 
a
c
c
o
r
d
i
n
g
 

to
 s
oi

l 
c
o
h
e
s
i
o
n
.
 

A
l
t
h
o
u
g
h
 d
r
a
i
n
a
g
e
 i
nt
en
si
ty
 i
s 
v
e
r
y
 i
m
p
o
r
t
a
n
t
,
 t
h
e
 n
e
t
 

w
o
r
k
'
s
 
t
r
a
n
s
p
o
r
t
a
t
i
o
n
 
f
u
n
c
t
i
o
n
 
m
u
s
t
 
b
e
 
p
l
a
n
n
e
d
 
m
u
c
h
 

m
o
r
e
 c
ar

ef
ul

ly
. 
A
 p
o
o
r
l
y
 d
e
s
i
g
n
e
d
 d
r
a
i
n
a
g
e
 n
e
t
w
o
r
k
 c
a
n
 

h
a
v
e
 
v
e
r
y
 
s
e
r
i
o
u
s
 
c
o
n
s
e
q
u
e
n
c
e
s
 
fo
r 

tb
e 
e
n
v
i
r
o
n
m
e
n
t
.
 

M
o
r
e
o
v
e
r
,
 
th
e 
u
s
e
f
u
l
 l

if
e 
o
f
 a
 p
o
o
r
l
y
 d
e
v
e
l
o
p
e
d
 d
i
t
c
h
 
is

 

ra
th
er
 
sh
or
t.
 
T
h
e
r
e
f
o
r
e
,
 
w
h
e
n
 
d
e
v
e
l
o
p
i
n
g
 
a
 
d
r
a
i
n
a
g
e
 

s
y
s
t
e
m
,
 o
n
e
 s
h
o
u
l
d
 r
e
s
p
e
c
t
 t
h
e
 f
o
l
l
o
w
i
n
g
 d
r
a
i
n
a
g
e
 p
r
i
n
 

ci
pl
es
 (
L
a
g
a
c
e
 1
9
7
9
)
:
 

1.
 T
h
e
 
m
a
i
n
 
c
o
l
l
e
c
t
i
o
n
 
di
tc
h 

p
r
o
p
e
r
 
m
u
s
t
 
b
e
 

a
d
e
q
u
a
t
e
 
to
 
e
v
a
c
u
a
t
e
 
th
e 

f
l
o
o
d
 
f
l
o
w
 
w
i
t
h
o
u
t
 

c
a
u
s
i
n
g
 a
n
y
 d
a
m
a
g
e
;
 

2.
 T
h
e
 d
it
ch
es
 m
u
s
t
 b
e
 d
e
v
e
l
o
p
e
d
 
in
 s
u
c
h
 a
 w
a
y
 

th
at

 t
h
e
y
 a
r
e
 n
o
t
 s
u
b
j
e
c
t
 t
o 
a
b
n
o
r
m
a
l
 e
r
o
s
i
o
n
;
 

3.
 
T
h
e
 s
l
o
p
e
s
 m
u
s
t
 b
e
 a
s
 s
ta
bl
e 
as
 p
o
s
s
i
b
l
e
.
 

B
e
f
o
r
e
 
th
e 

r
e
q
u
i
r
e
d
 
d
i
m
e
n
s
i
o
n
s
 
a
r
c
 
c
a
l
c
u
l
a
t
e
d
,
 
t
h
e
 

v
o
l
u
m
e
 o
f
 w
a
t
e
r
 t
he
 d
it

ch
 w
il

l 
h
a
v
e
 t
o 
e
v
a
c
u
a
t
e
 m
u
s
t
 b
e
 

a
s
s
e
s
s
e
d
.
 T
h
i
s
 c
a
l
c
u
l
a
t
i
o
n
 c
a
n
 b
e
 p
e
r
f
o
r
m
e
d
 i
n 
a
 n
u
m
b
e
r
 

o
f
 w
a
y
s
.
 
T
h
e
 m
e
t
h
o
d
 p
r
o
p
o
s
e
d
 b
y
 t
he
 S
oi

l 
C
o
n
s
e
r
v
a
t
i
o
n
 

S
e
r
v
i
c
e
,
 
m
o
d
i
f
i
e
d
 
b
y
 H
o
a
n
g
 a
n
d
 
D
e
s
f
o
r
g
c
s
 (
s
e
c
 A
n
o
n
.
 

19
86
),
 y
ie

ld
s 
g
o
o
d
 r

es
ul

ts
 
in
 a

gr
ic
ul
tu
ra
l 
e
n
v
i
r
o
n
m
e
n
t
s
 

a
n
d
 i
n 
s
m
a
l
l
,
 p
r
i
v
a
t
e
 w
o
o
d
l
o
t
s
.
 

A
x
C
x
I
l
 

Q
 =
 

w
l
i
c
r
c
 
Q
 -

p
e
a
k
 d
i
s
c
h
a
r
g
e
 

A
 =
 w
a
t
e
r
s
h
e
d
 a
r
e
a
 

C
 =
 r
u
n
o
f
f
 c
o
e
f
f
i
c
i
e
n
t
 

H
 =
 t
ot
al
 p
r
e
c
i
p
i
t
a
t
i
o
n
 

S
 =
 a
v
e
r
a
g
e
 s
l
o
p
e
 o
f
 t
h
e
 w
a
t
e
r
c
o
u
r
s
e
 

p
f
 m
 p
e
r
c
e
n
t
a
g
e
 o
f
 f
or
es
t 
c
o
v
e
r
 



2
1
1
 

In
 f
or

es
t 
e
n
v
i
r
o
n
m
e
n
t
s
,
 r
ec
ur
re
nc
e 

is
 g
en

er
al

ly
 f
r
o
m
 2
 

lo
 5
 y
e
a
r
s
 f
or
 d
i
t
c
h
e
s
 a
n
d
 2
0
 f
or
 c
ul

ve
rt

s.
 T
h
e
 c
o
n
c
e
n
t
r
a
 

ti
on
 p
er

io
d 

fo
r 
wa
te
rs
he
ds
 o
f 
le

ss
 t
ha
n 
12

 k
m
2
 i
s 
6 
ho

ur
s 

(
M
c
N
e
e
l
y
 1
9
8
2
 i
n 
A
n
o
n
.
 
1
9
8
6
)
.
 

T
h
e
 s
iz

e 
r
e
q
u
i
r
e
d
 i
s 
a
s
s
e
s
s
e
d
 b
y
 m
e
a
n
s
 o
f
 a
n
 a
l
g
o
r
i
t
h
m
 

to
 d
e
t
e
r
m
i
n
e
 t
h
e
 p
r
o
p
e
r
 d
i
m
e
n
s
i
o
n
s
.
 V
e
r
i
f
i
c
a
t
i
o
n
 i

s 
p
e
r
 

f
o
r
m
e
d
 
b
y
 
s
u
c
c
e
s
s
i
v
e
 
it

er
at

io
ns

. 
T
h
e
 
ve

lo
ci

ty
 
o
f
 
th
e 

w
a
t
e
r
 
f
l
o
w
 
m
u
s
t
 n
o
t
 b
e
 g
re

at
er

 
th

a
n 
m
a
t
 
p
r
o
p
o
s
e
d
 
b
y
 

F
o
r
t
i
c
r
 a
n
d
 S
c
o
b
c
y
 (
1
9
2
6
 i
n 
A
n
o
n
.
 1
9
8
6
)
.
 

D
e
v
e
l
o
p
i
n
g
 
t
h
e
 
N
e
t
w
o
r
k
 

N
e
t
w
o
r
k
 
c
o
n
s
t
r
u
c
t
i
o
n
 
b
e
g
i
n
s
 
w
i
t
h
 
d
e
t
e
r
m
i
n
i
n
g
 
t
h
e
 

l
o
c
a
t
i
o
n
 o
f
 t
he
 d
i
t
c
h
e
s
 a
n
d
 c
l
e
a
r
i
n
g
 a
 5
-
m
 r
i
g
h
t
-
o
f
-
w
a
y
.
 

W
h
e
n
 a
 l
as

er
 g
u
i
d
a
n
c
e
 s
y
s
t
e
m
 i

s 
u
s
e
d
,
 a
 n
e
t
w
o
r
k
 o
f
 a
lt
i-

m
c
t
r
i
c
 l
a
n
d
m
a
r
k
s
 m
u
s
t
 a
ls

o 
b
e
 i
ns

ta
ll

ed
. 
T
h
i
s
 n
e
t
w
o
r
k
 i
s 

to
 c
o
n
t
r
o
l
 t
h
e
 q
ua

li
ty
 o
f
 t
h
e
 e
x
c
a
v
a
t
i
o
n
.
 T
h
e
 d
i
t
c
h
e
s
 a
r
e
 

ge
ne

ra
ll

y 
d
u
g
 w
i
t
h
 m
e
d
i
u
m
-
c
a
p
a
c
i
t
y
 h
y
d
r
a
u
l
i
c
 e
x
c
a
v
a
 

to
rs
 {
le

ss
 t
ha

n 
2
5
 
to

nn
es

) 
e
q
u
i
p
p
e
d
 w
i
t
h
 
w
i
d
e
 t
ra

ck
s 

to
 

k
e
e
p
 t
he
 p
r
e
s
s
u
r
e
 o
n
 t
he
 s

oi
l 
to

 a
 m
i
n
i
m
u
m
 (
le
ss
 t
h
a
n
 4
0
 

k
P
a
)
.
 T
r
a
c
k
-
e
q
u
i
p
p
e
d
 b
a
c
k
h
o
c
s
 a
r
c
 l
ig
ht
er
 a
n
d
 p
a
r
t
i
c
u
 

la
rl

y 
s
u
i
t
a
b
l
e
 
in

 
o
r
g
a
n
i
c
 
so

il
s.

 
N
e
v
e
r
t
h
e
l
e
s
s
,
 
t
he
re
 
a
r
c
 

o
n
l
y
 a
 f
e
w
 o
f
 t
h
e
s
e
 m
a
c
h
i
n
e
s
 i
n 
C
a
n
a
d
a
.
 

T
h
e
 e
x
c
a
v
a
t
o
r
 u
s
e
d
 t
o 
di
g 
th
e 
di

tc
he

s 
is

 e
q
u
i
p
p
e
d
 w
i
t
h
 

p
a
r
a
b
o
l
i
c
 o
r
 t
r
a
p
e
z
o
i
d
a
l
 b
u
c
k
e
t
s
.
 T
h
e
 e
x
c
a
v
a
t
o
r
 m
o
v
e
s
 i
n 

(h
e 

di
re
ct
io
n 

o
f
 
th
e 

di
tc
h 

li
ne

, 
w
i
t
h
 
th
e 

so
il
 
b
e
i
n
g
 

d
e
p
o
s
i
t
e
d
 o
n
 e
i
t
h
e
r
 s
i
d
e
 o
f
 t
h
e
 d
i
tc

h.
 T
h
i
s
 e
q
u
i
p
m
e
n
t
 c
a
n
 

r
e
m
o
v
e
 f
r
o
m
 7
5 

to
 1
5
0
 m
3
 o
f 
so
il
 p
er

 h
ou

r,
 d
e
p
e
n
d
i
n
g
 o
n
 

it
s 
p
o
w
e
r
 a
n
d
 t
h
e
 t
y
p
e
 o
f
 s
oi

l.
 T
h
e
 c
o
s
t
 o
f
 t
h
e
 s
e
c
o
n
d
a
r
y
 

d
i
t
c
h
e
s
 r
a
n
g
e
s
 f
r
o
m
 S
0
.
7
5
 t

o 
S
I
 
p
e
r
 l
in
ea
r 
m
e
t
r
e
.
 

W
h
e
n
 a
 d
r
a
i
n
a
g
e
 s
y
s
t
e
m
 i

s 
d
u
g
,
 a
ll
 t
h
e
 r
e
q
u
i
r
e
d
 m
e
a
 

s
u
r
e
m
e
n
t
s
 
m
u
s
t
 b
e
 
t
a
k
e
n
 
to

 
r
e
d
u
c
e
 
to

 
a
 
m
i
n
i
m
u
m
 
t
h
e
 

i
m
p
a
c
t
 o
f
 t
h
e
 p
r
o
j
e
c
t
 o
n
 t
h
e
 e
n
v
i
r
o
n
m
e
n
t
.
 
F
o
r
 e
x
a
m
p
l
e
,
 

s
e
d
i
m
e
n
t
a
t
i
o
n
 
b
a
s
i
n
s
 
m
u
s
t
 b
e
 
i
n
c
l
u
d
e
d
 
to

 
r
e
c
o
v
e
r
 
t
h
e
 

s
u
s
p
e
n
d
e
d
 s
ol

id
s 
re
su
lt
in
g 
f
r
o
m
 
m
e
 w
o
r
k
 a
n
d
 t
o 
p
r
o
t
e
c
t
 

th
e 
r
e
c
e
i
v
i
n
g
 w
a
t
e
r
c
o
u
r
s
e
s
 a
g
a
i
n
s
t
 s
e
d
i
m
e
n
t
a
t
i
o
n
 (
A
n
o
n
.
 

19
86
).
 
T
h
e
 i

de
al
 
e
x
c
a
v
a
t
i
o
n
 p
e
r
i
o
d
 i

s 
d
u
r
i
n
g
 
th

e 
dr
ie
st
 

s
u
m
m
e
r
 m
o
n
t
h
s
.
 

O
n
 t
he
 b
a
s
i
s
 o
f
 t
he
 p
r
o
j
e
c
t
s
 i
m
p
l
e
m
e
n
t
e
d
 o
v
e
r
 t
he
 p
a
s
t
 

th
re
e 
y
e
a
r
s
 i
n 
p
u
b
l
i
c
 f
or
es
ts
, 
d
r
a
i
n
a
g
e
 c
o
s
t
s
 c
a
n
 b
e
 e

st
i 

m
a
t
e
d
 a
s
 f
o
l
l
o
w
s
:
 

In
 Q
u
e
b
e
c
,
 d
r
a
i
n
a
g
e
 p
ro
je
ct
s 

fa
ll
 u
n
d
e
r
 c

er
ta
in
 
l
a
w
s
 

a
n
d
 r
e
g
u
l
a
t
i
o
n
s
.
 T
h
e
r
e
f
o
r
e
,
 
a
u
t
h
o
r
i
z
a
t
i
o
n
 
f
r
o
m
 
th

e
 
fo
l 

l
o
w
i
n
g
 b
o
d
i
e
s
 m
u
s
t
 b
e
 o
bt

ai
ne

d 
be
fo
re
 w
o
r
k
 c
a
n
 b
eg
in
: 

1.
 
R
e
g
i
o
n
a
l
 
c
o
u
n
t
y
 
m
u
n
i
c
i
p
a
l
i
t
i
e
s
:
 
R
e
g
u
l
a
t
i
o
n
s
 

c
o
n
c
e
r
n
i
n
g
 
th
e 

p
r
o
t
e
c
t
i
o
n
 
o
f
 
ri
ve
r 
b
a
n
k
s
 
o
r
 

c
e
r
t
a
i
n
 w
e
t
l
a
n
d
s
 m
u
s
t
 b
e
 r
e
s
p
e
c
t
e
d
.
 

2.
 
M
i
n
i
s
l
c
r
c
 
d
e
 
1
'
E
n
v
i
r
o
n
n
e
m
e
n
t
:
 
A
 
p
e
r
m
i
t
 

is
 

r
e
q
u
i
r
e
d
 
b
e
f
o
r
e
 
d
r
a
i
n
a
g
e
 
w
o
r
k
 
is
 
b
e
g
u
n
.
 
F
o
r
 

s
o
m
e
 l
ar

ge
-s

ca
le

 p
ro
je
ct
s,
 a
n
 i
m
p
a
c
t
 s
t
u
d
y
 m
u
s
t
 

a
l
s
o
 b
e
 c
o
n
d
u
c
t
e
d
.
 

3.
 
M
u
n
i
c
i
p
a
l
i
t
y
:
 
M
u
n
i
c
i
p
a
l
 
b
y
l
a
w
s
 
a
p
p
l
y
 
w
h
e
r
e
 

p
r
o
j
e
c
t
s
 i
n
v
o
l
v
e
 m
a
n
y
 o
w
n
e
r
s
.
 

D
R
A
I
N
A
G
E
 P
R
O
G
R
A
M
S
 

St
ri

ct
ly

 s
p
e
a
k
i
n
g
,
 
th
e 

fo
re
st
 s
ec
to
r 
d
o
c
s
 n
o
t
 h
a
v
e
 a
n
 

of
fi

ci
al

 d
r
a
i
n
a
g
e
 p
ol
ic
y.
 N
e
v
e
r
t
h
e
l
e
s
s
,
 v
a
r
i
o
u
s
 l
ev
el

s 
o
f
 

g
o
v
e
r
n
m
e
n
t
 
h
a
v
e
 
c
r
e
a
t
e
d
 
a
s
s
i
s
t
a
n
c
e
 
p
r
o
g
r
a
m
s
 
to
 
c
a
r
r
y
 

o
u
t
 c
e
r
t
a
i
n
 s
il
vi
cu
lt
ur
al
 
t
r
e
a
t
m
e
n
t
s
,
 i
n
c
l
u
d
i
n
g
 d
r
a
i
n
a
g
e
,
 

o
n
 p
ri
va
te
 w
o
o
d
l
o
t
s
.
 T
h
e
 M
i
n
i
s
t
c
r
e
 d
e
 1
'E

nc
rg

ic
 e

t 
d
e
s
 

R
e
s
s
o
u
r
c
e
s
 g
r
a
n
t
s
 e
li
gi
bl
e 
o
w
n
e
r
s
 S
0
.
5
0
 p
e
r
 l
in

ea
r 
m
e
t
r
e
 

fo
r 
d
r
a
i
n
a
g
e
 
d
i
t
c
h
 
e
x
c
a
v
a
t
i
o
n
.
 

It
 
a
l
l
o
c
a
t
e
s
 
m
o
r
e
 
t
h
a
n
 

$
0
.
3
0
/
m
 

to
 
o
w
n
e
r
s
 
fo
r 

t
e
c
h
n
i
c
a
l
 
a
s
s
i
s
t
a
n
c
e
 
f
r
o
m
 
a
 

sp
ec

ia
li

st
 o
f
 
th

ei
r 
ch
oi
ce
. 
H
o
w
e
v
e
r
,
 
m
o
s
t
 o
f
 
th
e 
w
o
r
k
 

d
o
n
e
 o
n
 p
ri
va
te
 w
o
o
d
l
o
t
s
 i
s 
b
y
 p
ri
va
te
 w
o
o
d
l
o
t
 o
w
n
e
r
s
'
 

as
so

ci
at

io
ns

, 
w
h
i
c
h
 m
u
s
t
 p
r
o
v
i
d
e
 t
ec
hn
ic
al
 a
id

. 
A
s
 a
 r
ul
e,
 

t
h
e
s
e
 s
u
m
s
 d
o
 n
o
t
 c
o
v
e
r
 a
ll

 t
e
c
h
n
i
c
a
l
 e
x
p
e
n
s
e
s
,
 b
u
t
 m
a
n
y
 

o
w
n
e
r
s
 c
o
n
s
i
d
e
r
 t
h
e
m
 
q
u
i
t
e
 h

el
pf
ul
. 
U
n
d
e
r
 
it

s 
E
a
s
t
e
r
n
 

Q
u
e
b
e
c
 
D
e
v
e
l
o
p
m
e
n
t
 
P
l
a
n
,
 
t
h
e
 
f
e
d
e
r
a
l
 
g
o
v
e
r
n
m
e
n
t
 

g
r
a
n
t
s
 S
1
 /
m
 f
or
 t
h
e
 e
x
c
a
v
a
t
i
o
n
 o
f
 s
e
c
o
n
d
a
r
y
 d
it
ch
es

. 
T
h
e
 

p
r
o
g
r
a
m
'
s
 
te
ch
ni
ca
l 

st
af

f 
is

 
r
e
s
p
o
n
s
i
b
l
e
 
fo
r 

p
l
a
n
n
i
n
g
 

p
r
o
j
e
c
t
s
 a
n
d
 d
i
g
g
i
n
g
 c
o
l
l
e
c
t
i
n
g
 d
i
t
c
h
e
s
 
th

at
 a
r
c
 u
s
e
d
 b
y
 

m
a
n
y
 
o
w
n
e
r
s
.
 

In
 c
o
m
p
l
i
a
n
c
e
 w
i
t
h
 l
i
m
b
e
r
 s
u
p
p
l
y
 a
n
d
 f
or

es
t 
m
a
n
a
g
e
 

m
e
n
t
 a
g
r
e
e
m
e
n
t
s
 
th

at
 t
h
e
y
 
s
i
g
n
e
d
 w
i
t
h
 t
he
 M
i
n
i
s
t
e
r
e
 d
e
 

i
'
E
n
c
r
g
i
c
 
et
 
d
e
s
 
R
e
s
s
o
u
r
c
e
s
,
 
c
o
m
p
a
n
i
e
s
 
c
a
n
 
c
a
r
r
y
 
o
u
t
 

d
r
a
i
n
a
g
e
 p
r
o
j
e
c
t
s
 i

n 
p
u
b
l
i
c
 f
or
es
ts
 t
o 
p
a
y
 t
he

ir
 s
t
u
m
p
a
g
e
 

d
u
e
s
 w
h
e
n
e
v
e
r
 t
h
e
y
 n
e
e
d
 t
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 b
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 d
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o
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n
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e
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t
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n
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a
v
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p
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c
i
s
e
 

in
fo

rm
at
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o
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n
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 m
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b
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 p
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 d
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 C
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 d
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y
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t
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'
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m
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u
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 d
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c
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i
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u
c
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ti
ve
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d
u
 d
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in
ag

e 
fo
re
st
ie
r 

a
u
 Q
u
e
b
e
c
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6
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oc
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S
y
m
p
.
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n
 F
or
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ai
n 

a
g
e
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0
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1
1
 
S
e
p
t
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9
8
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,
 S
t
e
-
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o
y
,
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u
c
.
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y
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n
d
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c
M
e
n
a
m
i
n
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. 
1
9
8
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.
 
T
h
e
 C
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n
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d
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at
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y
s
t
e
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n
u
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l
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 d
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in
g 
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il

s 
in
 t
he
 f
ie

ld
. 
R
e
v
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 D
e
p
.
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g
r
i
c
,
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n
d
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o
u
r
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e
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.
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R
R
l
 C
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t
r
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.
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o
.
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.
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l,
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, 
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ti
l,
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a
n
d
 
L
o
r
d
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D
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1
9
8
9
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E
s
p
a
c
e
m
e
n
t
 d
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d
c
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in
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e 
en
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ie
u 
fo
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st
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C
S
A
E
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Q
u
e
b
e
c
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it
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 Q
u
e
.
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od

or
of
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. 
a
n
d
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u
y
o
n
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.
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C
h
o
i
x
 d
u
 s
y
s
t
e
m
c
 

d'
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sa
in
is

se
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ni
d'

un
c 

pa
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el
le
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Mi
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gr

ic
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an
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, 
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te

ch
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in
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o
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7
1
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2
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2
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8
0
3
-
8
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8
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an
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ne
r,
 M
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L
a
 f
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 d
e
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us
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ou
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o
m
t
e
 d
e
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vi
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u
e
b
e
c
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t
u
d
e
 p
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, 

F
o
n
d
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 d
c
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n
tr

i
b
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N
o
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.
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. 

G
u
y
o
n
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. 

L
e
s
 
fo
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d
e
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dr
au

li
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c 
de

s 

n
a
p
p
e
s
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tu
es
 p
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he
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na
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M
i
n
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gr
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. 

F
r
a
n
c
e
,
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l.
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h.
 d
'i

nf
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N
o
.
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7
1
-
2
7
2
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5
9
-
8
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.
 

Hc
ik
ur
ai
nc
n,
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a
n
d
 K
uu

se
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K.
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2.
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ev

iv
al
 o
f 
th
e 
tr

ee
 

g
r
o
w
t
h
 a

ft
er
 d
r
a
i
n
a
g
e
 a
n
d
 i
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 d
e
p
e
n
d
e
n
c
e
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n
 t
he
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re

e 
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n
d
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C
o
m
m
u
n
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F
c
n
n
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. 
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I
m
p
r
o
v
i
n
g
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et

la
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fo
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C
a
n
a
d
a
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G
o
v
'
t
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C
a
n
.
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d
m
o
n
t
o
n
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e
p
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O
R
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2
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.
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, 
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a
n
d
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L
e
s
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 l
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s
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r
r
c
s
p
h
y
s
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o
g
r
a
p
h
i
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e
s
 d
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i
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re
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. 
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au
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 d
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d
i
m
e
n
s
i
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n
n
e
m
e
n
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 d
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 d
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y
m
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 f
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b
e
c
.
 M
i
n
.
 E
n
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 d
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 b
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n
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e
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 d
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c
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.
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c
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ra
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n
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.
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ra
in
 

in
 Q
u
e
b
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 p
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d.

 P
ro

c.
 S

ix
te
en
th
 M
u
s
k
e
g
 

R
e
s
o
u
r
c
e
 C
o
n
f
.
,
 M
o
n
t
r
e
a
l
,
 Q
u
e
.
 

Tr
ot
ti
er
, 
F.
 1
9
8
6
.
 A
c
c
r
o
i
s
s
c
m
e
n
t
 d
e
 c
er
ta
in
s 
p
e
u
p
l
e
m
e
n
t
s
 

fo
re

st
ic

rs
 a
tt

ri
bu

ab
le

 a
 l
a 
co
ns
tr
uc
ti
on
 d
e
 c
o
ur
s
 d
'
e
a
u
 

an
if

ic
ie

ls
. 
p.

 6
6
-
8
4
 i
n 
Pr

oc
. 
S
y
m
p
.
 o
n
 F
o
r
e
s
t
 D
r
a
i
n
a
g
e
,
 

1
0
-
1
1
 S
e
p
t
 
1
9
8
5
,
 S
t
e
-
F
o
y
,
 Q
u
e
.
 

V
a
n
 
Be

er
s,

 
W
J
.
F
.
 

19
70
. 

T
h
e
 
a
u
g
e
r
 
h
o
l
e
 
m
e
t
h
o
d
.
 

In
tc

ma
t'

l 
In
si
. 
L
a
n
d
 R
c
c
l
a
m
.
 I
m
p
r
o
v
e
.
,
 W
a
g
c
n
i
n
g
c
n
,
 

T
h
e
 N
e
t
h
e
r
l
a
n
d
s
.
 B
ul
l.
 N
o
.
 
1.
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d
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n
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as
si
fi
ca
ti
on
, 

di
st
ri
bu
ti
on
 
a
n
d
 
us

e.
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P
R
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s
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u
r
c
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n
a
g
e
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U
n
i
v
e
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s
i
t
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f
 C
a
l
i
f
o
r
n
i
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B
e
r
k
e
l
e
y
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C
a
l
i
f
o
r
n
i
a
 

U
S
A
 

A
B
S
T
R
A
C
T
 

D
r
a
i
n
a
g
e
 
a
n
d
 
fe

rt
il

iz
at

io
n 
a
r
e
 
c
u
r
r
e
n
t
l
y
 
n
o
t
 
p
r
a
c
t
i
s
e
d
 
a
s
 
si

lv
ic

ul
tu

ra
l 

ac
ti
vi
ti
es
 
in
 

t
h
e
 
f
o
r
e
s
t
e
d
 
p
e
a
t
l
a
n
d
s
 
of
 
n
o
r
t
h
e
r
n
 
O
n
t
a
r
i
o
.
 
T
h
e
r
e
 
a
r
e
 
m
a
n
y
 
fa
ct
or
s,
 
i
n
c
l
u
d
i
n
g
 

a
d
m
i
n
i
s
t
r
a
t
i
v
e
,
 
s
o
c
i
o
l
o
g
i
c
a
l
 
a
n
d
 
e
c
o
n
o
m
i
c
 o
n
e
s
,
 t
ha
t 

wi
ll

 
i
n
f
l
u
e
n
c
e
 w
h
e
t
h
e
r
,
 
a
n
d
 

at
 w
h
a
t
 
ra

te
, 
t
h
e
s
e
 
ac
ti
vi
ti
es
 w

il
l 
b
e
 
i
n
c
o
r
p
o
r
a
t
e
d
 
in
to
 
si
lv
ic
ul
tu
ra
l 
p
r
a
c
t
i
c
e
.
 
T
h
i
s
 

m
a
y
 
b
e
 
a
n
 
o
p
p
o
r
t
u
n
e
 
t
i
m
e
 
to
 
m
a
k
e
 
c
h
a
n
g
e
s
,
 
b
e
c
a
u
s
e
 
t
h
e
r
e
 
is
 
a
 
p
e
r
c
e
p
t
i
o
n
 
of

 

f
u
t
u
r
e
 
lo
ca
l 
s
h
o
r
t
a
g
e
s
 i

n 
w
o
o
d
 s
u
p
p
l
y
,
 
a
n
d
 
in
te
re
st
 i

s 
f
o
c
u
s
i
n
g
 o
n
 a
c
c
e
l
e
r
a
t
i
o
n
 o

f 

g
r
o
w
t
h
.
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s
 w
el
l,
 t
h
e
r
e
 a
r
e
 s
e
v
e
r
a
l
 c
o
m
p
r
e
h
e
n
s
i
v
e
 f
ie

ld
 s
t
u
d
i
e
s
 o
f 
g
r
o
w
t
h
 r
e
s
p
o
n
s
e
 

lo
 f
er
ti
li
za
ti
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n
d
 d
r
a
i
n
a
g
e
 i
n 
t
h
e
 N
o
r
t
h
e
r
n
 R
e
g
i
o
n
,
 p
r
o
v
i
d
i
n
g
 l
oc

al
 i
n
f
o
r
m
a
t
i
o
n
 o
n
 

b
o
t
h
 i
m
p
l
e
m
e
n
t
a
t
i
o
n
 a
n
d
 e
ff
ec
ts
. 
T
h
e
 m
a
i
n
 e
ff
or
ts
 r
e
q
u
i
r
e
d
 a
t 
th

is
 p
o
i
n
t
 t
o 
e
n
c
o
u
r
 

a
g
e
 
c
h
a
n
g
e
 
t
o
w
a
r
d
s
 
m
o
r
e
 
i
n
t
e
n
s
i
v
e
 
p
e
a
t
l
a
n
d
 
f
o
r
e
s
t
r
y
 
p
r
a
c
t
i
c
e
s
 
s
u
c
h
 
a
s
 
fe
r 

ti
li

za
ti

on
 
a
n
d
 
d
r
a
i
n
a
g
e
 
a
r
e
:
 

1)
 
a
c
c
e
p
t
a
n
c
e
 
of
 
t
h
e
s
e
 
p
r
a
c
t
i
c
e
s
 
a
c
c
o
r
d
i
n
g
 
to
 

e
n
v
i
r
o
n
m
e
n
t
a
l
-
i
m
p
a
c
t
 
g
u
i
d
e
l
i
n
e
s
;
 
a
n
d
 
2)

 
p
r
e
p
a
r
a
t
i
o
n
 
of
 
s
p
e
c
i
f
i
c
 
p
r
e
s
c
r
i
p
l
i
o
n
s
,
 

i
n
c
l
u
d
i
n
g
 
c
o
s
t
:
 
b
e
n
e
f
i
t
 
i
n
f
o
r
m
a
t
i
o
n
.
 
T
h
e
 
i
n
c
r
e
a
s
i
n
g
 
i
n
v
o
l
v
e
m
e
n
t
 
in
 
a
n
d
 
c
o
m
m
i
t
 

m
e
n
t
 t
o 
fo
re
st
 
m
a
n
a
g
e
m
e
n
t
 b
y
 
p
r
i
v
a
t
e
 f
or
es
tr
y 
i
n
d
u
s
t
r
y
 
s
h
o
u
l
d
 
a
d
d
 
s
u
p
p
o
r
t
 a
n
d
 

i
m
p
e
t
u
s
 t
o 
t
h
e
 i
n
p
l
e
m
e
n
t
a
t
i
o
n
 o
f 
n
e
w
 s

il
vi
cu
lt
ur
al
 p
r
a
c
t
i
c
e
s
 s
u
c
h
 a
s
 d
r
a
i
n
a
g
e
.
 

R
E
S
U
M
E
 

L
e
 
d
r
a
i
n
a
g
e
 
et

 
la

 f
er

ti
li

sa
ti

on
 
n
e
 s
o
n
t
 
p
a
s
 
d
e
s
 
m
e
t
h
o
d
e
s
 
s
y
l
v
i
c
o
l
e
s
 c
o
u
r
a
m
m
e
n
t
 

e
m
p
l
o
y
e
e
s
 
d
a
n
s
 
l
e
s
 
t
o
u
r
b
i
e
r
e
s
 
b
o
i
s
e
e
s
 
d
u
 
n
o
r
d
 
d
e
 
I
'
O
n
t
a
r
i
o
.
 
L
e
 
r
e
c
o
u
r
s
 
a
 
c
e
s
 

p
r
a
t
i
q
u
e
s
 e
t 
l
e
u
r
 r
y
t
h
m
e
 d
e
 m
i
s
e
 e
n
 a
p
p
l
i
c
a
t
i
o
n
 d
e
p
e
n
d
e
n
t
 n
o
t
a
m
m
e
n
t
 d
e
s
 f
a
c
t
e
u
r
s
 

a
d
m
i
n
i
s
t
r
a
t
e
s
,
 s
o
c
i
o
l
o
g
i
q
u
e
s
 e
t
 e
c
o
n
o
m
i
q
u
e
s
.
 T
o
u
t
e
f
o
i
s
,
 
p
u
i
s
q
u
e
 d
e
s
 p
e
n
u
r
i
e
s
 d
e
 

m
a
t
i
e
r
e
 t
i
g
n
e
u
s
e
 a
 I
'
e
c
h
e
l
l
e
 l
o
c
a
l
e
 s
o
n
t
 a
 p
r
e
v
o
i
r
 p
o
u
r
 b
i
e
n
t
o
t
,
 o
n
 p
o
r
t
e
 m
a
i
n
t
e
n
a
n
t
 

u
n
e
 a
t
t
e
n
t
i
o
n
 p
ar
ti
cu
ii
er
e 
a
 l
a 
n
e
c
e
s
s
i
t
e
 d
'
a
c
c
e
l
e
r
e
r
 l
a 
c
r
o
i
s
s
a
n
c
e
 e
t 

il 
p
o
u
r
r
a
i
t
 d
o
n
e
 

c
o
n
v
e
n
i
r
 
d
'
e
n
t
r
e
p
r
e
n
d
r
e
 
d
e
s
 
ac
ti
vi
te
s 
d
e
 
d
r
a
i
n
a
g
e
 
et

 
d
e
 
fe

rt
il

is
at

io
n.

 
P
l
u
s
i
e
u
r
s
 

e
t
u
d
e
s
 
g
e
n
e
r
a
l
e
s
 
a
u
 
c
h
a
m
p
 
s
u
r
 
la
 
c
r
o
i
s
s
a
n
c
e
 
p
r
o
c
u
r
e
e
 
p
a
r
 
la
 
fe
rt
il
is
at
io
n 

et
 
le
 

d
r
a
i
n
a
g
e
 d
a
n
s
 
le

 n
o
r
d
 d
e
 I
'
O
n
t
a
r
i
o
 
o
n
t
 p
e
r
m
i
s
 d
'
o
b
t
e
n
i
r
 d
e
s
 d
o
n
n
e
e
s
 
l
o
c
a
l
e
s
 s
u
r
 

la
 m
i
s
e
 e
n
 o
e
u
v
r
e
 e
t 
le
s 
ef
fe
ts
 d
e
 c
e
s
 m
e
t
h
o
d
e
s
.
 A
fi
n 
d
'
e
n
c
o
u
r
a
g
e
r
 l
e 
r
e
c
o
u
r
s
 a
 d
e
s
 

m
e
t
h
o
d
e
s
 d
'
a
m
e
n
a
g
e
m
e
n
t
 f
o
r
e
s
t
i
e
r
d
e
s
 t
o
u
r
b
i
e
r
e
s
 p
l
u
s
 i
n
t
e
n
s
i
v
e
s
.
c
o
m
m
e
 l
a 
fe

rt
i 

li
sa

ti
on

 e
t 
le

 d
r
a
i
n
a
g
e
,
 i

l 
t
a
u
t
 r
e
s
p
e
c
t
e
r
 l
es
 d
i
r
e
c
t
i
v
e
s
 c
o
n
c
e
r
n
a
n
t
 l
es
 i
n
c
i
d
e
n
c
e
s
 s
u
r
 

I
'
e
n
v
i
r
o
n
n
e
m
e
n
t
 
lo

rs
 
d
e
 
la

 m
i
s
e
 
e
n
 o
e
u
v
r
e
 d
e
 c
e
t
t
e
 
m
e
t
h
o
d
e
 
et

 e
l
a
b
o
r
e
r
 d
e
s
 
p
r
e
 

s
c
r
i
p
t
i
o
n
s
 
p
a
r
t
i
c
u
l
i
e
r
e
s
 
q
u
i
 
c
o
m
p
o
n
e
n
t
 
d
e
s
 
r
e
n
s
e
i
g
n
e
m
e
n
t
s
 
s
u
r
 
l
e
s
 
c
o
u
t
s
 
et

 

a
v
a
n
t
a
g
e
s
.
 
L
'
e
n
g
a
g
e
m
e
n
t
 
g
r
a
n
d
i
s
s
a
n
t
 
d
e
 
I'

in
du

st
ri

e 
f
o
r
e
s
t
i
e
r
e
 
a
 
r
e
g
a
r
d
 
d
e
 

I
'
a
m
e
n
a
g
e
m
e
n
t
 f
o
r
e
s
t
i
e
r
 d
e
v
r
a
i
t
 v
e
n
i
r
 a
p
p
u
y
e
r
 e
t 
f
a
v
o
r
i
s
e
r
 l
'
i
n
c
l
u
s
i
o
n
 d
e
 n
o
u
v
e
l
l
e
s
 

p
r
a
t
i
q
u
e
s
 s
y
l
v
i
c
o
l
e
s
 (
c
o
m
m
e
 l

e 
d
r
a
i
n
a
g
e
)
 a
u
x
 
p
l
a
n
s
 d
'
a
m
e
n
a
g
e
m
e
n
t
 
fo
re
st
ie
r.
 



2
1
4
 

I
N
T
R
O
D
U
C
T
I
O
N
 

T
o
 a
t
t
e
m
p
t
 t
o 
ch

;i
ng

e 
fo
re
st
ry
 p
ra

ct
ic

es
 i
n 
O
n
t
a
r
i
o
 i
s 
to

 

a
c
c
e
p
t
 
a 

c
h
a
l
l
e
n
g
e
.
 
C
h
a
n
g
e
 
is
 
a 
p
r
o
c
e
s
s
 
th

at
 
i
n
v
o
l
v
e
s
 

m
u
c
h
 m
o
r
e
 t
h
a
n
 t

he
 a
va
il
ab
il
it
y 
o
f
 b
io

lo
gi

ca
l 
I
n
f
o
r
m
a
 

ti
on

 a
bo

ut
 t
he
 e
ff
ec
ts
 o
f 
fo
re
st
ry
 p
re

sc
ri

pt
io
ns

 o
n
 t

ar
ge
t 

tr
ee
 s
pe

ci
es

. 
T
h
e
 f
is

ca
l 
si

tu
at

io
n 
a
n
d
 e
c
o
n
o
m
i
c
 i
m
p
l
i
c
a
 

ti
on

s 
of
 t
he
 c
ha

ng
e,

 t
he
ir
 i
mp
ac
t 
o
n
 t
he
 p
ri

va
te
 s
ec

to
r,

 t
he
 

st
ru

ct
ur

al
 
fl

ex
ib

il
it

y 
o
f
 t
he
 p
r
i
m
a
r
y
 m
a
n
a
g
e
r
s
 (
g
o
v
e
r
n
 

m
e
n
t
)
,
 t
he
 e
n
v
i
r
o
n
m
e
n
t
a
l
 i
m
p
a
c
t
 a
n
d
 t
he
 s
oc

io
-p

ol
it

ic
al

 

cl
im
at
e 
ar
c 

al
l 
si
gn
if
ic
an
t 
fa
ct
or
s 
in

 d
e
t
e
r
m
i
n
i
n
g
 t
he
 f
ea
 

si
bi
li
ty
 o

f 
a
n
y
 p
r
o
p
o
s
e
d
 c

ha
ng

e.
 T
h
e
s
e
 c

on
si

de
ra

ti
on

s 

m
a
y
 
b
e
 
s
u
m
m
a
r
i
z
e
d
 
b
y
 
th
e 
o
b
s
e
r
v
a
t
i
o
n
 
th
at

 
th
er
e 

ar
e 

th
re
e 

cr
it

er
ia
 
fo
r 
c
h
a
n
g
e
 
in

 
fo
re
st
ry
 
pr

ac
ti

ce
s:
 
m
o
t
i
v
a
 

ti
on

, 
i
n
f
o
r
m
a
t
i
o
n
 
a
n
d
 
fe

as
ib

il
it

y.
 
T
h
i
s
 
p
a
p
e
r
 
a
d
d
r
e
s
s
e
s
 

th
e 

pr
os
pe
ct

s 
fo
r 

c
h
a
n
g
i
n
g
 
si
lv
ic
ul
tu
ra
l 

pr
ac
ti
ce
s 

in
 

no
rt
he
rn
 O
nt

ar
io
's
 p
ca
tl
an
ds
, 
in

 p
ar
ti
cu
la
r 
fo

r 
p
r
o
m
o
t
i
n
g
 

th
e 

u
s
e
 
o
f
 p
c
a
t
l
a
n
d
 
d
r
a
i
n
a
g
e
 
a
n
d
 
fe
rt
il
iz
at

io
n.

 
T
h
i
s
 
is

 

a
c
c
o
m
p
l
i
s
h
e
d
 
b
y
 
e
s
t
a
b
l
i
s
h
i
n
g
 
th
e 

c
o
n
t
e
x
t
 
in
 
n
o
r
t
h
e
r
n
 

On
ta

r
io

, 
e
x
a
m
i
n
i
n
g
 c
u
r
r
e
n
t
 p
c
a
t
l
a
n
d
 f

or
es
tr
y 

pr
ac
ti
ce
s,
 

d
i
s
c
u
s
s
i
n
g
 t
he
 f
ac
to
rs
 t
ha

t 
d
e
t
e
r
m
i
n
e
 t
he
 c
h
a
n
g
e
 t
o
w
a
r
d
s
 

m
o
r
e
 s
pe
ci
fi
c 
a
n
d
 i
nt

en
si

ve
 p
c
a
t
l
a
n
d
 m
a
n
a
g
e
m
e
n
t
,
 a
n
d
 

c
o
n
c
l
u
d
i
n
g
 w
i
t
h
 a
 s
pe
cu
la
ti
ve
 s
u
m
m
a
r
y
 o
f
 t
he
 p
r
o
s
p
e
c
t
s
 

fo
r 
c
h
a
n
g
e
.
 

N
O
R
T
H
E
R
N
 O
N
T
A
R
I
O
 C
O
N
T
E
X
T
 

T
h
e
 c
on
te

xt
 f

or
 t

hi
s 
di

sc
us

si
on

 i
s 
m
e
 a
dm
in
is
tr
at
iv
e 

un
it

 
k
n
o
w
n
 
as
 
th
e 

N
o
r
t
h
e
r
n
 
R
e
g
i
o
n
 
o
f
 
th
e 

O
n
t
a
r
i
o
 

M
i
n
i
s
t
r
y
 o
f
 N
a
t
u
r
a
l
 R
e
s
o
u
r
c
e
s
 (
O
M
N
R
)
.
 
B
l
a
c
k
 
s
p
r
u
c
e
 

(
P
i
c
e
a
 m
a
r
i
a
n
a
)
 i

s 
th
e 
m
a
i
n
 c
o
m
m
e
r
c
i
a
l
 s
pe
ci

es
, 
as
 i
nd

i 

c
a
t
e
d
 b
y
 b
o
t
h
 t
h
e
 F
o
r
e
s
t
 R
e
s
o
u
r
c
e
 I
n
v
e
n
t
o
r
y
 a
n
d
 t
he
 h
a
r
 

v
e
s
t
 d
at

a.
 
T
h
e
 R
e
g
i
o
n
 e
n
c
o
m
p
a
s
s
e
s
 
th
e 
N
o
r
t
h
e
r
n
 C
l
a
y
 

Se
ct
io
n 

of
 t

he
 
Bo

re
al

 F
or

es
t 
of

 O
n
t
a
r
i
o
 (
R
o
w
c
 
1
9
7
2
)
 

(F
ig

. 
1}
. 

It
 h
a
s
 b
e
e
n
 e
s
t
i
m
a
t
e
d
 t
ha

t 
a
p
p
r
o
x
i
m
a
t
e
l
y
 5
0
%
 o
f 

th
is

 l
a
nd

 a
re
a
 i

s 
c
o
v
e
r
e
d
 b
y
 p
c
a
t
l
a
n
d
 a
n
d
 d
o
m
i
n
a
t
e
d
 b
y
 

p
u
r
e
 b
l
a
c
k
 s
p
r
u
c
e
 s
t
a
n
d
s
 (
K
c
t
c
h
e
s
o
n
 a
n
d
 J
c
g
l
u
m
 
1
9
7
2
)
.
 

T
h
e
 s
ca
le
 a
n
d
 t
he
 d
is
po
si
ti
on
 o
f
 t
he
 N
o
r
t
h
e
r
n
 R
e
g
i
o
n
 

c
o
i
n
c
i
d
e
 w
e
l
l 
w
i
t
h
 a
 d
i
s
c
u
s
s
i
o
n
 o
f
 p
ca
tl
ai
id
 f
or
es
tr
y.
 I

t 
is
 

a
 l
ar
ge
 r
eg
io
n,

 e
n
c
o
m
p
a
s
s
i
n
g
 o
ne
-t
hi
rd
 o
f
 l
ii

c 
pr
ov
in
ce
's
 

C
r
o
w
n
 f
or

es
t 
la

n
d 
(8

.4
 m
il

li
on

 h
a)

. 
O
f
 t
hi
s,
 8
0
%
 i

s 
m
a
n
 

a
g
e
d
 
b
y
 
fo

re
st
 
in
du
st
ri
es
 
u
n
d
e
r
 
F
o
r
e
s
t
 
M
a
n
a
g
e
m
e
n
t
 

A
g
r
e
e
m
e
n
t
s
 
(
F
M
A
s
)
,
 
a
n
d
 
th
e 

r
e
m
a
i
n
d
e
r
 
is
 
m
a
n
a
g
e
d
 

di
re
ct
ly
 b
y
 O
M
N
R
.
 F
or

e
s
tr

y
 i

s 
a
 v
e
r
y
 s
ig
ni
fi
ca
nt
 p
ar
t 
of
 

th
e 
N
o
r
t
h
e
r
n
 R
e
g
i
o
n
'
s
 e
c
o
n
o
m
y
,
 a
s
 i

t 
p
r
o
v
i
d
e
s
 m
o
r
e
 t
h
a
n
 

8
0
0
0
 l
oc

al
 j
o
b
s
 a
n
d
 f
o
r
m
s
 t
he
 e
c
o
n
o
m
i
c
 b
a
s
e
 o
f
 1
0 
c
o
m
 

m
u
n
i
t
i
e
s
.
 
T
h
e
 
fo

re
st

s 
s
u
p
p
o
r
t
 
fi

ve
 
p
u
l
p
 
mi

ll
s,
 
s
e
v
e
n
 

p
a
n
e
l
b
o
a
r
d
 p
la
nt
s 
a
n
d
 1
6 
la
rg
e 
s
a
w
m
i
l
l
s
 i
n 
th

e 
R
e
g
i
o
n
,
 i
n 

ad
di
ti
on
 t
o 
n
u
m
e
r
o
u
s
 s
m
a
l
l
e
r
 o
pe
ra
ti
on
s.
 A
p
p
r
o
x
i
m
a
t
e
l
y
 

7 
mi
ll
io
n 
m
3
 
of

 w
o
o
d
 
ar
c 

ha
rv
es
te
d 

an
nu
al

ly
, 

re
pr

e 

s
e
n
t
i
n
g
 a
p
p
r
o
x
i
m
a
t
e
l
y
 o
ne
-t
hi
rd
 o
f
 t
he
 p
r
o
v
i
n
c
e
'
s
 t

ot
al
 

ha
rv
es
t.
 

N
o
r
t
h
e
r
n
 
R
e
g
i
o
n
 

N
o
r
t
h
e
r
n
 
C
l
a
y
 
Be

ll
 

F
i
g
u
r
e
 I

. 
L
o
c
a
t
i
o
n
 
o
f
 t
he
 
N
o
r
t
h
e
r
n
 
R
e
g
i
o
n
 
o
f
 t
he

 
O
n
t
a
r
i
o
 

M
i
n
i
s
t
r
y
 
o
f
 N
a
t
u
r
a
l
 R
e
s
o
u
r
c
e
s
 (
so
li
d 

li
ne

).
 
S
l
w
d
e
d
 

a
r
e
a
 s
h
o
w
s
 t
h
e
 C
l
a
y
 B
e
l
t
 s
e
c
t
i
o
n
 o
f
 t
h
e
 R
e
g
i
o
n
.
 

Si
lv

ic
ul

tu
re

 i
n 
th
e 
N
o
r
t
h
e
r
n
 R
e
g
i
o
n
 
is

 d
o
m
i
n
a
t
e
d
 
b
y
 

fo
ur
 a
ct
iv
it
ie
s:
 h
ar

ve
st

in
g,

 s
it
e 
pr
ep
ar
at
io
n,
 p
la
n
t
i
n
g
 a
n
d
 

t
e
n
d
i
n
g
 (
T
a
b
l
e
 
1)

. 
In
 
1
9
8
6
/
1
9
8
7
,
 a
p
p
r
o
x
i
m
a
l
e
l
y
 7
0
,
0
0
0
 

h
a
 w
e
r
e
 h
a
r
v
e
s
t
e
d
 a
n
d
 m
o
r
e
 t
ha
n 
5
0
%
 o
f
 t
hi

s 
a
r
e
a
 w
a
s
 

r
e
g
e
n
e
r
a
t
e
d
 
ar
ti
fi
ci
al
ly
. 

P
l
a
n
t
i
n
g
 
o
u
t
w
e
i
g
h
e
d
 
al
l 

o
t
h
e
r
 

r
e
g
e
n
e
r
a
t
i
o
n
 
m
e
t
h
o
d
s
 
b
y
 
a 

ra
ti

o 
o
f
 3

:1
. 
T
e
n
d
i
n
g
,
 
p
r
e
 

d
o
m
i
n
a
n
t
l
y
 
in
 
t
h
e
 
f
o
r
m
 
o
f
 c
h
e
m
i
c
a
l
 
c
o
n
t
r
o
l
 
o
f
 b
r
o
a
d
-

l
c
a
v
c
d
 c
o
m
p
e
t
i
t
i
o
n
,
 w
a
s
 a
l
s
o
 c
a
r
r
i
e
d
 o
u
t
 o
n
 a
 l
a
r
g
e
 s
ca
le
, 

o
v
e
r
 a
p
p
r
o
x
i
m
a
l
e
l
y
 3
6
,
0
0
0
 h
a
 o
f
 p
r
e
v
i
o
u
s
l
y
 e
s
t
a
b
l
i
s
h
e
d
 

fo
re

st
s.

 
Si

te
 
p
r
e
p
a
r
a
t
i
o
n
 
w
a
s
 
c
o
n
d
u
c
f
e
d
 
o
n
 
a
p
p
r
o
x
i
 

m
a
t
e
l
y
 t
w
o
-
t
h
i
r
d
s
 o
f
 t
he
 h
a
r
v
e
s
t
e
d
 l
an
d.
 

T
a
b
l
e
 
1.

 
Si

lv
ic

ul
 r
ur
al
 
pr
of
il
e 

(
1
9
8
6
/
1
9
8
7
)
 
o
f
 
th
e 

N
o
r
t
h
e
r
n
 

R
e
g
i
o
n
 o
f
 O
n
t
a
r
i
o
 

'
r
e
g
e
n
e
r
a
t
e
d
 
a
r
e
a
/
p
o
t
e
n
t
i
a
l
 
r
e
g
e
n
e
r
a
t
i
o
n
 
a
r
e
a
 

N
o
t
e
:
 
T
h
e
 p
ot
en
ti
al
 
r
e
g
e
n
e
r
a
t
i
o
n
 a
r
e
a
 >

s 
n
a
l
 t
he
 s
a
m
e
 
as

 
th
e 

to
la

l 
a
r
e
a
 h
a
r
v
e
s
t
e
d
,
 a
s 
s
o
m
e
 i

ir
ea

s 
a
r
c
 c
o
n
s
i
d
e
r
e
d
 l

o 
b
e
 

u
n
l
r
c
a
t
a
b
l
e
.
 
T
h
i
s
 
c
o
u
l
d
 
b
e
 
a 

re
su

lt
 
o
f
 s
e
v
e
r
a
l
 
fa

ct
or

s,
 

i
n
c
l
u
d
i
n
g
 
i
c
m
o
l
e
 
l
o
c
a
t
i
o
n
 
or

 
s
m
a
l
l
,
 
s
c
a
t
t
e
r
e
d
 
di

st
ri

bu
 

ti
on

 o
f
 s
it

es
, 
l
o
w
 s
it
e 
qu
al
it
y 
or

 p
ot

en
ti

al
 e
n
v
i
r
o
n
m
e
n
t
a
l
 

d
a
m
a
g
e
 a
s 

a 
re

su
lt

 o
f
 r
e
g
e
n
e
r
a
t
i
o
n
 a
ct
iv
it
ie
s.
 



2
1
5
 

C
U
R
R
E
N
T
 P
E
A
T
L
A
N
D
 F
O
R
E
S
T
R
Y
 

P
e
a
t
l
a
n
d
 p
r
e
s
c
r
i
p
t
i
o
n
s
 i
n 
t
h
e
 N
o
r
t
h
e
r
n
 R
e
g
i
o
n
 f
al

l 
i
n
t
o
 

t
w
o
 
m
a
i
n
 
a
r
e
a
s
:
 
s
y
s
t
e
m
s
 
f
o
r
 
c
l
a
s
s
i
f
y
i
n
g
 
p
e
a
t
l
a
n
d
 
a
n
d
 

m
e
t
h
o
d
s
 o
f
 h
a
r
v
e
s
t
i
n
g
.
 F
o
r
 t
h
e
 
f
o
r
m
e
r
,
 t
h
r
e
e
 c
l
a
s
s
i
f
i
c
a
 

ti
on
 s
y
s
t
e
m
s
 h
a
v
e
 b
e
e
n
 r
e
c
o
g
n
i
z
e
d
.
 T
h
e
 f

ir
st
 i

s 
a
 t
y
p
i
n
g
 

s
y
s
t
e
m
 d
e
v
i
s
e
d
 b
y
 a
 m
a
j
o
r
 f
or
es
t 
c
o
m
p
a
n
y
 i
n 
t
h
e
 R
e
g
i
o
n
 

(
S
p
r
u
c
e
 F
a
l
l
s
 P
o
w
e
r
 a
n
d
 P
a
p
e
r
 C
o
m
p
a
n
y
 L
t
d
.
)
 
th

at
 w
a
s
 

o
r
i
g
i
n
a
l
l
y
 
d
e
v
e
l
o
p
e
d
 
a
s
 
a
n
 
a
i
d
 
f
o
r
 p
l
a
n
n
i
n
g
 
h
a
r
v
e
s
t
i
n
g
 

r
e
q
u
i
r
e
m
e
n
t
s
.
 T
h
i
s
 t
y
p
i
n
g
 s
y
s
t
e
m
,
 b
a
s
e
d
 o
n
 f
o
r
e
s
t
 c
o
v
e
r
 

a
n
d
 s
lo
pe
, 
r
e
c
o
g
n
i
z
e
s
 f

iv
e 

si
te

 t
y
p
e
s
 o
n
 
t
h
e
 c
o
m
p
a
n
y
'
s
 

F
M
A
 
li

mi
ts

. 
O
f
 
th
es
e,
 
a
p
p
r
o
x
i
m
a
t
e
l
y
 
t
h
r
e
e
 
si
te
 
t
y
p
e
s
 

w
o
u
l
d
 q
u
a
l
i
f
y
 a
s
 p
e
a
t
l
a
n
d
,
 b
e
i
n
g
 d
o
m
i
n
a
t
e
d
 b
y
 p
c
a
t
l
a
n
d
s
 

w
i
t
h
 >
 4
0
 c
m
 o
f
 o
r
g
a
n
i
c
 m
a
t
t
e
r
 (
K
c
t
c
h
c
s
o
n
 
a
n
d
 J
e
g
l
u
m
 

1
9
7
2
)
.
 
T
h
e
 
s
e
c
o
n
d
 
cl
as
si
fi
ca
ti
on
 
s
y
s
t
e
m
,
 
p
r
o
p
o
s
e
d
 
in
 

1
9
7
4
,
 d
i
v
i
d
e
s
 b
l
a
c
k
 s
p
r
u
c
c
-
d
o
m
i
n
a
t
c
d
 s
w
a
m
p
s
 i
n
lo

 f
o
u
r
 

c
a
t
e
g
o
r
i
e
s
 b
a
s
e
d
 o
n
 a
s
s
o
c
i
a
t
e
d
 v
e
g
e
t
a
t
i
o
n
 (
J
e
g
l
u
m
 c
t 
a!

. 

1
9
7
4
)
.
 
T
h
e
 t
hi

rd
 t
y
p
i
n
g
 s
y
s
t
e
m
,
 t
h
e
 o
n
e
 m
o
s
t
 c
o
m
m
o
n
l
y
 

in
 
us

e,
 
is
 
b
a
s
e
d
 
o
n
 
v
e
g
e
t
a
t
i
o
n
 
a
s
s
o
c
i
a
t
i
o
n
s
 
a
n
d
 
Lh

ci
r 

r
e
l
a
t
i
o
n
s
h
i
p
s
 
wi

tf
i 

so
il

 
t
y
p
e
s
 
in

 
th
e 

g
r
e
a
t
e
r
 
C
l
a
y
b
c
l
l
 

R
e
g
i
o
n
.
 
D
e
v
e
l
o
p
e
d
 
in

 
1
9
8
3
,
 
t
h
e
 
F
o
r
e
s
t
 
E
c
o
s
y
s
t
e
m
 

C
l
a
s
s
i
f
i
c
a
t
i
o
n
 r
e
c
o
g
n
i
z
e
s
 2
3
 v
e
g
e
t
a
t
i
o
n
 t
y
p
e
s
 a
n
d
 1
4
 s
oi

l 

ty
pe
s,
 
w
h
i
c
h
,
 
w
h
e
n
 
c
o
m
b
i
n
e
d
,
 
of

fe
r 

1
4
 
'o

pe
ra
ti
on
al
 

g
r
o
u
p
s
'
 (
J
o
n
e
s
 c
ta
i.
 
1
9
8
3
)
.
 T
h
e
s
e
 c
la
ss
if
ic
at
io
n 
s
y
s
t
e
m
s
 

ar
c 
u
s
e
d
 i
n 
v
a
r
y
i
n
g
 d
e
g
r
e
e
s
 b
y
 g
o
v
e
r
n
m
e
n
t
 a
n
d
 i
n
d
u
s
t
r
y
 

st
af

f 
in

 d
e
t
e
r
m
i
n
i
n
g
 h
a
r
v
e
s
t
 a
n
d
 r
e
g
e
n
e
r
a
t
i
o
n
 o
p
t
i
o
n
s
 a
n
d
 

p
r
e
s
c
r
i
p
t
i
o
n
s
.
 

T
h
e
 
t
w
o
 
m
a
i
n
 
d
r
i
v
i
n
g
 
f
o
r
c
e
s
 
b
e
h
i
n
d
 
p
c
a
l
l
a
n
d
 
h
a
r
 

v
e
s
t
i
n
g
 

p
r
e
s
c
r
i
p
t
i
o
n
s
 

h
a
v
e
 
b
e
e
n
 

m
i
n
i
m
i
z
a
t
i
o
n
 

o
f
 

e
n
v
i
r
o
n
m
e
n
t
a
l
 d
a
m
a
g
e
 (
m
a
i
n
l
y
 t
o 
so

il
s)

 a
n
d
 a
c
c
e
l
e
r
a
t
i
o
n
 

a
n
d
 c
o
s
t
 m
i
n
i
m
i
z
a
t
i
o
n
 o
f
 r
e
g
e
n
e
r
a
t
i
o
n
.
 
M
i
n
i
m
i
z
a
t
i
o
n
 o
f
 

si
te
 
d
a
m
a
g
e
 
h
a
s
 
b
e
e
n
 
a
d
d
r
e
s
s
e
d
 
t
h
r
o
u
g
h
 
th
e 

u
s
e
 
of
 

s
p
e
c
i
a
l
i
z
e
d
 
e
q
u
i
p
m
e
n
t
,
 
t
i
m
i
n
g
 
o
f
 
o
p
e
r
a
t
i
o
n
s
 
a
n
d
 
h
a
r
 

v
e
s
t
i
n
g
 
d
e
s
i
g
n
s
 
th

at
 c
h
a
n
g
e
 t
he
 p
a
t
t
e
r
n
 o
f
 c
o
n
t
a
c
t
 w
i
t
h
 

th
e 

si
te
. 
S
p
e
c
i
a
l
i
z
e
d
 r
e
g
e
n
e
r
a
t
i
o
n
 m
e
t
h
o
d
s
 h
a
v
e
 c
o
n
c
e
n
 

tr
at

ed
 o
n
 l
e
a
v
i
n
g
 n
a
t
u
r
a
l
 s
e
e
d
 s
o
u
r
c
e
s
,
 p
r
o
t
e
c
t
i
n
g
 y
o
u
n
g
 

a
d
v
a
n
c
e
 
g
r
o
w
t
h
 
a
n
d
 
p
r
e
p
a
r
i
n
g
 
t
he
 
si

te
s 

fo
r 

ar
ti
fi
ci
al
 

re
ge
ne
ra
ti
on
. 
J
e
g
l
u
m
 e

t 
al

. 
(
1
9
8
3
)
 p
r
e
s
e
n
t
 a
 c
o
m
p
r
e
h
e
n
 

s
i
v
e
 s
u
m
m
a
r
y
 o
f
 t
h
e
s
e
 c
u
r
r
e
n
t
 p
ra

ct
ic

es
. 

M
o
s
t
 o
f
 t
h
e
 c
u
r
r
e
n
t
 p
e
a
t
l
a
n
d
 s

il
vi

cu
lt

ur
e 
p
h
i
l
o
s
o
p
h
y
 

c
o
n
c
e
r
n
s
 t
he
 c
o
n
n
e
c
t
i
o
n
s
 b
e
t
w
e
e
n
 h
a
r
v
e
s
t
i
n
g
 a
n
d
 r
e
g
e
n
 

er
at
io
n 
at
 b
o
t
h
 t
he

 p
l
a
n
n
i
n
g
 a
n
d
 o
p
e
r
a
t
i
o
n
a
l
 l
ev
el
s.
 W
h
e
n
 

th
e 
p
r
i
v
a
t
e
 s
e
c
t
o
r
 i
s 
m
a
n
a
g
i
n
g
 t
he
 f
or
es
t 
th
er
e 

is
 t
he
 a
d
d
i
 

ti
on
al
 
r
e
q
u
i
r
e
m
e
n
t
 
o
f 
a
n
 a
c
c
e
p
t
a
b
l
e
 p
a
y
m
e
n
t
 s
c
h
e
d
u
l
e
 

fo
r 
Ui

is
 k
i
n
d
 o
f
 r
e
g
e
n
e
r
a
t
i
o
n
,
 w
h
i
c
h
 b
e
g
i
n
s
 a
t 
th
e 
l
i
m
e
 o
f
 

h
a
r
v
e
s
t
i
n
g
.
 
T
w
o
 
fo
re
st
 c
o
m
p
a
n
i
e
s
,
 
S
p
r
u
c
e
 F
al
ls
 P
o
w
e
r
 

a
n
d
 P
a
p
e
r
 C
o
.
 L
t
d
.
 a
n
d
 
th
e 
Q
u
e
b
e
c
/
O
n
t
a
r
i
o
 P
a
p
e
r
 C
o
.
,
 

h
a
v
e
 s
u
c
c
e
s
s
f
u
l
l
y
 n
e
g
o
t
i
a
t
e
d
 a
n
d
 c
a
r
r
i
e
d
 o
u
t
 a
 c
o
m
b
i
n
e
d
 

h
a
r
v
e
s
t
/
r
e
g
e
n
e
r
a
t
i
o
n
 p
r
e
s
c
r
i
p
t
i
o
n
 o
n
 
th
ei
r 
fo
re
st
 l
im

it
s.

 

T
h
e
 
S
p
r
u
c
e
 
Fa

ll
s 
P
o
w
e
r
 a
n
d
 
P
a
p
e
r
 
C
o
.
 
L
t
d
.
 
h
a
s
 
a
n
 

F
M
A
 a
r
e
a
 i
n 
w
h
i
c
h
 a
p
p
r
o
x
i
m
a
t
e
l
y
 7
1
%
 o
f
 t
he
 p
r
o
d
u
c
 

ti
ve

 
fo

re
st

 
a
r
e
a
 
co
ns
is
ts
 
of
 
b
l
a
c
k
 
s
p
r
u
c
e
 
fo

re
st

s 
o
n
 

p
c
a
t
l
a
n
d
s
 

o
r
 

p
c
a
i
l
a
n
d
-
d
o
m
i
n
a
t
e
d
 

te
rr

ai
n.

 
D
u
r
i
n
g
 

g
o
v
e
r
n
m
e
n
t
-
i
n
d
u
s
t
r
y
 
n
e
g
o
t
i
a
t
i
o
n
s
 
fo
r 

th
e 

t
i
m
b
e
r
 
m
a
n
 

a
g
e
m
e
n
t
 p
l
a
n
 f
o
r
 t
h
e
 
1
9
8
5
-
1
9
9
0
 p
e
r
i
o
d
,
 
t
w
o
 
n
e
w
 s

il
vi

-

cu
ll
ur
al
 o
p
t
i
o
n
s
 w
e
r
e
 i
n
c
o
r
p
o
r
a
t
e
d
 i
nt
o 
th
e 
g
r
o
u
n
d
 r
ul

es
. 

T
h
e
s
e
 t
w
o
 o
p
t
i
o
n
s
,
 k
n
o
w
n
 a
s
 '
H
a
r
v
e
s
t
i
n
g
 a
n
d
 R
e
g
e
n
e
r
a
 

ti
on

 O
p
t
i
o
n
s
'
 (
H
 A
R
O
)
,
 w
e
r
e
 d
i
r
e
c
t
e
d
 m
a
i
n
l
y
 a
t 
p
e
a
t
l
a
n
d
 

ar
ea

s.
 F
o
r
 t
h
e
s
e
 p
r
e
s
c
r
i
p
t
i
o
n
s
,
 i

t 
w
a
s
 u
n
d
e
r
s
t
o
o
d
 t
ha

t 
t
h
e
 

c
o
m
p
a
n
y
 
w
o
u
l
d
 
h
a
r
v
e
s
t
 
t
h
e
 
p
e
a
t
l
a
n
d
 
si
te
s 
d
u
r
i
n
g
 
t
h
e
 

f
r
o
s
t
-
f
r
e
e
 
p
a
r
t
 
o
f
 
t
h
e
 
y
e
a
r
,
 
u
t
i
l
i
z
i
n
g
 
a
 
fu
ll
-t
re
e,
 
h
i
g
h
-

fl
ot
at
io
n 
l
o
g
g
i
n
g
 s
y
s
t
e
m
.
 
R
e
g
e
n
e
r
a
t
i
o
n
 t
e
c
h
n
i
q
u
e
s
 t

ha
t 

c
o
u
l
d
 
t
h
e
n
 
b
e
 
e
m
p
l
o
y
e
d
 
i
n
c
l
u
d
e
 
ca
re
fu
l 

i
o
g
g
i
n
g
 
to
 

p
r
e
s
e
r
v
e
 a
d
v
a
n
c
e
 
g
r
o
w
t
h
,
 
u
s
e
 
o
f
 e
q
u
i
p
m
e
n
t
 
w
i
t
h
 
l
o
w
 

b
e
a
r
i
n
g
 
p
r
e
s
s
u
r
e
 
a
n
d
 
a
l
t
e
r
e
d
 
f
o
r
w
a
r
d
i
n
g
 
t
e
c
h
n
i
q
u
e
s
,
 

d
i
r
e
c
t
 
s
e
e
d
i
n
g
,
 
a
n
d
 
l
i
g
h
t
-
u
>
h
c
a
v
y
 

si
te
 
p
r
e
p
a
r
a
t
i
o
n
,
 

f
o
l
l
o
w
e
d
 b
y
 p
l
a
n
t
i
n
g
 o
f
 b
a
r
e
-
r
o
o
t
 o
r
 c
o
n
t
a
i
n
e
r
i
z
e
d
 s
to

c
k
,
 

o
r
 
a
n
y
 
c
o
m
b
i
n
a
t
i
o
n
 
o
f
 
th
e 

a
b
o
v
e
.
 
T
h
e
 
t
w
o
 
H
A
R
O
 

pr
es
cr
ip
ti
on
s,
 H
A
R
O
 I

 a
n
d
 H
A
R
O
 I

I,
 a
rc
 d
if
fe
re
nt
ia

te
d 

b
y
 t
he
 s
it
e 
t
y
p
e
 f
or
 w
h
i
c
h
 t
he
y 
ar
c 
su
it
ab
le
, 
w
e
t
l
a
n
d
 a
n
d
 

m
o
r
e
 p
r
o
d
u
c
t
i
v
e
 u
p
l
a
n
d
 s
it
es
, 
re
sp
ec
ti
ve
ly
. 

T
h
e
 r
a
t
i
o
n
a
l
e
 
f
o
r
 s
it

e 
s
e
l
e
c
t
i
o
n
 
f
o
r
 t
h
e
s
e
 s
y
s
t
e
m
s
 a
n
d
 

th
e 
to
ta
l 
a
r
e
a
 t
o 
b
e
 a
l
l
o
w
e
d
 u
n
d
e
r
 H
A
R
O
 I

 a
n
d
 H
A
R
O
 I
I 

a
r
e
 p
l
a
n
n
e
d
 a
n
d
 
a
g
r
e
e
d
 
u
p
o
n
 b
y
 
O
M
N
R
 a
n
d
 
t
h
e
 c
o
m
 

p
a
n
y
.
 H
o
w
e
v
e
r
,
 t
h
e
 e
n
t
i
r
e
 r
e
g
e
n
e
r
a
t
i
o
n
 p
r
e
s
c
r
i
p
t
i
o
n
 m
a
y
 

n
o
t
 b
e
 f
ul

ly
 d
e
c
i
d
e
d
 u
p
o
n
 u
nt

il
 t
he
 t
i
m
e
 o
f
 h
ar
ve
st
. 
T
h
e
 

m
a
i
n
 a
d
m
i
n
i
s
t
r
a
t
i
v
e
 d
i
f
f
e
r
e
n
c
e
s
 i

n 
th
is
 a
p
p
r
o
a
c
h
 a
rc

: 
1)
 

O
M
N
R
 p
a
y
s
 a
 f

la
t 
ra

te
 t
o 
th
e 
c
o
m
p
a
n
y
 
fo
r 
r
e
g
e
n
e
r
a
t
i
n
g
 

ce
rt
ai
n 

id
en
ti
fi
ed
 
si
te
s,
 
ra

th
er

 
t
h
a
n
 
p
a
y
i
n
g
 
fo
r 

e
a
c
h
 

ac
ti

vi
ty

 s
ep

ar
at

el
y;

 
2)
 t
he
 c
o
m
p
a
n
y
 a
s
s
u
m
e
s
 t
he
 r
is
k 
o
f
 

s
u
c
c
e
s
s
f
u
l
l
y
 e
s
t
a
b
l
i
s
h
i
n
g
 t
he
 f

or
es

t;
 a
n
d
 3

) 
b
o
t
h
 p
ar
t
i
e
s
 

h
a
v
e
 
c
o
n
s
i
d
e
r
a
b
l
y
 
m
o
r
e
 
fl

ex
ib

il
it

y.
 
T
h
e
 
po

te
nt

ia
l 
a
n
d
 

a
s
s
u
m
e
d
 a
d
v
a
n
t
a
g
e
s
 o
f
 t
h
e
s
e
 p
r
e
s
c
r
i
p
t
i
o
n
s
 a
r
e
:
 a
n
 o
v
e
r
 

al
l 
co
st
 r
e
d
u
c
t
i
o
n
 f
or
 r
eg

en
er

at
io

n,
 r
e
d
u
c
e
d
 e
n
v
i
r
o
n
m
e
n
 

ta
l 
d
a
m
a
g
e
,
 b
et

te
r 
su
rv
iv
al
 o
f
 p
l
a
n
t
e
d
 a
n
d
 s
e
e
d
e
d
 s
to
ck
, 

a
n
d
 
i
n
c
r
e
a
s
e
d
 
c
o
m
p
a
n
y
 
i
n
v
o
l
v
e
m
e
n
t
,
 
a
w
a
r
e
n
e
s
s
 
a
n
d
 

c
o
m
m
i
t
m
e
n
t
 t
o 
th
e 
si
lv
ic
ul
tu
ra
l 
p
r
o
c
e
s
s
 (
A
m
u
p
 1
98

7
)
.
 

T
h
e
 Q
u
e
b
e
c
/
O
n
t
a
r
i
o
 P
a
p
e
r
 C
o
m
p
a
n
y
,
 o
p
e
r
a
t
i
n
g
 o
n
 i

ts
 

F
M
A
 
a
r
e
a
 
(t
he
 
D
r
i
f
t
w
o
o
d
 
Fo
re
st
),
 
in

it
ia

te
d 

a
 
s
m
a
l
l
 

ha
rv
es
t/
re
ge
ne
ra
ti
on
 

tr
ia
l 

o
n
 
a
p
p
r
o
x
i
m
a
t
e
l
y
 
1
2
5
 
h
a
 

d
u
r
i
n
g
 

t
h
e
 

1
9
8
8
/
1
9
8
9
 

w
i
n
t
e
r
 

h
a
r
v
e
s
t
.
 
T
h
e
 
s
a
m
e
 

'
C
L
A
S
P
'
 
{
C
a
r
e
f
u
l
 
L
o
g
g
i
n
g
 
a
n
d
 
Si
te
 P
r
e
p
a
r
a
t
i
o
n
)
,
 p
r
o
 

ce
ss
 i

s 
f
o
l
l
o
w
e
d
;
 t
he
 t
e
c
h
n
i
q
u
e
 i
n
v
o
l
v
e
s
 t
he
 u
s
e
 o
f 
h
a
r
 

v
e
s
t
 
c
o
r
r
i
d
o
r
s
 
a
n
d
 

p
r
o
t
e
c
t
i
o
n
 

o
f
 
u
n
m
e
r
c
h
a
n
t
a
b
l
e
,
 

a
d
v
a
n
c
e
d
 
g
r
o
w
t
h
.
 
A
l
t
h
o
u
g
h
 
th
e 

tr
ia
l 

is
 
n
o
t
 
ye
t 
c
o
n
 

c
l
u
d
e
d
,
 i

t 
is

 o
b
v
i
o
u
s
 
th

at
 
th
e 
u
s
e
 o
f
 c
ar
ef
ul
 
l
o
g
g
i
n
g
 
to
 

p
r
o
t
e
c
t
 a
d
v
a
n
c
e
d
 g
r
o
w
t
h
 m
i
n
i
m
i
z
e
s
 t
he
 a
r
e
a
 n
e
e
d
i
n
g
 s
it
e 

p
r
e
p
a
r
a
t
i
o
n
 
a
n
d
 
p
l
a
n
t
i
n
g
,
 
t
h
u
s
 
r
e
d
u
c
i
n
g
 
si
iv
ic
ul
tu

ra
l 

c
o
s
t
s
 o
r
 
a
l
l
o
w
i
n
g
 
t
h
e
 t
r
e
a
t
m
e
n
t
 o
f
 m
o
r
e
 a
r
e
a
 
w
i
t
h
 
t
h
e
 

s
a
m
e
 b
u
d
g
e
t
.
 



2
1
6
 T
h
e
s
e
 
c
o
m
b
i
n
e
d
 
h
a
r
v
e
s
t
/
r
e
g
e
n
e
r
a
t
i
o
n
 
p
r
e
s
c
r
i
p
t
i
o
n
s
 

a
p
p
e
a
r
 t
o 
b
e
 v
e
r
y
 s
u
c
c
e
s
s
f
u
l
 i
n 
m
i
n
i
m
i
z
i
n
g
 s
it

e 
d
a
m
a
g
e
,
 

e
n
h
a
n
c
i
n
g
 r
e
g
e
n
e
r
a
t
i
o
n
,
 r
e
d
u
c
i
n
g
 r
ot
at
io
n 
a
g
e
 a
n
d
 m
i
n
i
 

m
i
z
i
n
g
 r
e
g
e
n
e
r
a
t
i
o
n
 c
o
s
t
s
,
 a
n
d
 a
r
e
 l
i
k
e
l
y
 t
o 
c
o
n
t
i
n
u
e
 t
o 

b
e
 
i
n
c
o
r
p
o
r
a
t
e
d
 
i
n
t
o
 
p
c
a
t
l
a
n
d
 
f
o
r
e
s
t
r
y
 
p
r
a
c
t
i
c
e
s
.
 
H
o
w
 

e
v
e
r
,
 b
e
y
o
n
d
 a
e
ri

al
 t
e
n
d
i
n
g
,
 t
h
e
r
e
 a
r
c
 c
u
r
r
e
n
t
l
y
 n
o
 o
t
h
e
r
 

a
c
c
e
p
t
e
d
 p
c
a
t
l
a
n
d
 p
r
e
s
c
r
i
p
t
i
o
n
s
,
 s
u
c
h
 a
s
 d
r
a
i
n
a
g
e
 o
r
 f
e
r
 

ti
li
za
ti
on
, 
a
i
m
e
d
 
at

 
e
n
h
a
n
c
i
n
g
 
g
r
o
w
t
h
 
a
n
d
 
s
h
o
r
t
e
n
i
n
g
 

ro
ta
ti
on
 l
e
n
g
t
h
 f

or
 t
he
 c
o
m
m
e
r
c
i
a
l
 t
re

e 
s
p
e
c
i
e
s
.
 

F
A
C
T
O
R
S
 
I
N
 T
H
E
 C
H
A
N
G
E
 T
O
W
A
R
D
S
 

S
P
E
C
I
F
I
C
 A
N
D
 I
N
T
E
N
S
I
V
E
 

P
R
E
S
C
R
I
P
T
I
O
N
S
 

M
o
t
i
v
a
t
i
o
n
 

In
 v
i
e
w
 o
f
 t
h
e 
i
m
p
o
r
t
a
n
c
e
 o
f
 f
or
es
tr
y 
to

 U
i
c
 e
c
o
n
o
m
i
c
 

b
a
s
e
 i
n 
[
h
e
 N
o
r
t
h
e
r
n
 R
e
g
i
o
n
,
 a
 p
e
r
c
e
i
v
e
d
 w
o
o
d
 s
h
o
r
t
a
g
e
 

w
o
u
l
d
 
l
i
k
e
l
y
 
p
r
o
v
i
d
e
 
a
 
s
t
r
o
n
g
 
i
n
c
e
n
t
i
v
e
 
f
o
r
 d
e
v
e
l
o
p
i
n
g
 

si
lv
ic
ul
tu
ra

l 
p
r
e
s
c
r
i
p
t
i
o
n
s
 t
ha

t 
e
n
h
a
n
c
e
 g
r
o
w
t
h
.
 
I
n
d
e
e
d
,
 

t
h
e
r
e
 i
s 
s
o
m
e
 e
v
i
d
e
n
c
e
 o
f
 a
 w
o
o
d
-
s
u
p
p
l
y
 s
h
o
r
t
a
g
e
 i

ti
 t
he
 

n
o
t
-
t
o
o
-
d
i
s
l
a
n
t
 f
ut

ur
e.

 T
h
e
 c
u
r
r
e
n
t
 a
g
e
-
c
l
a
s
s
 d
is
tr
ib
ut
io
n 

f
o
r
 b
l
a
c
k
 s
p
r
u
c
e
 i
s 
s
k
e
w
e
d
 t
o
w
a
r
d
s
 t
h
e
 o
l
d
e
r
 a
g
e
 c
l
a
s
s
e
s
,
 

w
i
t
h
 
m
o
r
e
 t
h
a
n
 h
a
l
f
 o
f
 t
he
 b
l
a
c
k
 s
p
r
u
c
e
 w
o
r
k
i
n
g
-
g
r
o
u
p
 

a
r
e
a
 b
e
i
n
g
 c
o
v
e
r
e
d
 b
y
 
s
t
a
n
d
s
 m
o
r
e
 t
h
a
n
 
1
0
0
 y
e
a
r
s
 
o
l
d
 

(F
ig

. 
2)

. 
W
i
t
h
 c
u
r
r
e
n
t
 h
a
r
v
e
s
t
i
n
g
 a
n
d
 r
e
g
e
n
e
r
a
t
i
o
n
 l
ev

el
s,

 

a
 w
o
o
d
 
s
u
p
p
l
y
 
s
h
o
r
t
a
g
e
 (
c
u
r
r
e
n
t
l
y
 b
e
i
n
g
 q
u
a
n
t
i
f
i
e
d
 b
y
 

O
M
N
R
 
st

af
f)

 
is
 
p
r
e
d
i
c
t
e
d
 
in

 
th
e 

n
e
x
t
 
1
0
 
to
 
3
0
 
y
e
a
r
s
 

(
T
a
b
l
e
 

2)
. 

T
h
i
s
 
s
h
o
r
t
a
g
e
 
wi

ll
 
b
e
 
m
a
n
i
f
e
s
t
e
d
 
m
o
s
t
 

o
b
v
i
o
u
s
l
y
 a
s 
lo

ca
! 
s
u
p
p
l
y
 p
r
o
b
l
e
m
s
 i
n 
t
e
r
m
s
 o
f
 v
o
l
u
m
e
 

a
n
d
/
o
r
 
p
r
o
d
u
c
t
-
s
i
z
e
 
av
ai
la
bi
li
ty
, 

ra
ih
cr
 
t
h
a
n
 
a
 
g
e
n
e
r
a
l
 

r
e
g
i
o
n
a
l
 s
h
o
r
t
a
g
e
.
 
A
c
c
e
l
e
r
a
t
e
d
 
g
r
o
w
t
h
 o
f
 s
t
a
n
d
s
 
in
 
th
e 

4
0
-

to
 8
0
-
y
e
a
r
 a
g
e
 g
r
o
u
p
,
 i
n 
pa
rt
ic
ul
ar
, 
w
o
u
l
d
 a
m
e
l
i
o
r
a
t
e
 

o
r
 e
v
e
n
 r
e
s
o
l
v
e
 t
hi
s 
p
r
e
d
i
c
t
e
d
 s
h
o
r
t
a
g
e
.
 I

t 
is
 n
o
t
e
w
o
r
t
h
y
 

t
h
a
t
 t
h
e
 p
e
r
c
e
p
t
i
o
n
 o
f
 t
h
e
 w
o
o
d
 s
u
p
p
l
y
 s
i
t
u
a
t
i
o
n
 
is
 v
e
r
y
 

m
u
c
h
 
d
e
p
e
n
d
e
n
t
 
o
n
 
h
o
w
 
o
f
t
e
n
 
t
h
e
 
F
o
r
e
s
t
 
R
e
s
o
u
r
c
e
 

I
n
v
e
n
t
o
r
y
 i
s 
u
p
d
a
t
e
d
 a
n
d
 o
n
 t
h
e
 a
c
c
u
r
a
c
y
 o
f
 o
u
r
 g
r
o
w
t
h
-

p
r
e
d
i
c
t
i
o
n
 m
o
d
e
l
s
.
 
A
s
 
b
o
t
h
 b
e
c
o
m
e
 
m
o
r
e
 d
e
t
a
i
l
e
d
 
a
n
d
 

s
o
p
h
i
s
t
i
c
a
t
e
d
,
 o
u
r
 p
e
r
c
e
p
t
i
o
n
 o
f
 t
h
e
 w
o
o
d
 s
u
p
p
l
y
,
 p
ar
ti
c 

ul
ar
l
y 
o
f
 s
h
o
r
t
a
g
e
s
,
 
wi

ll
 b
e
 m
o
r
e
 k
e
e
n
,
 p
r
o
v
i
d
i
n
g
 m
o
r
e
 

m
o
t
i
v
a
t
i
o
n
 f
o
r
 c
h
a
n
g
e
.
 

A
n
o
t
h
e
r
 c
o
m
p
o
n
e
n
t
 o
f
 m
o
t
i
v
a
l
i
o
n
 i

s 
h
o
w
 c
l
o
s
e
l
y
 t
he
 

p
r
o
p
o
s
e
d
 c
h
a
n
g
e
 c
o
r
r
e
s
p
o
n
d
s
 w
i
t
h
 t
h
e
 d
o
m
i
n
a
n
t
 s
oc

ie
ta

l 

v
a
l
u
e
s
 i

n 
th
e 
a
f
f
e
c
t
e
d
 r
e
g
i
o
n
.
 
A
s
 p
r
e
v
i
o
u
s
l
y
 d
i
s
c
u
s
s
e
d
,
 

fo
re
st
ry
 a
n
d
 r
el
at
ed
 a
ct

iv
it

ie
s 
a
r
e
 c
ri
ti
ca
l 
to

 t
he
 e
c
o
n
o
m
y
 

o
f
 t
he
 N
o
r
t
h
e
r
n
 R
e
g
i
o
n
.
 T
h
e
r
e
f
o
r
e
,
 o
n
e
c
a
n
 a
s
s
u
m
e
 t
ha

t 
a 

m
a
j
o
r
i
t
y
 o
f
 t
h
e
 p
u
b
l
i
c
 w
o
u
l
d
 s
u
p
p
o
r
t
 m
e
a
s
u
r
e
s
 t
o 
e
n
s
u
r
e
 

a
n
 
a
d
e
q
u
a
t
e
 
a
n
d
 
c
o
n
s
t
a
n
t
 
w
o
o
d
 
s
u
p
p
l
y
 
to
 
t
h
e
 
v
a
r
i
o
u
s
 

in
du
st
ri
al
 
us
er
s.
 
H
a
r
v
e
s
t
i
n
g
 
a
n
d
 
al
l 
o
t
h
e
r
 
si

lv
ic

ul
tu

ra
l 

ac
ti
vi
ti
es
 
a
r
e
 
p
l
a
n
n
e
d
 
in

 
a
c
c
o
r
d
a
n
c
e
 
w
i
t
h
 
th
e 
T
i
m
b
e
r
 

M
a
n
a
g
e
m
e
n
t
 P
l
a
n
n
i
n
g
 M
a
n
u
a
l
 a
n
d
 a
s
s
o
c
i
a
t
e
d
 g
u
i
d
e
 

li
ne

s 
(e
.g
.,

 
fo
r 
m
o
o
s
e
,
 f

is
he

ri
es

, 
h
e
r
o
n
 h

ab
it
at

, 
et
c.
) 
fo
r 

th
e 
p
r
o
v
i
n
c
e
 
o
f
 
O
n
t
a
r
i
o
.
 
T
h
e
s
e
 
g
u
i
d
e
l
i
n
e
s
 
d
e
s
c
r
i
b
e
 
a 

p
r
o
c
e
s
s
 
b
y
 
w
h
i
c
h
 
o
t
h
e
r
 v
a
l
u
e
s
 
(e
.g
.,
 
t
o
u
r
i
s
m
,
 
wi
ld
li
fe
, 

h
e
r
i
t
a
g
e
)
 a
r
e
 i
d
e
n
t
i
f
i
e
d
 a
n
d
 r
e
c
o
n
c
i
l
i
a
t
i
o
n
s
 w
i
t
h
 
f
o
r
e
s
t
r
y
 

*
n
c
»
 
c
o
n
o
 
h
a
)
 

A
G
E
 
C
L
A
S
S
E
S
 

F
i
g
u
r
e
 2
. 
A
g
e
-
c
l
a
s
s
 d
i
s
t
r
i
b
u
l
i
o
n
 o
f
 b
l
a
c
k
 s
p
r
u
c
e
 i
n 

I h
e
 N
o
r
t
h
 

e
r
n
 R
e
g
i
o
n
 (
f
r
o
m
 l
l
a
u
e
r
 1
9
8
9
)
.
 

*
B
&
S
/
N
S
R
=
b
a
r
r
e
n
 a
n
d
 s
c
a
t
t
e
r
e
d
!
n
o
t
 s
u
f
f
i
c
i
e
n
t
l
y
 r
e
g
e
n
e
r
a
t
e
d
 

u
s
e
 a
r
e
 n
e
g
o
t
i
a
t
e
d
.
 I
n 
sp

it
e 
o
f
 t
hi

s 
o
p
p
o
r
t
u
n
i
t
y
 f
o
r
 p
u
b
l
i
c
 

i
n
v
o
l
v
e
m
e
n
t
 
in

 
f
o
r
e
s
t
-
l
a
n
d
 
m
a
n
a
g
e
m
e
n
t
,
 
t
h
e
 
p
u
b
l
i
c
 

i
n
f
o
r
m
a
t
i
o
n
 
s
e
s
s
i
o
n
s
 
a
r
e
 
v
e
r
y
 
s
p
a
r
s
e
l
y
 
a
t
t
e
n
d
e
d
,
 
a
n
d
 

m
o
s
t
 
c
o
n
f
l
i
c
t
s
 
a
r
c
 
n
e
g
o
t
i
a
t
e
d
 
o
n
 
a
 
c
a
s
e
-
b
y
-
c
a
s
e
 
b
a
s
i
s
.
 

T
h
i
s
 r
e
i
n
f
o
r
c
e
s
 t
h
e
 i
m
a
g
e
 o
f
 a
 "
p
r
o
-
w
o
o
d
"
 l
o
c
a
l
 p
o
p
u
l
a
 

t
i
o
n
 i
n 
t
h
e
 N
o
r
t
h
e
r
n
 R
e
g
i
o
n
 (
A
n
o
n
.
 
1
9
8
8
)
.
 

T
a
b
l
e
 2
. 
R
e
g
i
o
n
a
l
 s
u
p
p
l
y
/
d
e
m
a
n
d
 p
r
o
j
e
c
t
i
o
n
s
 (
A
n
o
n
.
 
1
9
8
9
)
 

* 
p
r
o
j
e
c
t
e
d
 
h
a
r
v
e
s
t
 

b 
St
ra
te
gi
c 
L
a
n
d
 U
s
e
 P
l
a
n
 (
A
n
o
n
.
 
1
9
8
2
)
 

'
F
o
r
e
s
t
 P
r
o
d
u
c
t
i
o
n
 P
o
l
i
c
y
 (
A
n
o
n
.
 
1
9
7
3
)
 

d 
a
s
s
u
m
e
s
 
1
%
 
a
n
n
u
a
l
 
'
c
r
e
e
p
'
 
(
p
r
o
j
e
c
t
e
d
 i
n
c
r
e
a
s
e
 i
n 
d
e
m
a
n
d
)
 

A
 
fi

na
l 
k
e
y
 
e
l
e
m
e
n
t
 
in
 
m
o
t
i
v
a
t
i
o
n
 
is
 a
n
 
a
c
c
e
p
t
a
b
l
e
 

l
e
v
e
l
 o
f
 r
i
s
k
 a
s
s
o
c
i
a
t
e
d
 w
i
t
h
 t
h
e
 p
r
o
p
o
s
e
d
 c
h
a
n
g
e
.
 R
i
s
k
 i
s 

r
e
l
a
t
e
d
 t
o 
t
h
e
 e
x
t
e
n
t
 t
o
 w
h
i
c
h
 i
h
e
 n
e
w
 p
r
a
c
t
i
c
e
 h
a
s
 b
e
e
n
 

d
e
m
o
n
s
t
r
a
t
e
d
 a
n
d
 o
n
 w
h
a
t
 s
ca

le
. 
It
 v
e
r
y
 m
u
c
h
 r
ef
le
ct
s 
t
h
e
 

av
ai

la
bi

li
ty

 o
f
 i
n
f
o
r
m
a
t
i
o
n
 
a
b
o
u
t
 
th
e 
n
e
w
 p

ra
ct
ic
e,
 
t
h
e
 

p
r
e
d
i
c
t
e
d
 m
a
r
g
i
n
 b
e
t
w
e
e
n
 c
o
s
t
 a
n
d
 b
e
n
e
f
i
t
,
 a
n
d
 t
h
e
 p
e
r
 

c
e
i
v
e
d
 
r
e
a
c
t
i
o
n
 
b
y
 
O
M
N
R
,
 
f
o
r
e
s
t
 
i
n
d
u
s
t
r
y
 
a
n
d
 
t
h
e
 

p
u
b
l
i
c
.
 

I
n
f
o
r
m
a
t
i
o
n
 

C
o
n
s
i
d
e
r
a
b
l
e
 
i
n
f
o
r
m
a
t
i
o
n
 
h
a
s
 
b
e
e
n
 
a
c
c
u
m
u
l
a
t
e
d
 

lo
ca
ll
y 
o
n
 
t
h
e
 
c
o
n
s
t
r
u
c
t
i
o
n
 
o
f
 
d
r
a
i
n
a
g
e
 
di

t
c
h
e
s
,
 
t
h
e
 

e
f
f
i
c
a
c
y
 
o
f
 
d
r
a
i
n
a
g
e
 
a
n
d
 
fe

rt
il

iz
at

io
n 

t
r
e
a
t
m
e
n
t
s
,
 
a
n
d
 



2
1
7
 

ih
ei

r 
e
n
v
i
r
o
n
m
e
n
t
a
l
 
i
m
p
a
c
t
.
 
A
 
la

rg
e-

sc
al

e 
(
5
0
0
 
ha
) 

d
r
a
i
n
a
g
e
 t
ri
al
 i
n 
n
o
r
t
h
e
a
s
t
e
r
n
 O
n
t
a
r
i
o
,
 i
ni
ti
at
ed
 a
s 
a
c
o
o
p
-

cr
at
iv
e 
v
e
n
t
u
r
e
 i
n 
1
9
8
4
 b
y
 F
o
r
e
s
t
r
y
 C
a
n
a
d
a
 a
n
d
 O
M
N
R
,
 

is
 c
u
r
r
e
n
t
l
y
 a
n
d
 p
ot
en
ti
al
ly
 t
h
e
 b
a
s
i
s
 f
or
 m
u
c
h
 o
f
 t
hi

s 
in

 

fo
rm

at
io

n.
 
(
S
e
c
 a
ls

o 
o
t
h
e
r
 p
a
p
e
r
s
 
in

 
th
is
 
P
r
o
c
e
e
d
i
n
g
s
,
 

i
n
c
l
u
d
i
n
g
 t
h
o
s
e
 b
y
 R
o
t
h
 w
el
l,
 W
a
r
n
e
r
,
 B
e
r
r
y
 a
n
d
 J
e
g
l
u
m
.
)
 

T
h
e
 p
r
o
j
e
c
t
 w
a
s
 b
a
s
e
d
 o
n
 a
 F
i
n
n
i
s
h
 m
o
d
e
l
 a
n
d
 d
i
r
e
c
t
e
d
 

b
y
 a
 F
i
n
n
i
s
h
 c
o
n
s
u
l
t
a
n
t
,
 a
n
d
 d
ie
 e
s
t
a
b
l
i
s
h
m
e
n
t
 p
h
a
s
e
 w
a
s
 

c
o
m
p
l
e
t
e
d
 s
uc
ce
ss

fu
ll
y.
 T
h
e
 p
r
o
c
e
s
s
 w
a
s
 c
a
r
e
f
u
l
l
y
 d
o
c
u
 

m
e
n
t
e
d
 b
y
 O
M
N
R
 s
ta

ff
 a
n
d
 t
he
 p
u
b
l
i
c
a
t
i
o
n
 
G
u
i
d
e
l
i
n
e
s
 

f
o
r
 E
s
t
a
b
l
i
s
h
i
n
g
 a
 D
r
a
i
n
a
g
e
 S
y
s
t
e
m
 i
n
 F
o
r
e
s
t
e
d
 P
e
a
t
-

l
a
n
d
s
 
h
a
s
 
b
e
e
n
 
p
r
e
p
a
r
e
d
 
(
R
o
s
e
n
 
1
98

9
)
. 
T
h
e
 
co
st

s 
o
f
 

e
s
t
a
b
l
i
s
h
i
n
g
 s
u
c
h
 a
 s
y
s
t
e
m
,
 i
n
c
l
u
d
i
n
g
 a
ll
 a
s
p
e
c
t
s
 o
f
 p
l
a
n
 

n
i
n
g
,
 
li
ne
 
c
l
e
a
r
i
n
g
 
a
n
d
 
d
i
g
g
i
n
g
,
 
w
e
r
e
 
a
p
p
r
o
x
i
m
a
t
e
l
y
 

S
2
6
5
/
h
a
 
(
R
o
s
e
n
 
1
9
8
7
)
.
 H
e
n
c
e
,
 
t
h
e
 i
m
p
l
e
m
e
n
t
a
t
i
o
n
 a
n
d
 

c
o
s
t
 i
n
f
o
r
m
a
t
i
o
n
 
is
 
n
o
t
 
o
n
l
y
 a
v
a
i
l
a
b
l
e
,
 b
u
t
 c
u
r
r
e
n
t
 a
n
d
 

lo
ca
ll
y 
e
s
t
a
b
l
i
s
h
e
d
.
 

T
h
e
 
s
e
c
o
n
d
,
 
a
n
d
 
p
e
r
h
a
p
s
 
m
o
s
t
 s

ig
ni
fi
ca
nt
, 
b
o
d
y
 
o
f
 

i
n
f
o
r
m
a
t
i
o
n
 
r
e
q
u
i
r
e
d
 
is

 a
b
o
u
t
 t
h
e
 e
f
f
i
c
a
c
y
 o
f
 t
he

 t
re

at
 

m
e
n
t
.
 I
n 
O
n
t
a
r
i
o
,
 t
h
e 

fi
rs

t 
p
c
a
t
i
a
n
d
 d
r
a
i
n
a
g
e
 p
r
o
j
e
c
t
 w
a
s
 

c
a
r
r
i
e
d
 o
u
t
 i
n 
1
9
2
9
 b
y
 A
b
i
t
i
b
i
-
P
r
i
c
e
 I
nc

. 
in

 t
h
e
 C
l
a
y
 B
e
l
t
;
 

2
6
 
h
a
 o
f
 f
o
r
e
s
t
e
d
 
p
c
a
t
l
a
n
d
 
w
e
r
e
 d
r
a
i
n
e
d
 b
y
 
2
.
6
 
k
m
 
o
f
 

h
a
n
d
-
d
u
g
 d
i
t
c
h
e
s
 (
P
a
y
a
n
d
e
h
 
1
9
7
3
)
.
 
I
n
 
th
is
 s
t
u
d
y
 
it

 w
a
s
 

c
o
n
c
l
u
d
e
d
 
th
at
 
b
o
t
h
 
i
n
d
i
v
i
d
u
a
l
-
t
r
e
e
 
a
n
d
 
s
t
a
n
d
 
g
r
o
w
t
h
 

r
e
s
p
o
n
d
e
d
 w
e
l
l
 t
o 
d
r
a
i
n
a
g
e
,
 w
i
t
h
 y
o
u
n
g
e
r
 a
n
d
 m
o
r
e
 v
i
g
 

o
r
o
u
s
 t
re

es
 o
n
 b
e
t
t
e
r
 s
it
es
 s
h
o
w
i
n
g
 t
h
e
 g
r
e
a
t
e
s
t
 r
e
s
p
o
n
s
e
.
 

O
t
h
e
r
 d
r
a
i
n
a
g
e
 e
x
p
e
r
i
m
e
n
t
s
 e
s
t
a
b
l
i
s
h
e
d
 i
n 
1
9
6
1
 
(
S
t
a
n
e
k
 

1
9
6
8
)
 a
n
d
 1
9
6
9
 (
P
a
y
a
n
d
e
h
 
1
9
8
2
)
 s
h
o
w
e
d
 s
i
m
i
l
a
r
,
 t
h
o
u
g
h
 

le
ss

 c
on
si
st
en
t,
 r
es

ul
ts
. 
P
e
r
h
a
p
s
 t
h
e
 m
o
s
L
 c
o
m
p
r
e
h
e
n
s
i
v
e
 

s
o
u
r
c
e
 
o
f
 
i
n
f
o
r
m
a
t
i
o
n
 
w
i
l
l
 
b
e
 
f
o
r
t
h
c
o
m
i
n
g
 
f
r
o
m
 
t
h
e
 

c
o
o
p
e
r
a
t
i
v
e
 F
o
r
e
s
t
r
y
 C
a
n
a
d
a
/
O
M
N
R
 s
t
u
d
y
 i

n 
t
h
e
 W
a
l
l
y
 

C
r
e
e
k
 
D
r
a
i
n
a
g
e
 
A
r
e
a
.
 
H
e
r
e
,
 
s
t
u
d
i
e
s
 
h
a
v
e
 
b
e
e
n
 
e
s
t
a
b
 

li
sh
ed
 t

o 
d
e
t
e
r
m
i
n
e
 t
h
e
 e
ff
ec
t 
o
f
 d
i
t
c
h
 s
p
a
c
i
n
g
,
 f

er
ti
li
za
 

ti
on
 x
 d
r
a
i
n
a
g
e
 i
n
t
e
r
a
c
t
i
o
n
s
,
 t
h
e
 r
e
s
p
o
n
s
e
 o
f
 s
e
e
d
l
i
n
g
s
 o
f
 

v
a
r
i
o
u
s
 s
p
e
c
i
e
s
 t

o 
d
r
a
i
n
a
g
e
,
 a
n
d
 d
ie
 e
ff
ec
ts
 o
f
 d
r
a
i
n
a
g
e
 

o
n
 i
m
m
a
t
u
r
e
 s
t
a
n
d
s
 a
n
d
 a
d
v
a
n
c
e
 g
r
o
w
t
h
.
 M
o
s
t
 o
f
 t
h
e
s
e
 

s
t
u
d
i
e
s
 h
a
v
e
 y
e
t
 t
o
 b
e
 a
s
s
e
s
s
e
d
 a
n
d
 a
n
a
l
y
z
e
d
.
 
In

it
ia

l 
in

di
 

c
a
t
i
o
n
s
 
f
r
o
m
 
t
h
e
 
s
e
e
d
l
i
n
g
 
dr
ai
na
ge
/f
er
ti
li
za
ti
on
 
s
t
u
d
y
 

i
n
d
i
c
a
t
e
 
a
 s
o
m
e
w
h
a
t
 c
o
m
p
l
i
c
a
t
e
d
 
p
i
c
t
u
r
e
,
 
in

 
w
h
i
c
h
 
t
h
e
 

b
e
n
e
f
i
t
s
 
o
f
 
fe

rt
il
iz
at
io
n 
a
n
d
 
d
r
a
i
n
a
g
e
 
a
r
c
 
v
e
r
y
 
m
u
c
h
 
a
 

f
u
n
c
t
i
o
n
 o
f
 i
n
d
i
v
i
d
u
a
l
 
t
r
e
a
t
m
e
n
t
 l
ev

el
s,

 
t
r
e
a
t
m
e
n
t
 i
nt

er
 

a
c
t
i
o
n
s
 a
n
d
 i
n
t
e
r
a
c
t
i
o
n
s
 w
i
t
h
 t
h
e
 t
y
p
e
 a
n
d
 d
e
g
r
e
e
 o
f
 s
it
e 

p
r
e
p
a
r
a
t
i
o
n
 
(
A
b
r
a
h
a
m
 
1
9
8
9
)
.
 
I
n
 
s
u
m
m
a
r
y
,
 

it
 
w
o
u
l
d
 

a
p
p
e
a
r
 t

ha
t 
th
er
e 

is
 c
o
n
s
i
d
e
r
a
b
l
e
 
i
n
f
o
r
m
a
t
i
o
n
 a
v
a
i
l
a
b
l
e
,
 

o
r
 p
o
t
e
n
t
i
a
l
l
y
 a
v
a
i
l
a
b
l
e
,
 t
o 
p
r
o
v
i
d
e
 a
 q
u
a
n
t
i
t
a
t
i
v
e
 i
n
d
i
c
a
 

ti
on

 o
f
 t
he
 
p
o
s
i
t
i
v
e
 v
a
l
u
e
 
o
f
 f
er
ti
li
za
ti
on
 
a
n
d
 d
r
a
i
n
a
g
e
.
 

H
o
w
e
v
e
r
,
 m
u
c
h
 o
f
 t
hi
s 
i
n
f
o
r
m
a
t
i
o
n
 h
a
s
 y
e
t
 t
o 
b
e
 g
l
e
a
n
e
d
 

f
r
o
m
 a
s
s
e
s
s
m
e
n
t
 d
a
t
a
 a
n
d
 p
r
e
s
c
r
i
p
t
i
o
n
s
 f
o
r
m
u
l
a
t
e
d
 f
r
o
m
 

al
l 
st
ud
ie
s 
c
o
m
b
i
n
e
d
.
 

B
e
y
o
n
d
 t
h
e
 o
p
e
r
a
t
i
o
n
a
l
 a
s
p
e
c
t
s
 o
f
 d
r
a
i
n
a
g
e
 a
n
d
 i
ts

 e
f
 

f
i
c
a
c
y
,
 t
h
e
r
e
 i

s 
a
 n
e
e
d
 
fo

r 
i
n
f
o
r
m
a
t
i
o
n
 o
n
 e
n
v
i
r
o
n
m
e
n
t
a
l
 

i
m
p
a
c
t
.
 
I
n
 a
c
c
o
r
d
a
n
c
e
 
w
i
t
h
 
t
h
e
 E
n
v
i
r
o
n
m
e
n
t
a
l
 
A
s
s
e
s
s
 

m
e
n
t
 
A
c
t
,
 
a
n
 
e
n
v
i
r
o
n
m
e
n
t
a
l
 
a
s
s
e
s
s
m
e
n
t
 
is
 
r
e
q
u
i
r
e
d
 

b
e
f
o
r
e
 a
n
y
 a
ct

iv
it

y 
i
n
c
l
u
d
i
n
g
 a

ll
 
fo
re
st
ry
 p

ra
ct
ic
es
, 
th
at
 

c
o
u
l
d
 d
a
m
a
g
e
 t
he
 
e
n
v
i
r
o
n
m
e
n
t
,
 
is

 
u
n
d
e
r
t
a
k
e
n
.
 
C
u
r
r
e
n
t
 

si
lv
ic
ul
lu
ra
l 

p
r
a
c
t
i
c
e
s
 
a
r
c
 
b
e
i
n
g
 
i
m
p
l
e
m
e
n
t
e
d
 
u
n
d
e
r
 
a
 

t
e
m
p
o
r
a
r
y
 w
a
i
v
e
r
 w
h
i
l
e
 t
he
 h
e
a
r
i
n
g
 o
n
 t

he
 C
l
a
s
s
 E
n
v
i
 

r
o
n
m
e
n
t
a
l
 A
s
s
e
s
s
m
e
n
t
 f
or
 T
i
m
b
e
r
 M
a
n
a
g
e
m
e
n
t
 i
s 
t
a
k
i
n
g
 

pl
ac
e.
 T
h
e
 a
p
p
l
i
c
a
t
i
o
n
 
fo
r 
a 
cl
as
s 
e
n
v
i
r
o
n
m
e
n
t
a
l
 
a
s
s
e
s
 

s
m
e
n
t
 
d
o
c
s
 
n
o
t
 
i
n
c
l
u
d
e
 
p
r
o
v
i
s
i
o
n
s
 
fo
r 

fe
rt
il
iz
at
io

n 
o
r
 

d
r
a
i
n
a
g
e
,
 a
s
 t
h
e
y
 a
r
e
 n
e
i
t
h
e
r
 h
is

to
ri

ca
ll

y 
n
o
r
 c
u
r
r
e
n
t
l
y
 a
 

pa
rt
 o
f
 f
or
es
t 
m
a
n
a
g
e
m
e
n
t
 i

n 
n
o
r
t
h
e
r
n
 O
n
t
a
r
i
o
.
 
H
e
n
c
e
,
 

e
v
e
n
 i

f 
p
r
e
s
e
n
t
 f
o
r
e
s
t
r
y
 p
r
e
s
c
r
i
p
t
i
o
n
s
 a
r
e
 a
l
l
o
w
e
d
 t
o
 c
o
n
 

t
i
n
u
e
 u
n
d
e
r
 t
h
c
c
l
a
s
s
 e
n
v
i
r
o
n
m
e
n
t
a
l
 a
s
s
e
s
s
m
e
n
t
,
 a
n
y
 n
e
w
 

p
r
e
s
c
r
i
p
t
i
o
n
,
 s
u
c
h
 a
s 
d
r
a
i
n
a
g
e
 o
r
 f
er

ti
li

za
ti

on
, 
w
o
u
l
d
 n
e
c
 

es
sa

ri
ly

 b
e
 r
e
q
u
i
r
e
d
 t
o 
u
n
d
e
r
g
o
 a
 r
i
g
o
r
o
u
s
 e
n
v
i
r
o
n
m
e
n
t
a
l
 

r
e
v
i
e
w
.
 A
l
t
h
o
u
g
h
 a
 r
e
s
p
e
c
t
a
b
l
e
 b
o
d
y
 o
f
 t
hi
s 
i
n
f
o
r
m
a
t
i
o
n
 

is
 
a
l
r
e
a
d
y
 
a
v
a
i
l
a
b
l
e
 
(
s
e
e
 
o
t
h
e
r
 
p
a
p
e
r
s
 
in

 
th

is
 
P
r
o
c
e
e
d
 

in
gs

),
 i

t 
is
 u
n
c
e
r
t
a
i
n
 i
f 

it
 i
s 
su
ff
ic
ie
nt
 a
n
d
 i
f 
d
r
a
i
n
a
g
e
,
 w
i
t
h
 

o
r
 
w
i
t
h
o
u
t
 

fe
rt

il
iz

at
io

n,
 
w
o
u
l
d
 
b
e
 
e
n
v
i
r
o
n
m
e
n
t
a
l
l
y
 

a
c
c
e
p
t
a
b
l
e
 u
n
d
e
r
 e
x
i
s
t
i
n
g
 
l
e
g
i
s
l
a
t
i
o
n
.
 

F
e
a
s
i
b
i
l
i
t
y
 

E
v
e
n
 i
f 
ti
ic
re
 i

s 
su
ff
ic
ie
nt
 m
o
t
i
v
a
t
i
o
n
 a
n
d
 i
n
f
o
r
m
a
t
i
o
n
 

to
 
l
a
u
n
c
h
 
a 
n
e
w
 
pr
ac
ti
ce
, 

t
h
e
r
e
 
m
a
y
 
st

il
l 
b
e
 
l
i
m
i
t
i
n
g
 

fa
ct
or
s 
in
 t
e
r
m
s
 o
f
 f
ea

si
bi

li
ty

. 
T
h
e
s
e
 f
ac
to
rs
 c
o
n
c
e
r
n
 g
e
n
 

er
al
ly
 
a
d
m
i
n
i
s
t
r
a
t
i
v
e
,
 o
p
e
r
a
t
i
o
n
a
l
 a
n
d
 e
c
o
n
o
m
i
c
 
c
o
n
d
i
 

ti
on
s 

a
n
d
,
 
as
 
s
u
c
h
,
 
m
a
y
 
c
h
a
n
g
e
 
o
v
e
r
 
l
i
m
e
.
 
H
e
n
c
e
,
 

a
l
t
h
o
u
g
h
 
t
e
c
h
n
o
l
o
g
i
c
a
l
 
a
n
d
 
b
i
o
l
o
g
i
c
a
l
 
f
a
c
t
o
r
s
 
m
a
y
 
r
e
 

m
a
i
n
 
r
e
l
a
t
i
v
e
l
y
 
c
o
n
s
t
a
n
t
,
 
a
 
n
e
w
 
p
r
a
c
t
i
c
e
 
m
a
y
 
w
e
l
l
 
b
e
 

m
o
r
e
 f
ea
si
bl
e,
 f
or
 e
x
a
m
p
l
e
,
 i

n 
1
9
9
5
 t
h
a
n
 i
n 
1
9
9
0
.
 

O
n
e
 a
s
p
e
c
t
 o
f
 f
ea

si
bi

li
ty

 i
n 
th
e 
N
o
r
t
h
e
r
n
 R
e
g
i
o
n
 i

s 
t
h
e
 

s
c
a
l
e
 a
t 
w
h
i
c
h
 t
h
e
 n
e
w
 p
r
a
c
t
i
c
e
 c
a
n
 b
e
 a
p
p
l
i
e
d
,
 b
o
t
h
 c
o
l
 

le
ct

iv
el

y 
a
n
d
 
at

 
th
e 

le
ve
l 
o
f
 i
n
d
i
v
i
d
u
a
l
 
o
p
e
r
a
t
i
o
n
s
.
 
F
o
r
 

e
x
a
m
p
l
e
,
 Q
u
e
b
e
c
/
O
n
t
a
r
i
o
 P
a
p
e
r
 C
o
.
 s
ta

ff
 w
o
u
l
d
 n
o
t
c
o
n
-

si
dc
r 

th
ei

r 
C
L
A
S
P
 p
r
o
c
e
d
u
r
e
 
in
 
a
n
y
t
h
i
n
g
 
s
m
a
l
l
e
r
 t
h
a
n
 

2
0
-
h
a
 b
l
o
c
k
s
.
 
S
c
a
l
e
 i
s 
a
 f
u
n
c
t
i
o
n
 o
f
 b
o
t
h
 e
c
o
n
o
m
i
c
s
 a
n
d
 

a
d
m
i
n
i
s
t
r
a
t
i
v
e
 c
a
p
a
c
i
t
y
.
 

O
b
v
i
o
u
s
l
y
,
 
a
n
y
 
n
e
w
 
p
r
a
c
t
i
c
e
 
m
u
s
t
 
b
e
 
e
c
o
n
o
m
i
c
a
l
l
y
 

f
e
a
s
i
b
l
e
.
 I
n 
v
i
e
w
 o
f
 t
h
e
 f
a
c
t
 t
h
a
t
 t
h
e
r
e
 i
s 
C
r
o
w
n
 l
a
n
d
 o
w
n
 

e
r
s
h
i
p
 
a
n
d
 
p
r
i
v
a
t
e
 
i
n
d
u
s
t
r
y
 
m
a
n
a
g
e
m
e
n
t
,
 
e
c
o
n
o
m
i
c
 

fe
as

ib
il

it
y 
d
o
e
s
 n
o
t
 n
e
c
e
s
s
a
r
i
l
y
 m
e
a
n
 a
 d
i
r
e
c
t
c
o
s
t
:
b
c
n
c
f
i
t
 

c
o
m
p
a
r
i
s
o
n
.
 

In
 
t
h
e
 
c
o
n
t
e
x
t
 
o
f
 r
e
g
e
n
e
r
a
t
i
o
n
 
p
a
y
m
e
n
t
s
 

u
n
d
e
r
 
F
M
A
s
,
 
fe

as
ib

il
it

y 
w
o
u
l
d
 
d
e
p
e
n
d
 
o
n
 
th
e 

re
la
ti
ve
 

c
o
s
t
 
o
f
 
o
t
h
e
r
 
si
lv
ic
ul
lu
ra
l 

p
r
a
c
t
i
c
e
s
 
c
o
n
s
i
d
e
r
e
d
 
to
 
b
e
 

a
l
t
e
r
n
a
t
i
v
e
s
.
 

A
 
th

ir
d,

 
s
i
g
n
i
f
i
c
a
n
t
 
c
o
m
p
o
n
e
n
t
 
o
f
 
fe

as
ib

il
it

y 
is

 
t
h
e
 

fl
ex

ib
il

it
y 
o
f
 d
ie
 o
r
g
a
n
i
z
a
t
i
o
n
s
 a
n
d
 
in
du
st
ri
es
 
i
n
v
o
l
v
e
d
.
 

A
g
a
i
n
,
 b
e
c
a
u
s
e
 o
f
 t
h
e
 g
o
v
e
r
n
m
e
n
t
/
i
n
d
u
s
t
r
y
 i
n
v
o
l
v
e
m
e
n
t
 

in
 f
o
r
e
s
t
 m
a
n
a
g
e
m
e
n
t
,
 t
h
e
r
e
 m
u
s
t
 b
e
 a
 m
u
t
u
a
l
l
y
 a
c
c
e
p
t
 

a
b
l
e
 a
r
r
a
n
g
e
m
e
n
t
 f
o
r
 f
i
n
a
n
c
i
n
g
 [
h
e
 p
r
a
c
t
i
c
e
 a
n
d
 f
o
r
 a
u
d
i
t
 

i
n
g
 b
o
t
h
 t
h
e
 e
f
f
i
c
a
c
y
 o
f
 t
he
 r
es

ul
ts

 a
n
d
 c
o
m
p
l
i
a
n
c
e
 w
i
d
i
 

a
g
r
e
e
m
e
n
t
s
.
 G
r
o
u
n
d
 r
ul
es
 a
n
d
 g
u
i
d
e
l
i
n
e
s
 a
r
c
 n
o
w
 b
e
i
n
g
 



2
1
8
 

d
e
v
e
l
o
p
e
d
 
fo
r 

a
 
n
e
w
 
g
e
n
e
r
a
l
 
re
la
ti
on
sh

ip
 
b
e
t
w
e
e
n
 

O
M
N
R
 a
n
d
 t
he
 c
o
m
p
a
n
i
e
s
 w
i
t
h
 e
xi

st
in

g 
F
M
A
s
.
 T
h
e
s
e
 

wi
ll

 l
ik

el
y 
g
i
v
e
 m
o
r
e
 r
es
po
ns
ib
il
it
y 
a
n
d
 f
le

xi
bi

li
ty

 t
o 
th
e 

c
o
m
p
a
n
i
e
s
,
 
t
h
e
r
e
b
y
 
fa
ci
li
ta
ti
ng
 
th
e 

a
d
o
p
t
i
o
n
 
o
f
 
n
e
w
 

si
lv
ic
ul
tu
ra

l 
pr

ac
ti

ce
s.

 

S
U
M
M
A
R
Y
 A
N
D
 P
R
O
S
P
E
C
T
S
 

A
s
 w
e
 h
a
v
e
 s
e
e
n
,
 t
h
e
 p
r
o
s
p
e
c
t
s
 f
o
r 
p
c
a
t
l
a
n
d
 d
r
a
i
n
a
g
e
 

a
n
d
 o
t
h
e
r
 s
pe
ci
fi
c 
pr

es
cr

ip
ti

on
s 

in
 p
c
a
t
l
a
n
d
 f
or
es
tr
y 
ar
c 

i
n
f
l
u
e
n
c
e
d
 b
y
 m
u
c
h
 m
o
r
e
 t
ha

n
 b
io
lo
gi
ca
l 
a
n
d
 e
c
o
n
o
m
i
c
 

co
ns
id
er
at
io
ns
. 
F
a
c
t
o
r
s
 o
f
 p
ar

ti
cu

la
r 
i
m
p
o
r
t
a
n
c
e
 i

n 
th
e 

n
o
r
t
h
e
r
n
 c
o
n
t
e
x
t
 t
ha

i 
c
u
r
r
e
n
d
y
 f
a
v
o
r
 s
u
c
h
 a
 t
r
e
n
d
 a
rc

: 
th
e 

p
e
r
c
e
p
t
i
o
n
 o
f
 a
 f
u
t
u
r
e
 w
o
o
d
 s
h
o
r
t
a
g
e
;
 
th
e 
av
ai

la
bi

li
ty

 o
f
 

t
e
c
h
n
o
l
o
g
y
 
to

 
s
u
p
p
o
r
t
 
d
e
c
i
s
i
o
n
s
;
 
th
e 

av
ai

la
bi

li
ty

 
o
f
 

o
p
e
r
a
t
i
o
n
a
l
-
s
c
a
l
e
 d
e
m
o
n
s
t
r
a
t
i
o
n
s
 w
i
t
h
 d
o
c
u
m
e
n
t
a
t
i
o
n
 o
f
 

o
p
e
r
a
t
i
o
n
a
l
 
i
m
p
l
e
m
e
n
t
a
t
i
o
n
 
a
n
d
 
t
h
e
 
c
o
s
t
 
o
f
 
p
e
a
t
i
a
n
d
 

d
r
a
i
n
a
g
e
;
 
a
n
d
 t
h
e
 
d
e
v
e
l
o
p
m
e
n
t
 o
f
 m
o
r
e
 
o
p
e
n
 
re

la
ti

on
s 

b
e
t
w
e
e
n
 g
o
v
e
m
m
e
m
 a
n
d
 t
h
e
 p
r
i
v
a
t
e
 s
e
c
t
o
r
 i
n 
si

lv
ic

ul
tu

r 

al
 m
a
n
a
g
e
m
e
n
t
,
 s
o
 a
s
 t
o 
g
i
v
e
 t
h
e
 i
n
d
u
s
t
r
y
 m
o
r
e
 f
le

xi
bi

l 

it
y 
a
n
d
 p
e
r
m
i
t
 i

t 
to

 t
ak

e 
th
e 
in

it
ia

ti
ve

 m
o
r
e
 f
re
qu
en
tl
y.
 

A
t
 t
hi

s 
p
oi
ni
, 
t
h
e
 m
a
j
o
r
 c
o
n
s
t
r
a
i
n
t
s
 t
o 
m
o
r
e
 i
n
t
e
n
s
i
v
e
 

p
e
a
t
l
a
n
d
 p
r
e
s
c
r
i
p
t
i
o
n
s
 w
o
u
l
d
 a
p
p
e
a
r
 t
o 
b
e
 t
he
 u
n
c
c
r
l
a
i
n
-

ty
 
o
f
 
b
o
t
h
 
th
e 

e
n
v
i
r
o
n
m
e
n
t
a
l
 
i
m
p
a
c
t
 
a
n
d
 
th
e 

p
u
b
l
i
c
 

a
c
c
e
p
t
a
n
c
e
 o
f
 a
n
y
 r
ea

l 
o
r
 p
e
r
c
e
i
v
e
d
 i
m
p
a
c
t
;
 a
s 
we
ll
, 
t
h
e
 

l
a
c
k
 o
f
 i
n
f
o
r
m
a
t
i
o
n
 
a
b
o
u
t
 t
he
 b
e
n
e
f
i
t
s
 o
f
 s
u
c
h
 p
r
e
s
c
r
i
p
 

ti
on
s 

is
 
a
 
p
r
o
b
l
e
m
.
 
T
h
e
 
e
n
v
i
r
o
n
m
e
n
t
a
l
 
a
s
s
e
s
s
m
e
n
t
 

r
e
q
u
i
r
e
m
e
n
t
s
 s
h
o
u
l
d
 n
o
t
 b
e
 a
u
t
o
m
a
t
i
c
a
l
l
y
 a
s
s
u
m
e
d
 t
o 
b
e
 

li
mi

Li
ng

, 
as
 
t
h
e
 e
n
v
i
r
o
n
m
e
n
t
a
l
-
i
m
p
a
c
t
 d
a
m
 c
o
l
l
e
c
t
e
d
 s
o
 

fa
r 

ar
c 

v
e
r
y
 
p
r
o
m
i
s
i
n
g
.
 
M
o
r
e
 
c
o
u
l
d
 
b
e
 
d
o
n
e
 
t
o
w
a
r
d
s
 

b
u
i
l
d
i
n
g
 a
 s
u
p
p
o
r
t
i
v
e
 c
as
e.
 T
h
e
 m
o
s
t
 h
e
l
p
f
u
l
 a
c
t
i
o
n
 m
a
t
 

c
o
u
l
d
 b
e
 t
a
k
e
n
 b
y
 O
M
N
R
 a
t 
th
is
 
t
i
m
e
 w
o
u
l
d
 b
e
 a
 t
h
o
r
 

o
u
g
h
 
an
al
ys

is
, 

in
te
rp
re
ta
ti
on
 
a
n
d
 
s
u
m
m
a
r
y
 o
f
 a

ll
 
lo

ca
l 

st
ud
ie
s 

o
f
 
g
r
o
w
t
h
 
r
e
s
p
o
n
s
e
 
to

 
dr
ai
na
ge
. 

T
h
e
 
be
st
 

a
p
p
r
o
a
c
h
 !
o 
p
r
o
v
i
d
i
n
g
 t
hi
s 
i
n
f
o
r
m
a
t
i
o
n
 i

s 
n
o
w
 b
e
i
n
g
 d
is
 

c
u
s
s
e
d
 b
y
 O
M
N
R
 a
n
d
 F
o
r
e
s
t
r
y
 C
a
n
a
d
a
,
 O
n
t
a
r
i
o
 R
e
g
i
o
n
.
 

T
h
i
s
 
i
n
f
o
r
m
a
t
i
o
n
,
 
o
n
c
e
 

c
o
l
l
e
c
t
e
d
,
 
m
a
y
 
e
n
c
o
u
r
a
g
e
 

p
r
i
v
a
t
e
-
s
e
c
t
o
r
 i
ni
ti
at
iv
e 
a
n
d
 m
a
y
 h
a
v
e
 a
 s
t
r
o
n
g
 i
n
f
l
u
e
n
c
e
 

o
n
 t
h
e
 i
m
p
l
e
m
e
n
t
a
t
i
o
n
 o
f
 o
p
e
r
a
t
i
o
n
a
l
 d
r
a
i
n
a
g
e
 a
ct
iv
it
ie
s.
 

In
 
c
o
n
c
l
u
s
i
o
n
,
 
a
l
t
h
o
u
g
h
 
c
u
r
r
e
n
t
 
p
c
a
t
l
a
n
d
 
p
r
e
s
c
r
i
p
t
i
o
n
s
 

a
r
e
 g
e
n
e
r
a
l
l
y
 d
i
r
e
c
t
e
d
 a
t 
h
a
r
v
e
s
t
i
n
g
/
r
e
g
e
n
e
r
a
t
i
o
n
 a
ct

iv
i 

ti
es
, 
a
n
 a
n
a
l
y
s
i
s
 o
f
 p
r
e
s
e
n
t
 t
r
e
n
d
s
 a
n
d
 c
o
n
d
i
t
i
o
n
s
 s
u
g
g
e
s
t
s
 

a
 g
o
o
d
 p
os
si

bi
li

ty
 f
or
 t
he
 u
s
e
 o
f
 m
o
r
e
 g
r
o
w
t
h
-
e
n
h
a
n
c
i
n
g
 

p
r
e
s
c
r
i
p
t
i
o
n
s
,
 s
u
c
h
 a
s
 d
r
a
i
n
a
g
e
,
 i
n 
th
e 
fu

tu
re
. 

A
C
K
N
O
W
L
E
D
G
M
E
N
T
S
 

A
 c
o
m
p
r
e
h
e
n
s
i
v
e
 r
e
v
i
e
w
 o
f
 t
hi
s 
p
a
p
e
r
 w
a
s
 u
n
d
e
r
t
a
k
e
n
 

b
y
 D
r
.
 J
o
h
n
 J
c
g
l
u
m
,
 a
n
d
 i
n 
c
o
n
s
e
q
u
e
n
c
e
 i

t 
is

 m
u
c
h
 m
o
r
e
 

r
e
a
d
a
b
l
e
 a
n
d
 o
bj
ec
ti
ve
. 

It
 h
a
s
 a
l
s
o
 b
e
n
e
f
i
t
e
d
 f
r
o
m
 r
e
v
i
e
w
 

b
y
 
t
h
r
e
e
 
O
M
N
R
 
st
af
f 
m
e
m
b
e
r
s
:
 
R
o
b
 
G
a
l
l
o
w
a
y
,
 
J
i
m
 

K
e
k
a
n
o
v
i
c
h
 
a
n
d
 
T
o
n
y
 
P
a
r
a
d
i
s
o
.
 
T
h
e
 
a
u
t
h
o
r
 
e
x
p
r
e
s
s
e
s
 

h
e
r
 a
p
p
r
e
c
i
a
t
i
o
n
 
to

 t
h
e
s
e
 p
r
o
f
e
s
s
i
o
n
a
l
s
 f
o
r
 t
he

ir
 i
nt

er
es

t 

a
n
d
 e
ff

or
ts

 o
n
 h
e
r
 b
eh
al
f.
 

L
I
T
E
R
A
T
U
R
E
 C
I
T
E
D
 

A
b
r
a
h
a
m
,
 D
.
 
1
9
8
9
.
 
W
a
l
l
y
 C
r
e
e
k
 s
e
e
d
l
i
n
g
 a
s
s
e
s
s
m
e
n
t
 -

p
r
e
l
i
m
i
n
a
r
y
 

an
al
ys
is
. 

O
n
t
.
 

M
i
n
.
 

N
a
t
.
 

R
e
s
o
u
r
.
,
 

T
i
m
m
i
n
s
,
 O
n
t
.
 (
U
n
p
u
b
l
.
 R
ep
.)
. 

A
n
o
n
.
 
1
9
7
3
.
 
F
o
r
e
s
t
 p
r
o
d
u
c
t
i
o
n
 
po
li
cy
. 

O
n
t
.
 
M
i
n
.
 
N
a
t
.
 

R
e
s
o
u
r
,
 T
o
r
o
n
t
o
,
 O
n
t
.
 

A
n
o
n
.
 
1
9
8
2
.
 
S
i
r
a
t
e
g
i
c
 
l
a
n
d
 
u
s
e
 
pl
an
. 

O
n
t
.
 
M
i
n
.
 
N
a
t
.
 

R
e
s
o
u
r
.
,
 T
o
r
o
n
t
o
,
 O
n
t
.
 

A
n
o
n
.
 
1
9
8
8
.
 N
a
t
i
o
n
a
l
 p
u
b
l
i
c
 o
p
i
n
i
o
n
 s
u
r
v
e
y
 o
n
 f
or

es
tr

y 

is
su

es
. 
E
n
v
i
r
o
n
i
c
s
 R
e
s
e
a
r
c
h
 G
r
o
u
p
 L
t
d
.
 

A
n
o
n
.
 
1
9
8
9
.
 
N
o
r
t
h
e
r
n
 
R
e
g
i
o
n
 
s
u
p
p
l
y
/
d
e
m
a
n
d
 
p
r
o
j
e
c
 

ti
on
s.
 O
n
t
.
 M
i
n
.
 N
a
t
.
 R
e
s
o
u
r
.
,
 T
i
m
m
i
n
s
,
 O
n
t
.
 

A
m
u
p
,
 
R
.
W
.
 
1
9
8
7
.
 D
e
v
e
l
o
p
m
e
n
t
 o
f
 a
 p
h
o
t
o
 s
cr

ie
s 
a
n
d
 

s
u
p
p
o
r
t
i
n
g
 d
o
c
u
m
e
n
t
a
t
i
o
n
 f
o
r
 h
a
r
v
e
s
t
i
n
g
 a
n
d
 r
e
g
e
n
e
r
 

a
t
i
o
n
 o
p
t
i
o
n
s
 (
H
 A
R
O
I
 a
n
d
 I
I)

. 
E
c
o
l
o
g
i
c
a
l
 S
e
r
v
i
c
e
s
 f
or

 

P
l
a
n
n
i
n
g
 L
t
d
.
 4
0
 p
. 

H
a
u
c
r
,
 
G
.
 
1
9
8
9
.
 
M
o
d
e
l
i
n
g
 
re
gi
on
al
 
t
i
m
b
e
r
 
s
u
p
p
l
y
 
in
 

O
n
t
a
r
i
o
'
s
 N
o
r
t
h
e
r
n
 R
e
g
i
o
n
,
 p

. 
8
1
-
9
5
 
In

 R
.
F
.
 C
a
l
v
c
r
t
,
 

B
.
 P
a
y
a
n
d
c
h
,
 M
.
F
.
 S
q
u
i
r
e
s
 a
n
d
 W
.
D
.
 B
a
k
e
r
,
 C
o
c
h
a
i
r
-

m
e
n
 
F
o
r
e
s
t
r
y
 
i
n
v
e
s
t
m
e
n
t
:
 
a
 c

ri
ti

ca
l 

l
o
o
k
.
 
F
o
r
.
 
C
a
n
.
,
 

O
n
t
.
 R
e
g
i
o
n
,
 S
a
u
l
 t 
S
 t
c.

 M
a
r
i
e
,
 O
n
t
.
 O
F
R
C
 S
y
m
p
.
 P
r
o
c
.
 

O
-
P
-
1
7
.
 

j
c
g
l
u
m
,
J
.
K
.
,
 H
a
a
v
i
s
t
o
,
V
.
F
.
a
n
d
G
r
o
o
t
,
A
.
 1
9
8
3
.
P
c
a
t
l
a
n
d
 

fo
re
st
ry
 
in
 
O
n
t
a
r
i
o
:
 
a
n
 o
v
e
r
v
i
e
w
,
 p

. 
1
2
7
-
1
6
7
 
in
 J
.
D
.
 

S
h
c
p
p
a
r
d
.
J
.
M
u
s
i
a
l
 a
n
d
 T
.
E
.
 T
ib
be
tt
s,
 E
d
.
 S
y
m
p
o
s
i
u
m
 

'8
2,

 A
 S
y
m
p
o
s
i
u
m
 o
n
 P
e
a
t
 a
n
d
 P
c
a
l
l
a
n
d
s
,
 S
h
i
p
p
c
g
a
n
,
 

N
.
B
.
,
 
1
2
-
1
5
 S
e
p
t
.
 
1
9
8
2
.
 

J
e
g
l
t
i
m
.
J
.
K
.
,
 B
o
i
s
s
o
n
n
e
a
u
,
A
.
N
.
 a
n
d
 H
a
a
v
i
s
t
o
,
 V
.
F
.
 1
9
7
4
.
 

T
o
w
a
r
d
 
a
 
w
e
t
l
a
n
d
 
c
l
a
s
s
i
f
i
c
a
t
i
o
n
 
f
o
r
 
O
n
t
a
r
i
o
.
 
D
c
p
.
 

E
n
v
i
r
o
n
.
,
 C
a
n
.
 
Fo
r.
 S

er
v.
, 
S
a
u
l
t
 S
ic

. 
M
a
r
i
e
,
 O
n
L
.
 I

nf
. 

R
c
p
.
0
-
X
-
2
1
5
.
5
4
p
.
 

J
o
n
e
s
,
 R
.
K
.
,
 P
i
c
r
p
o
i
n
l
,
 G
.
,
 W
i
c
k
w
a
r
c
,
 G
.
,
 J
e
g
l
u
m
,
 J
.K

.,
 

A
r
n
t
i
p
,
 R
.
W
.
 a
n
d
 B
o
w
l
e
s
,
 J
. 
1
9
8
3
.
 F
i
e
l
d
 g
u
i
d
e
 t
o 
f
o
r
e
s
t
 

e
c
o
s
y
s
t
e
m
 c
la
ss
if
ic
at
io
n 

fo
r 
t
h
e
 c
l
a
y
 
be
lt
, 

si
te
 
r
e
g
i
o
n
 

3e
. 
O
n
t
.
 M
i
n
.
 N
a
t
.
 
R
e
s
o
u
r
,
 T
o
r
o
n
t
o
,
 O
n
t
.
 
1
6
1
 
p.
 

K
c
t
c
h
c
s
o
n
,
 
D
.
E
.
 
a
n
d
 
J
c
g
l
u
m
,
 
J
.
K
.
 
1
9
7
2
.
 
E
s
t
i
m
a
t
e
s
 
o
f
 

b
l
a
c
k
 
s
p
r
u
c
e
 
a
n
d
 
p
e
a
t
i
a
n
d
 
a
r
e
a
s
 
in
 
O
n
t
a
r
i
o
.
 
D
e
p
.
 

E
n
v
i
r
o
n
.
,
 C
a
n
.
 F
or
. 

Sc
rv
.,
 S
a
u
l
t
 S
ic

. 
M
a
r
i
e
,
 O
n
t
.
 
In
f.
 

R
e
p
.
0
-
X
-
1
7
2
.
2
9
p
.
 

P
a
y
a
n
d
c
h
,
 B
.
 
1
9
7
3
.
 A
n
a
l
y
s
i
s
 o
f
 a
 f
or

es
t 
d
r
a
i
n
a
g
e
 e
x
p
e
r
i
 

m
e
n
t
 i
n 
n
o
r
t
h
e
r
n
 O
n
t
a
r
i
o
:
 
I.

 G
r
o
w
t
h
 a
n
a
l
y
s
i
s
.
 
C
a
n
.
 J
. 

F
o
r
.
R
e
s
.
3
(
3
)
:
3
8
7
-
3
9
8
.
 

P
a
y
a
n
d
e
h
,
 B
.
 
1
9
8
2
.
 F
i
v
e
-
y
e
a
r
 g
r
o
w
t
h
 r
e
s
p
o
n
s
e
 o
f
 n
o
r
t
h
 

e
r
n
 O
n
t
a
r
i
o
 p
c
a
t
l
a
n
d
 b
l
a
c
k
 s
p
r
u
c
e
 
to
 
fe
rt
il

iz
at
io
n 
a
n
d
 

d
r
a
i
n
a
g
e
.
 
D
c
p
.
 
E
n
v
i
r
o
n
.
,
 
C
a
n
.
 
Fo
r.
 
Sc
rv
.,

 
S
a
u
l
l
 
St
e.
 

M
a
r
i
e
,
 O
n
t
.
 I

nf
. 
R
e
p
.
 O
-
X
-
3
4
0
.
 2
0
 p
. 



2
1
9
 

R
o
s
e
n
,
M
.
R
.
 1
98
7.

 T
h
e
c
o
s
t
o
f
p
e
a
t
l
a
n
d
f
o
r
e
s
t
d
r
a
i
n
a
g
e
i
n
 

R
o
w
e
,
 
J.

S.
 
19
72
. 

Fo
re
st
 
re

gi
on

s 
of

 
C
a
n
a
d
a
.
 
D
e
p
.
 

t
h
e
c
l
a
y
b
c
k
 o
f 
On

ta
ri

o.
 O
n
-
L
i
n
c
 t

o 
No

rt
h.

 F
or
. 
De
ve
l.
 

En
vi

ro
n.

.C
an

. 
Fo

r.
 S
er
v.
,O
tt
aw
a,
 O
ni

. 
Pu

bl
. 
N
o
.
 1
30

0.
 

3(
l)
:4
-5
. 

1
7
2
 p
. 

Ro
se

n,
 M
.
R
.
 
19
89

. 
Fo

re
st

 d
ra
in
ag
e 
m
a
n
u
a
l
.
 O
nt
. 
M
i
n
.
 

Si
an

ck
, 
W
.
 1

96
8.
 A
 f
or

es
t 
dr

ai
na

ge
 e
xp
er
im
en
t 
in

 n
or

th
-

Na
t.

 R
es

ou
r.

, 
Sc

i.
 a
nd
 T
ec

h.
 S
cr
.,
 V
ol
. 
4.

 3
2
 p
. 

e
m
 O
ni
ar
io
. 
Pu
lp
 a
nd

 P
ap

er
 M
a
g
.
 C
an

. 
69
:5
8-
62
. 



2
2
1
 

S
e
c
t
i
o
n
 I
X 

C
o
n
c
l
u
d
i
n
g
 C
o
m
m
e
n
t
s
 

a
n
d
 R
e
c
o
m
m
e
n
d
a
t
i
o
n
s
 



2
2
3
 

C
O
N
C
L
U
D
I
N
G
 C
O
M
M
E
N
T
S
 

P
c
a
t
l
a
n
d
 f

or
es
tr

y 
is

 
t
h
e
 p
r
a
c
t
i
c
e
 o
f
 g
r
o
w
i
n
g
 
u
c
c
s
 o
n
 

o
r
g
a
n
i
c
 s

oi
ls
. 

It
 c
a
n
 b
e
 d
o
n
e
 o
n
 
th
e 
w
h
o
l
e
 r
a
n
g
e
 o
f
 p
e
a
l
 

so
il

s,
 
a
n
d
 
e
n
c
o
m
p
a
s
s
e
s
 
t
h
e
 
en
ti
re
 
s
p
h
e
r
e
 
o
f
 
fo

re
st

 

m
a
n
a
g
e
m
e
n
t
 a
ct

iv
it

ie
s 
—
 r
o
a
d
 b
u
i
l
d
i
n
g
,
 h
a
r
v
e
s
t
i
n
g
,
 s
it
e 

p
r
e
p
a
r
a
t
i
o
n
,
 

r
e
g
e
n
e
r
a
t
i
o
n
,
 

s
t
a
n
d
 

t
e
n
d
i
n
g
,
 

si
te

-

i
m
p
r
o
v
e
m
e
n
t
,
 

et
c.

 
T
h
e
 
p
r
i
m
a
r
y
 

si
te

 
i
m
p
r
o
v
e
m
e
n
t
 

ac
ti
v
it
ie
s
 o
n
 p
e
a
t
l
a
n
d
 a
r
e
 d
r
a
i
n
a
g
e
 a
n
d
 f
er
ti
li
za
ti
on

. 

C
a
n
a
d
a
 i

s 
th
e 
s
e
c
o
n
d
 l
ar
ge
st
 c
o
u
n
t
r
y
 i
n 
th
e 
w
o
r
l
d
,
 a
n
d
 

m
u
c
h
 o
f
 i
t 
is

 c
o
v
e
r
e
d
 b
y
 b
o
r
e
a
!
 f
o
r
e
s
t
 o
r
 n
o
r
t
h
e
r
n
 t
e
m
p
e
r
-

a
t
e
 
fo

re
st

. 
I
n
 
t
h
e
s
e
 
r
e
g
i
o
n
s
,
 
v
a
s
t
 
a
r
e
a
s
 
o
f
 
f
o
r
e
s
t
e
d
 
a
n
d
 

w
o
o
d
e
d
 p
c
a
t
l
a
n
d
s
,
 a
n
d
 f
o
r
e
s
t
e
d
 s
it
es
 w
i
t
h
 w
e
t
 o
r
 w
a
t
e
r
 

l
o
g
g
e
d
 m
i
n
e
r
a
l
 s
oi

ls
, 
a
r
c
 f
o
u
n
d
.
 M
u
c
h
 o
f
 t
hi

s 
is

 p
r
o
d
u
c
 

ti
ve

 
o
r
 
po
te
nt
ia
ll
y 
p
r
o
d
u
c
t
i
v
e
 
fo
re
st
 
la
nd
. 
B
e
c
a
u
s
e
 
o
f
 

p
r
o
b
l
e
m
s
 a
s
s
o
c
i
a
t
e
d
 w
i
t
h
 e
x
c
e
s
s
 w
a
t
e
r
 i
n 
t
h
e
 s
ub
st
ra
te
, 

tr
ee
 g
r
o
w
t
h
 
c
a
n
 
b
e
 
le

ss
 
t
h
a
n
 o
p
t
i
m
u
m
,
 
a
n
d
 
h
a
r
v
e
s
t
i
n
g
 

w
i
t
h
o
u
t
 
d
i
s
t
u
r
b
a
n
c
e
 
o
f
 t
he
 
p
ea

t
 
so

il
s 

p
r
es

e
n
ts

 
sp
ec
ia
l 

p
r
o
b
l
e
m
s
.
 

F
o
r
e
s
t
r
y
 
o
p
e
r
a
t
i
o
n
s
 
o
n
 
pe

at
la

nc
is

 
a
r
c
 
si
gn
if
ic
an
t 

in
 

ce
rt
ai
n 
pa

rt
s 
o
f
 t
he
 c
o
u
n
t
r
y
,
 m
o
s
t
 n
o
t
a
b
l
y
 i
n 
th
e 
p
r
o
v
i
n
c
e
s
 

o
f
 O
n
t
a
r
i
o
 
a
n
d
 
Q
u
e
b
e
c
.
 
T
h
e
 p
o
t
e
n
t
i
a
l
 
f
or
 p
c
a
t
l
a
n
d
 
fo
r 

es
tr
y 

is
 a
l
s
o
 s
ig
ni
fi
ca
nt
 i
n 
s
e
v
e
r
a
l
 o
d
i
c
r
 p
r
o
v
i
n
c
e
s
.
 B
l
a
c
k
 

s
p
r
u
c
e
 (
P
i
c
e
a
 m
a
r
i
a
n
a
)
 
d
o
m
i
n
a
t
e
s
 
in

 
a 

la
rg
e 
h
i
g
h
 p
e
r
 

c
e
n
t
a
g
e
 o
f
 f
o
r
e
s
t
e
d
 p
c
a
d
a
n
d
s
,
 
a
n
d
 
a
 s
u
b
s
t
a
n
t
i
a
l
 
p
o
r
t
i
o
n
 

o
f
 t
he
 t
ot

al
 v
o
l
u
m
e
 o
f
 b
l
a
c
k
 s
p
r
u
c
e
 h
a
r
v
e
s
t
e
d
 c
o
m
e
s
 f
r
o
m
 

p
e
a
d
a
n
d
 a
n
d
 w
e
t
 m
i
n
e
r
a
l
 s

oi
ls
. 
S
i
n
c
e
 b
l
a
c
k
 s
p
r
u
c
e
 i

s 
th
e 

m
o
s
t
 d
e
s
i
r
a
b
l
e
 t
re

e 
s
p
e
c
i
e
s
 f
or
 t
h
e
 p
u
l
p
 a
n
d
 p
a
p
e
r
 i
n
d
u
s
 

tr
y,

 i
t 
is

 i
m
p
o
r
t
a
n
t
 f
o
r 
th
e 
e
c
o
n
o
m
y
 o
f
 n
o
r
t
h
e
r
n
 C
a
n
a
d
a
 

th
at

 p
c
a
t
l
a
n
d
 
fo

re
st

s 
b
e
 m
a
n
a
g
e
d
 f
o
r 
c
o
n
t
i
n
u
e
d
 
a
n
d
,
 i

f 

p
o
s
s
i
b
l
e
,
 i
n
c
r
e
a
s
e
d
 w
o
o
d
-
f
i
b
e
r
 p
r
o
d
u
c
t
i
o
n
.
 

In
 
C
a
n
a
d
i
a
n
 
p
e
a
t
l
a
n
d
 

fo
re
st
ry
, 

e
x
t
e
n
s
i
v
e
 
fo
re
st
ry
 

p
r
a
c
t
i
c
e
s
 
a
r
e
 g
e
n
e
r
a
l
l
y
 
e
m
p
l
o
y
e
d
.
 
T
h
e
 
e
m
p
h
a
s
i
s
 
is

 
o
n
 

h
a
r
v
e
s
t
i
n
g
 
a
n
d
 
w
o
o
d
 
ex
tr
ac
ti
on
, 
a
n
d
 
t
h
e
r
e
 
is
 
a
 
h
e
a
v
y
 

d
e
p
e
n
d
e
n
c
e
 o
n
 n
a
t
u
r
a
l
 r
e
g
e
n
e
r
a
t
i
o
n
.
 S
o
m
e
 m
a
n
a
g
e
m
e
n
t
 

p
r
a
c
t
i
c
e
s
 h
a
v
e
 b
e
e
n
 
d
e
v
e
l
o
p
e
d
 
to

 m
i
n
i
m
i
z
e
 d
a
m
a
g
e
s
 t
o 

so
il

, 
a
n
d
 
to
 
p
r
o
m
o
t
e
 
na
tu
ra
l 

r
e
g
e
n
e
r
a
t
i
o
n
.
 
I
n 

c
o
n
t
r
a
s
t
 

w
i
t
h
 C
a
n
a
d
a
,
 c
o
u
n
t
r
i
e
s
 s
u
c
h
 a
s 
F
i
n
l
a
n
d
,
 S
w
e
d
e
n
,
 a
n
d
 t
h
e
 

U
S
S
R
,
 w
h
i
c
h
 a
l
s
o
 h
a
v
e
 c
o
n
s
i
d
e
r
a
b
l
e
 a
r
e
a
s
 o
f
 f
o
r
e
s
t
 o
n
 

p
c
a
t
l
a
n
d
s
,
 h
a
v
e
 d
e
v
e
l
o
p
e
d
 i
n
t
e
n
s
i
v
e
 f
o
r
e
s
t
 m
a
n
a
g
e
m
e
n
t
 

t
e
c
h
n
i
q
u
e
s
 
fo

r 
t
h
e
s
e
 
si
te
s.
 
F
o
r
 
e
x
a
m
p
l
e
,
 
in

 
F
i
n
l
a
n
d
 

a
p
p
r
o
x
i
m
a
t
e
l
y
 5
8
%
 o
f
 t
he
 p
e
a
t
l
a
n
d
s
 h
a
v
e
 b
e
e
n
 d
r
a
i
n
e
d
 

f
o
r
 f
o
r
e
s
t
r
y
 p
u
r
p
o
s
e
s
,
 w
i
t
h
 t
h
e
 r
e
s
u
l
t
 t
ha

t 
t
h
e
r
e
 h
a
s
 b
e
e
n
 a
 

n
e
t
 i
n
c
r
e
a
s
e
 o
f
 a
b
o
u
t
 2
5
%
 i
n 
th
e 
g
r
o
w
i
n
g
 s
l
o
c
k
 a
v
a
i
l
a
b
l
e
 

f
o
r
 h
a
r
v
e
s
t
i
n
g
.
 
T
o
 a
c
h
i
e
v
e
 
th

is
 
s
i
g
n
i
f
i
c
a
n
t
 e
f
f
e
c
t
 o
n
 
t
h
e
 

e
c
o
n
o
m
y
 o
f
 F
i
n
l
a
n
d
,
 g
r
o
w
t
h
 r

at
es

 
o
f
 s
t
a
n
d
s
 
h
a
v
e
 b
e
e
n
 

m
a
t
e
r
i
a
l
l
y
 e
n
h
a
n
c
e
d
 a
n
d
,
 a
s
 a
 c
o
n
s
e
q
u
e
n
c
e
,
 t
he
 r
ot
at
io
ns
 

h
a
v
e
 b
e
e
n
 m
a
r
k
e
d
l
y
 s
h
o
r
t
e
n
e
d
.
 F
u
r
t
h
e
r
m
o
r
e
,
 l
a
r
g
e
 a
r
e
a
s
 

o
f
 m
a
r
g
i
n
a
l
l
y
 
p
r
o
d
u
c
t
i
v
e
 
p
c
a
t
l
a
n
d
s
 
h
a
v
e
 
b
e
e
n
 
b
r
o
u
g
h
t
 

i
n
t
o
 p
r
o
d
u
c
t
i
o
n
.
 

N
u
m
e
r
o
u
s
 C
a
n
a
d
i
a
n
 
fo
re
st
er
s 
h
a
v
e
 
vi

si
te

d 
c
o
u
n
t
r
i
e
s
 

s
u
c
h
 a
s 
F
i
n
l
a
n
d
,
 S
w
e
d
e
n
 a
n
d
 t
h
e
 U
S
S
R
,
 w
h
e
r
e
 p
e
a
l
l
a
n
d
 

fo
re
st
ry
 p
l
a
y
s
 
a
n
 
i
m
p
o
r
t
a
n
t
 r
ol
e 

in
 
th
e 
e
c
o
n
o
m
y
.
 
T
h
e
y
 

h
a
v
e
 r
e
t
u
r
n
e
d
 w
i
t
h
 i
de

as
, 
i
n
f
o
r
m
a
t
i
o
n
,
 a
n
d
 t
e
c
h
n
o
l
o
g
y
 t
o 

b
e
 
i
n
c
o
r
p
o
r
a
t
e
d
 
in
to
 
fo
re
st
 
m
a
n
a
g
e
m
e
n
t
 
s
c
h
e
m
e
s
 

in
 

C
a
n
a
d
a
.
 
It

 w
o
u
l
d
 a
p
p
e
a
r
 t

ha
t 
th
e 
p
r
o
v
i
n
c
e
s
 o
f 
Q
u
e
b
e
c
,
 

O
n
t
a
r
i
o
,
 
a
n
d
 
A
l
b
e
r
t
a
 
h
a
v
e
 
t
h
e
 
g
r
e
a
t
e
s
t
 
po
te
nt
ia
l 

fo
r 

i
n
t
e
n
s
i
f
y
i
n
g
 
fo

re
st

 
m
a
n
a
g
e
m
e
n
t
 
ac

ti
vi

ti
es

 
o
n
 
p
e
a
l
l
a
n
d
 

si
te
s 
a
n
d
 i
m
p
r
o
v
i
n
g
 g
r
o
w
t
h
 o
f
 f
or
es
ts
 o
n
 t
h
e
m
.
 O
n
l
y
 
in
 

Q
u
e
b
e
c
,
 
w
h
e
r
e
 
a
b
o
u
t
 
2
0
,
0
0
0
 
h
a
 
h
a
v
e
 
b
e
e
n
 
d
r
a
i
n
e
d
 
to
 

d
a
t
e
,
 h
a
s
 t
h
e
r
e
 b
e
e
n
 a
 s
i
g
n
i
f
i
c
a
n
t
 e
f
f
o
r
t
 t
o 
d
r
a
i
n
 p
e
a
t
l
a
n
d
s
 

f
o
r
 f
o
r
e
s
t
r
y
.
 

O
n
l
y
 
a
 
f
e
w
 
y
e
a
r
s
 
a
g
o
,
 
t
h
e
r
e
 
w
a
s
 c
o
n
c
e
r
n
 
a
b
o
u
t
 
t
h
e
 

e
x
t
e
n
t
 o
f
 t
h
e
 '
m
u
c
k
i
n
g
-
u
p
'
 o
f
 w
e
t
 s
it
es
 a
n
d
 t
he
 d
e
s
t
r
u
c
 

ti
on

 
o
f
 a
d
v
a
n
c
e
 
g
r
o
w
t
h
 
b
y
 
l
o
g
g
i
n
g
 
w
i
t
h
 
n
a
r
r
o
w
-
t
i
r
e
d
 

s
k
i
d
d
e
r
s
 i

n 
t
h
e
 s
n
o
w
-
f
r
e
e
 s
e
a
s
o
n
.
 
T
h
i
s
 t
y
p
e
 o
f
 d
a
m
a
g
e
 

h
a
s
 
b
e
e
n
 
r
e
d
u
c
e
d
 c
o
n
s
i
d
e
r
a
b
l
y
 
in
 
r
e
c
e
n
t
 
y
e
a
r
s
 
b
y
 
h
a
r
 

v
e
s
t
i
n
g
 d
i
e
 w
c
t
l
c
r
 s
it
es
 i
n 
t
h
e
 w
i
n
t
e
r
 w
h
e
n
 
t
h
e
 s
n
o
w
 a
n
d
 

f
r
o
z
e
n
 g
r
o
u
n
d
 p
r
o
t
e
c
t
s
 d
ie
 o
r
g
a
n
i
c
 s
oi
l,
 a
n
d
 b
y
 t
he
 u
s
e
 o
f
 

w
i
d
e
 
ti

re
s 
a
n
d
 
t
r
a
c
k
s
 
o
n
 
l
o
g
g
i
n
g
 
e
q
u
i
p
m
e
n
t
.
 
I
n
 
r
e
c
e
n
t
 

y
e
a
r
s
,
 
w
e
 
h
a
v
e
 
w
i
t
n
e
s
s
e
d
 
t
h
e
 
d
e
v
e
l
o
p
m
e
n
t
 
o
f
 
n
e
w
 

s
y
s
t
e
m
s
 o
f
 h
a
r
v
e
s
t
i
n
g
 i
n 
w
h
i
c
h
 c
a
r
e
f
u
l
 l
o
g
g
i
n
g
 p
r
a
c
t
i
c
e
s
 

ar
e 
i
m
p
l
i
m
e
n
t
c
d
 t
o 
c
o
n
s
e
r
v
e
 a
d
v
a
n
c
e
 g
r
o
w
t
h
.
 
Il

 i
s 
a
n
t
i
c
 

i
p
a
t
e
d
 
lh
at
, 

in
 
t
h
e
 
n
e
a
r
 
fu

tu
re

, 
e
v
e
n
 
be

tt
er

 
t
y
p
e
s
 
o
f
 

h
a
r
v
e
s
t
i
n
g
 e
q
u
i
p
m
e
n
t
 a
n
d
 s
y
s
t
e
m
s
 o
f
 h
a
r
v
e
s
t
i
n
g
 w
il
l 
b
e
 

d
e
v
e
l
o
p
e
d
,
 a
n
d
 
i
n
t
e
n
s
i
v
e
 
m
a
n
a
g
e
m
e
n
t
 t
e
c
h
n
i
q
u
e
s
 s
u
c
h
 

as
 
p
e
a
l
l
a
n
d
 
d
r
a
i
n
a
g
e
,
 
fo

re
st

 
fe
rt
il
iz
at
io
n 
a
n
d
 
t
h
i
n
n
i
n
g
 

wi
lt

 b
e
c
o
m
e
 m
o
r
e
 c
o
m
m
o
n
.
 

I
n
 m
a
n
y
 p
a
r
t
s
 o
f
 C
a
n
a
d
a
,
 d
i
c
r
e
 i

s 
i
n
s
u
f
f
i
c
i
e
n
t
 f
u
n
d
i
n
g
 

a
v
a
i
l
a
b
l
e
 f
or
 r
e
g
e
n
e
r
a
t
i
o
n
,
 a
n
d
 i
l 
is
 u
nr
ea
li
st
ic
 t
o 
p
r
o
d
u
c
e
 

e
n
o
u
g
h
 
p
l
a
n
t
i
n
g
 
s
t
o
c
k
 
to
 
ar

ti
fi

ci
al

ly
 
r
e
g
e
n
e
r
a
t
e
 
e
v
e
r
y
 

h
e
c
t
a
r
e
 
h
a
r
v
e
s
t
e
d
.
 
Il
 i
s 
c
o
m
m
o
n
l
y
 
t
h
o
u
g
h
t
 
t
h
a
t
 t
h
e
 b
e
s
t
 

l
a
n
d
s
 
a
n
d
 
t
h
o
s
e
 c
l
o
s
e
s
t
 
to

 
t
h
e
 m
i
l
l
s
 s
h
o
u
l
d
 
r
e
c
e
i
v
e
 
t
h
e
 

h
i
g
h
e
s
t
 i
n
v
e
s
t
m
e
n
l
 o
f
 p
l
a
n
t
i
n
g
 a
n
d
 o
t
h
e
r
 i
n
t
e
n
s
i
v
e
 t
re

at
 

m
e
n
t
s
.
 
C
o
n
v
e
r
s
e
l
y
,
 
t
h
e
 
p
o
o
r
e
r
 
l
a
n
d
s
 
a
n
d
 
t
h
o
s
e
 
f
u
r
t
h
e
s
t
 

f
r
o
m
 
th
e 
m
i
l
l
s
 m
a
y
 b
e
 b
e
s
t
 m
a
n
a
g
e
d
 b
y
 
u
s
i
n
g
 
l
o
w
-
c
o
s
t
 

m
e
t
h
o
d
s
 
o
f
 
r
e
g
e
n
e
r
a
t
i
o
n
,
 
s
u
c
h
 
a
s
 
n
a
t
u
r
a
l
 
r
e
g
e
n
e
r
a
t
i
o
n
 

f
r
o
m
 
s
e
e
d
 
a
n
d
 
c
a
r
e
f
u
l
 
l
o
g
g
i
n
g
 
t
o
 
c
o
n
s
e
r
v
e
 
a
d
v
a
n
c
e
 

g
r
o
w
t
h
.
 

S
i
n
c
e
 t
he
 p
r
o
d
u
c
t
i
v
i
t
y
 o
f
 p
c
a
d
a
n
d
s
 
is
 g
e
n
e
r
a
l
l
y
 c
o
n
 

s
i
d
e
r
e
d
 t
o 
b
e
 p
o
t
e
n
t
i
a
l
l
y
 l
o
w
e
r
 U
i
a
n
 t
ha

t 
o
f
 o
t
h
e
r
 t
y
p
e
s
 o
f
 

l
a
n
d
s
,
 
it

 
m
a
y
 
b
e
 
q
u
e
s
t
i
o
n
e
d
 
w
h
e
t
h
e
r
 
i
n
t
e
n
s
i
v
e
 
f
o
r
e
s
t
 

m
a
n
a
g
e
m
e
n
t
 o
n
 p
c
a
t
l
a
n
d
 s
it
es
 i

s 
w
a
r
r
a
n
t
e
d
.
 H
o
w
e
v
e
r
,
 i

n 

s
o
m
e
 f
o
r
e
s
t
 h
o
l
d
i
n
g
s
,
 a
 h
i
g
h
 p
r
o
p
o
r
t
i
o
n
 o
f
 t
h
e
 p
r
o
d
u
c
t
i
v
e
 

f
o
r
e
s
t
 l
a
n
d
 i

s 
in

 w
e
t
 o
r
 p
e
a
t
-
c
o
v
e
r
e
d
 a
r
e
a
s
,
 
a
n
d
 b
e
c
a
u
s
e
 

t
h
e
s
e
 c
o
n
s
t
i
t
u
t
e
 m
o
s
t
 o
f
 t
h
e
 f
or

es
t 
l
a
n
d
 b
e
i
n
g
 m
a
n
a
g
e
d
,
 

t
h
e
y
 s
h
o
u
l
d
 
b
e
 m
a
i
n
t
a
i
n
e
d
 
in
 
a
 
p
r
o
d
u
c
t
i
v
e
 s

la
te
. 
A
l
s
o
,
 

a
l
t
h
o
u
g
h
 
s
o
m
e
 
o
f
 t
h
e
 p
e
a
l
l
a
n
d
 
si
te
s 
m
a
y
 
n
o
t
 
b
e
 
p
r
i
m
e
 



2
2
4
 

la
nd
, 
t
h
e
y
 h
a
v
e
 c
er
ta
in
 o
t
h
e
r
 a
d
v
a
n
t
a
g
e
s
 f
or
 f
or

es
t 
m
a
n
 

a
g
e
m
e
n
t
;
 f

or
 e
x
a
m
p
l
e
,
 b
i
a
c
k
 s
p
r
u
c
e
 r
e
g
e
n
e
r
a
t
e
s
 r

ea
di
ly
 

b
y
 n
at
ur
al
 
m
e
a
n
s
,
 c
o
m
p
e
t
i
t
i
o
n
 p
r
o
b
l
e
m
s
 m
a
y
 b
e
 i

ns
ig
 

ni
fi
ca
nt
, 
a
n
d
 t
e
n
d
i
n
g
 m
a
y
 n
o
t
 b
e
 n
ec
es
sa
ry
. 

It
 i

s 
n
o
t
 r
ea
li
st
ic
 t

o 
cl
as
si
fy
 a

ll
 w
e
t
l
a
n
d
 a
n
d
 p
c
a
t
l
a
n
d
 

fo
re

st
s 

in
 
th
e 
l
o
w
e
s
t
 c
a
t
e
g
o
r
y
 
o
f
 p
ro
du
ct
iv
it

y,
 
b
e
c
a
u
s
e
 

s
o
m
e
 o
f
 t
he
se
 f
or
es
ts
 a
re
 i
n 
fa

ct
 r
ic

h 
o
r
 m
o
d
e
r
a
t
e
l
y
 r
ic

h 
in
 

te
rm
s 

o
f
 n

ut
ri
en
ts
 
a
n
d
 
h
a
v
e
 
th
e 

po
te
nt
ia
l 

(o
 
b
e
c
o
m
e
 

hi
gh

ly
 p
ro
du

ct
iv

e 
if
 t
he
 w
a
t
e
r
 (
ab

le
 i

s 
lo
we
re

d.
 S
o
m
e
 o
f 

th
e 

si
te

s 
ar
c 
cl
os
e 

to
 t
he
 m
il
l,
 a
n
d
 f
or
 U
ic
sc
, 
th
e 
co
st
 o
f 

t
r
a
n
s
p
o
r
t
i
n
g
 w
o
o
d
 
to

 
th
e 

mi
ll
 w
o
u
l
d
 
b
e
 r
el
at
iv
el
y 
l
o
w
;
 

h
e
n
c
e
 t
he
 c
os

t 
o
f
 s
it

e 
a
m
e
l
i
o
r
a
t
i
o
n
 
t
r
e
a
t
m
e
n
t
s
 c
o
u
l
d
 b
e
 

ju
st

if
ie

d.
 
T
h
e
r
e
 
is
 
c
o
n
c
e
r
n
 
in

 
th
e 

in
du

st
ry

 
th

at
 
w
o
o
d
-

s
u
p
p
l
y
 s
ho

rt
ag

es
 m
a
y
 o
c
c
u
r
 i
n 
s
o
m
e
 r
eg
io
ns

 i
n 
th
e 
ne

xt
 

2
0
 t

o 
3
0
 y

ea
rs
, 

i.
e.
, 
w
h
e
n
 
th
e 
o
l
d
-
g
r
o
w
t
h
 f

or
es
ts
 
h
a
v
e
 

b
e
e
n
 e
x
h
a
u
s
t
e
d
 b
u
t
 s
e
c
o
n
d
 f

or
es
ts
 a
rc
 n
o
t
 y
et
 r
e
a
d
y
 f

or
 

ha
rv
es
t.
 
W
i
t
h
 d
r
a
i
n
a
g
e
 o
f
 m
i
d
-
r
o
t
a
t
i
o
n
 p
e
a
t
l
a
n
d
 s
ta
nd
s,
 

w
e
 m
a
y
 b
e
 a
b
l
e
 t
o 
i
n
c
r
e
a
s
e
 t
he
ir
 g
r
o
w
t
h
 a
n
d
 r
e
d
u
c
e
 t
he
 

l
i
m
e
 r
e
q
ui

r
e
d 

un
ti
l 
t
h
ey

 a
re
 r
e
a
d
y
 f
or
 h
ar
ve
st
, 
th
us
 h
e
l
p
 

in
g 
to
 f

il
l 
th

e 
w
o
o
d
-
s
u
p
p
l
y
 s
ho
rt
fa
ll
. 

S
i
n
c
e
 t
h
e 
c
o
s
t
 o
f
 a
rt

if
ic

ia
l 
r
e
g
e
n
e
r
a
t
i
o
n
 b
y
 p
l
a
n
t
i
n
g
 i

s 

hi
gh
, 

pl
an
ti
ng

 m
a
y
 b
e
 d
ir

ec
te

d 
to

 t
he
 r
ic
he
st
 .

si
te

s 
m
a
t
 

h
a
v
e
 b
e
e
n
 d
ra

in
ed

. 
P
o
o
r
e
r
 s

it
es
 m
a
y
 w
a
r
r
a
n
t
 e
x
t
e
n
s
i
v
e
 

r
e
g
e
n
e
r
a
t
i
o
n
,
 w
h
i
c
h
 
is

 l
es

s 
e
x
p
e
n
s
i
v
e
.
 
F
o
r
 b
l
a
c
k
 
s
p
r
u
c
e
 

w
e
 s
h
o
u
l
d
 c
o
n
s
i
d
e
r
 d
ir
ec
t 
s
e
e
d
i
n
g
,
 n
at
ur
al
 s
e
e
d
i
n
g
 a
s
s
o
 

ci
at
ed
 w

il
l)

 m
o
d
i
f
i
e
d
 m
e
t
h
o
d
s
 o
f
 h
ar

ve
st

in
g,

 a
n
d
 c
ar
ef
ul
 

l
o
g
g
i
n
g
 
to

 
c
o
n
s
e
r
v
e
 
a
d
v
a
n
c
e
 
g
r
o
w
t
h
.
 
B
l
a
c
k
 
s
p
r
u
c
e
 
is

 

a
d
m
i
r
a
b
l
y
 s
ui
te
d 
to

 n
at
ur
al
 r
e
g
e
n
e
r
a
t
i
o
n
 —
 r
e
g
e
n
e
r
a
t
i
o
n
 

b
y
 s
e
e
d
 
f
r
o
m
 
it

s 
s
c
m
i
-
s
c
r
o
t
i
n
o
u
s
 c
o
n
e
s
,
 a
n
d
 v
e
g
e
t
a
t
i
v
e
 

r
e
p
r
o
d
u
c
t
i
o
n
 b
y
 l
a
y
e
r
i
n
g
 o
f
 i

ts
 b
r
a
n
c
h
e
s
.
 I
n 
a
d
d
i
t
i
o
n
 
to
 

b
l
a
c
k
 s
pr
uc
e,

 t
he
re
 a
rc
 s
ev
er
al
 o
t
h
e
r
 t
re

e 
sp

ec
ie
s 
w
h
i
c
h
 

c
a
n
 b
e
 g
r
o
w
n
 o
n
 w
e
t
l
a
n
d
 s
it
es
. 
T
a
m
a
r
a
c
k
 (
L
ar
ix
 t
ar
ic
in
a 

[d
u 

R
o
i
]
 
K
.
 
K
o
c
h
)
 
a
n
d
 
j
a
c
k
 
p
i
n
e
 
(
F
i
n
n
s
 
b
a
n
k
s
i
a
n
a
 

L
a
m
b
.
)
 
h
a
v
e
 
p
e
r
f
o
r
m
e
d
 
e
x
c
e
p
t
i
o
n
a
l
l
y
 
we
ll
, 
a
n
d
 
ot

he
r 

s
p
e
c
i
e
s
 s
u
c
h
 a
s 
l
o
d
g
c
p
o
l
e
 p
i
n
e
 {

P.
 
c
o
n
l
c
r
t
a
)
 a
n
d
 
S
c
o
t
s
 

p
i
n
e
 
{P

. 
sy

lv
es

tr
is

 
L.
) 
o
n
 
th
e 

p
o
o
r
e
r
 
si
te
s,

 
a
n
d
 
w
h
i
t
e
 

s
p
r
u
c
e
 (
P
i
c
e
a
 g
t
a
u
c
a
 [
M
o
c
n
c
h
]
 V
o
s
s
)
 o
n
 t
he
 r
ic
he
r 
si
te
s,
 

n
e
e
d
 t
o 
b
e
 t
ri

ed
. 

In
 C
a
n
a
d
a
,
 d
r
a
i
n
a
g
e
 a
n
d
 w
a
t
e
r
 m
a
n
a
g
e
m
e
n
t
 o
ff
er
 i
m
 

p
o
r
t
a
n
t
 o
p
p
o
r
t
u
n
i
t
i
e
s
 f
or
 i
m
p
r
o
v
i
n
g
 f
or
es
t 
m
a
n
a
g
e
m
e
n
t
,
 

a
n
d
 s
h
o
u
l
d
 b
e
 t
ri

ed
 m
o
r
e
 g
e
n
e
r
a
l
l
y
 i
n 
b
o
t
h
 r
e
s
e
a
r
c
h
 a
n
d
 

op
er
at
io
na
l 

tr
ia
ls
. 
H
o
w
e
v
e
r
,
 
if

 
d
r
a
i
n
a
g
e
 
is
 
to

 
b
e
c
o
m
e
 

a
c
c
e
p
t
a
b
l
e
 i

n 
C
a
n
a
d
a
,
 t
h
r
e
e
 g
e
n
e
r
a
l
 a
r
e
a
s
 o
f
 k
n
o
w
l
e
d
g
e
 

m
u
s
t
 
b
e
 
s
t
r
e
n
g
t
h
e
n
e
d
 
o
r
 
c
o
n
s
o
l
i
d
a
t
e
d
:
 

1)
 
g
r
o
w
t
h
 

r
e
s
p
o
n
s
e
s
 o
f
 b
l
a
c
k
 
s
p
r
u
c
e
,
 t
a
m
a
r
a
c
k
 
a
n
d
 
o
t
h
e
r
 s
p
e
c
i
e
s
 

m
u
s
t
 
b
e
 
be

lt
er
 
d
o
c
u
m
e
n
t
e
d
 
a
c
c
o
r
d
i
n
g
 
to

 
si
te
 
ty
pe
s;
 
2)
 

e
c
o
n
o
m
i
c
 
a
s
s
e
s
s
m
e
n
t
s
 
m
u
s
t
 
b
e
 
m
a
d
e
 

to
 
h
e
l
p
 
th
e 

m
a
n
a
g
e
r
 
w
i
t
h
 
i
n
v
e
s
t
m
e
n
t
 
d
e
c
i
s
i
o
n
s
;
 
a
n
d
 
3)
 
e
n
v
i
r
o
n
 

m
e
n
t
a
l
 i
m
p
a
c
t
 a
s
s
e
s
s
m
e
n
t
s
 o
f
 a
ll

 c
o
m
p
o
n
e
n
t
s
 o
f
 w
e
t
 

la
nd

 e
c
o
s
y
s
t
e
m
s
 m
u
s
t
 b
e 
ca
rr
ie
d 
ou

t 
to

 m
e
e
t
 t
he

 r
eq
ui
re
 

m
e
n
t
s
 o
f
 e
n
v
i
r
o
n
m
e
n
t
a
l
 a
s
s
e
s
s
m
e
n
t
 l
eg

is
la

ti
on

. 

T
h
e
 m
o
s
t
 a
tt
ra
ct
iv
e 
si

te
s 
fo
r 
d
r
a
i
n
a
g
e
 a
rc
 t
h
o
s
e
 t
ha
t 
ar
c 

a
l
r
e
a
d
y
 f
or
es
te
d,
 a
n
d
 t
ha

t 
h
a
v
e
 o
n
e
 o
r
 m
o
r
e
 o
f
 t
he

 f
o
l
l
o
w
 

in
g 

at
tr

ib
ut

es
: 

(I
) 

th
ey
 
a
l
r
e
a
d
y
 
s
h
o
w
 
m
o
d
e
r
a
t
e
l
y
 
g
o
o
d
 

g
r
o
w
t
h
,
 
(2
) 

th
ey
 
ar
e 
o
n
 
s
h
a
l
l
o
w
-
p
e
a
l
e
d
 
si

te
s 

s
o
 
th
at
 

d
r
a
i
n
a
g
e
 w
il

l 
a
l
l
o
w
 r
oo

ts
 t

o 
ex
pl
oi
t 
u
n
d
e
r
l
y
i
n
g
 m
i
n
e
r
a
l
 

so
il
s,
 
(3
) 

t
h
e
y
 
ar
c 

a
l
r
e
a
d
y
 
we
ll
 
s
t
o
c
k
e
d
 
to
 
de
si
ra
bl
e 

sp
ec
ie
s,
 a
n
d
 (
4)
 t
h
e
y
 a
re
 i

n 
m
i
d
-
r
o
t
a
t
i
o
n
 s
o 

th
at
 t
he
 t
i
m
e
 

fo
r 
c
a
r
r
y
i
n
g
 i
nt

er
es

t 
o
n
 t
he
 i
ni
ti
al
 i
n
v
e
s
t
m
e
n
t
 i
s 
re
la
ti
ve
ly
 

s
h
o
r
t
 
H
a
r
v
e
s
t
e
d
 
c
u
t
o
v
e
r
s
 
m
a
y
 
al
so
 
re
qu
ir
e 

d
r
a
i
n
a
g
e
,
 

b
e
c
a
u
s
e
 
th
e 
w
a
t
e
r
 
ta

bl
e 

ri
se

s 
af

te
r 

cu
ll
in
g 

{'
wa
te
ri
ng
-

up
')

, 
s
o
m
e
t
i
m
e
s
 a
b
o
v
e
 t
he
 s
ur

fa
ce

 i
n 
de
pr
es
si
on

s,
 o
w
i
n
g
 

to
 r
e
m
o
v
a
l
 o
f
 c
v
a
p
o
t
r
a
n
s
p
i
r
a
t
i
o
n
 a
n
d
 i
nt
er
ce
pt

io
n 
b
y
 t
he

 

fo
re

st
 c
a
n
o
p
y
.
 

T
w
o
 t
y
p
e
s
 o
f
 d
r
a
i
n
a
g
e
 m
a
y
 b
e
 e
n
v
i
s
a
g
e
d
:
 
p
a
t
t
e
r
n
e
d
 

d
r
a
i
n
a
g
e
 (
sy
st
em
at
ic
, 

in
te
ns
iv
e,
 w
i
t
h
 a
 h
i
g
h
 d
e
n
s
i
t
y
 o
f
 

di
tc
he
s)
, 
a
n
d
 
p
r
e
s
c
r
i
p
t
i
o
n
 
d
r
a
i
n
a
g
e
 
(d
en
dr
it
ic
, 
e
x
t
e
n
 

si
ve

, 
w
i
t
h
 a
 l
o
w
 d
e
n
s
i
t
y
 o
f
 d
it

ch
es

).
 
P
a
t
t
e
r
n
e
d
 d
r
a
i
n
a
g
e
 

m
a
y
 b
e
 m
o
r
e
 a
p
p
r
o
p
r
i
a
t
e
 f
or
 f
or
es
te
d 
pc

at
la

nd
s,
 w
h
e
r
e
a
s
 

p
r
e
s
c
r
i
p
t
i
o
n
 
d
r
a
i
n
a
g
e
 
m
a
y
 
b
e
 b

et
te

r 
fo
r 
c
u
t
o
v
c
r
s
.
 
B
o
t
h
 

t
y
p
e
s
 
o
f
 d
r
a
i
n
a
g
e
 
w
o
u
l
d
 
b
e
 
e
x
p
e
c
t
e
d
 
to

 
i
m
p
r
o
v
e
 
tr
ee
 

g
r
o
w
t
h
 a
n
d
 a
c
c
e
s
s
a
b
i
l
i
t
y
 t
o 
l
o
g
g
i
n
g
 o
p
e
r
a
t
i
o
n
s
,
 h
u
n
t
e
r
s
,
 

f
i
s
h
e
r
m
e
n
 
a
n
d
 
o
t
h
e
r
 r
ec
rc
at
io
ni
st
s,
 a
n
d
 
to
 
in

c
r
e
a
s
e
 t
he

 

di
ve

rs
it

y 
o
f
 e
c
o
s
y
s
t
e
m
s
 a
n
d
 w
il
dl
if
e.
 

A
t
 t
hi

s 
t
i
m
e
 i
n 
C
a
n
a
d
i
a
n
 f
or
es
tr
y,
 r
e
s
e
a
r
c
h
 a
n
d
 d
e
v
e
l
 

o
p
m
e
n
t
 i
n 
a
n
t
i
c
i
p
a
t
i
o
n
 o
f
 a
n
d
 p
ri
or
 t
o 
l
a
r
g
e
-
s
c
a
l
e
 d
r
a
i
n
 

a
g
e
 
p
r
o
g
r
a
m
s
 
a
r
c
 
es

se
nt

ia
l.

 
W
e
 
m
u
s
t
 
o
b
t
a
i
n
 
a
s
 
m
u
c
h
 

i
n
f
o
r
m
a
t
i
o
n
 a
s 
p
o
s
s
i
b
l
e
 a
b
o
u
t
 d
r
a
i
n
a
g
e
,
 s
o 
th

at
 w
e
 c
a
n
 b
e
 

p
r
e
p
a
r
e
d
 
fo
r 

a 
ra

pi
d 

in
cr
ea
se
 
in
 
d
r
a
i
n
a
g
e
 a

ct
iv

it
y.

 
W
e
 

s
h
o
u
l
d
 c
ap
it
al
iz
e 
o
n
 t
h
e
 r
es

ul
ts

 o
f
 c
u
r
r
e
n
t
 a
n
d
 p
r
e
v
i
o
u
s
l
y
 

es
ta

bl
is

he
d 

d
r
a
i
n
a
g
e
 
tr
ia
ls
, 
a
n
d
 
w
e
 
n
e
e
d
 
to

 
u
n
d
e
r
t
a
k
e
 

a
d
d
i
t
i
o
n
a
l
 w
e
l
l
 d
e
s
i
g
n
e
d
 
tr

ia
ls

 a
n
d
 e
x
p
e
r
i
m
e
n
t
s
 t

o 
g
a
i
n
 

m
o
r
e
 k
n
o
w
l
e
d
g
e
 
a
n
d
 
e
x
p
e
r
i
e
n
c
e
.
 
W
e
 k
n
o
w
 
th
at
 
b
l
a
c
k
 

s
p
r
u
c
e
 r
e
s
p
o
n
d
s
 w
e
l
l
 t
o 
d
r
a
i
n
a
g
e
,
 a
n
d
 w
e
 h
a
v
e
 v
a
s
t
 a
r
e
a
s
 

o
f
 b
l
a
c
k
 s
p
r
u
c
e
-
d
o
m
i
n
a
t
e
d
 p
ca
tl
an
d.
 W
e
 c
a
n
 l
ea

rn
 f
r
o
m
 

o
u
r
 
o
w
n
 
e
x
p
e
r
i
e
n
c
e
 
a
n
d
 
b
o
r
r
o
w
 
f
r
o
m
 
th
e 

e
x
p
e
r
t
s
 
in
 

S
c
a
n
d
i
n
a
v
i
a
 a
n
d
 e
l
s
e
w
h
e
r
e
.
 W
e
 n
e
e
d
 v
i
s
i
o
n
 a
n
d
 m
o
t
i
v
a
 

ti
on

 t
o 
e
m
b
a
r
k
 o
n
 n
e
w
 a
p
p
r
o
a
c
h
e
s
 t
o 
fo

re
st

 m
a
n
a
g
e
m
e
n
t
,
 

a
n
d
 w
e
 n
e
e
d
 l
o 
b
e
 c
o
n
f
i
d
e
n
t
 o
f
 o
ur

ab
il

it
y 

to
 d
o
 s
o.

 I
n 
th
is
 

w
a
y
,
 
C
a
n
a
d
a
 c
a
n
 
r
e
m
a
i
n
 
a
 
l
e
a
d
i
n
g
 
su
pp
li
er
 o
f
 q
ua
li
ty
 

b
l
a
c
k
 s
p
r
u
c
e
 f
i
b
e
r
 l
o 
t
h
e
 w
o
r
l
d
.
 

J
.
K
.
 J
c
g
l
u
m
 



2
2
5
 

R
E
C
O
M
M
E
N
D
A
T
I
O
N
S
 

A
f
t
e
r
 
th
e 

P
c
a
t
l
a
n
d
 
F
o
r
e
s
t
r
y
 
S
y
m
p
o
s
i
u
m
 
h
a
d
 
t
a
k
e
n
 

p
l
a
c
e
,
 
t
h
o
s
e
 
w
h
o
 
p
r
e
s
e
n
t
e
d
 
p
a
p
e
r
s
 
m
e
t
 
to

 
r
e
v
i
e
w
 
th
e 

p
r
e
s
e
n
t
a
t
i
o
n
s
 
a
n
d
 

to
 
d
i
s
c
u
s
s
 
r
e
c
o
m
m
e
n
d
a
t
i
o
n
s
 
fo
r 

fu
rt
he
r 
ac
ti
on
. 
E
a
c
h
 o
f
 t
h
e
 s
e
c
t
i
o
n
s
 h
a
d
 b
e
e
n
 a
s
s
i
g
n
e
d
 a
 

r
a
p
p
o
r
t
e
u
r
 w
h
o
s
e
 j
o
b
 i
t 
w
a
s
 t
o 
s
u
m
m
a
r
i
z
e
 t
h
e
 p
a
p
e
r
s
,
 a
n
d
 

to
 p
r
e
p
a
r
e
 a
 f
e
w
 k
e
y
 r
e
c
o
m
m
e
n
d
a
t
i
o
n
s
 a
r
i
s
i
n
g
 f
r
o
m
 h

is
 

pa
rt
ic
ul
ar
 s
ec
ti
on

, 
d
i
r
e
c
t
i
n
g
 
t
h
e
m
 e
s
p
e
c
i
a
l
l
y
 t
o 
C
a
n
a
d
a
,
 

b
u
t
 a
ls
o 
m
o
r
e
 b
r
o
a
d
l
y
 t
o 
th
e 
gl

o
b
al

 c
o
m
m
u
n
i
t
y
 o
f
 p
ea

t-

la
nd

 
fo

re
st

er
s.

 
A
 
sy
nt
he
si
s 
o
f
 
th
es
e 
r
e
c
o
m
m
e
n
d
a
t
i
o
n
s
 

f
o
l
l
o
w
s
.
 

It
 i
s 
r
e
c
o
m
m
e
n
d
e
d
 t
ha

t:
 

1.
 
W
o
r
k
e
r
s
 i
n 
p
e
a
t
l
a
n
d
 f
o
r
e
s
t
r
y
 a
t
t
e
m
p
t
 t
o 
s
t
a
n
d
a
r
d
i
z
e
 

t
h
e
 c
l
a
s
s
i
f
i
c
a
t
i
o
n
 o
f
 w
e
t
l
a
n
d
,
 m
i
r
e
 a
n
d
 p
e
a
t
l
a
n
d
.
 

B
e
c
a
u
s
e
 o
f
 t
h
e
 
g
r
e
a
t
 
v
a
r
i
a
t
i
o
n
 
in

 
c
l
i
m
a
t
e
,
 
g
e
o
l
o
g
y
 
a
n
d
 

v
e
g
e
t
a
t
i
o
n
,
 
it
 m
a
y
 b
e
 p
o
s
s
i
b
l
e
 
to

 a
g
r
e
e
 
o
n
l
y
 o
n
 
h
i
g
h
e
r
 

un
it

s 
o
f
 c
la

ss
if

ic
at
io
n.
 C
l
a
s
s
i
f
i
c
a
t
i
o
n
s
 w
i
t
h
i
n
 e
a
c
h
 c
o
u
n
 

tr
y,

 
o
r
 
w
i
t
h
i
n
 
e
a
c
h
 
c
l
i
m
a
t
i
c
-
p
h
y
s
i
o
g
r
a
p
h
i
c
 
r
e
g
i
o
n
 
o
r
 

p
r
o
v
i
n
c
e
 i
n 
a
 l
a
r
g
e
 c
o
u
n
t
r
y
,
 s
h
o
u
l
d
 b
e
 d
e
v
e
l
o
p
e
d
 s
pe

ci
fi

 

ca
ll

y 
to
 m
e
e
t
 t
he
 u
n
i
q
u
e
 b
i
o
p
h
y
s
i
c
a
l
 c
o
n
d
i
t
i
o
n
s
 a
n
d
 l
ev
el
 

o
f
 f
o
r
e
s
t
r
y
 p
r
a
c
t
i
s
e
d
 i
n 
t
ha

t 
a
r
e
a
.
 

2
.
 
T
e
r
m
i
n
o
l
o
g
y
 
o
f
 p
e
a
t
l
a
n
d
 f
o
r
e
s
t
r
y
 
b
e
 
b
e
t
t
e
r
 
d
e
f
i
n
e
d
 

a
n
d
 s
t
a
n
d
a
r
d
i
z
e
d
.
 

W
e
 
w
o
u
l
d
 
li
ke
 
to

 
n
o
t
e
 
th
e 

in
it

ia
l 

ef
fo

rt
s 
b
y
 
I
U
F
R
O
 

W
o
r
k
i
n
g
 
P
a
r
t
y
 
S
 1
.0
5.
01
, 

in
 

it
s 

dr
af

t 
r
e
p
o
r
t
 
en

ti
tl

ed
 

'
P
e
a
t
l
a
n
d
 T
e
r
m
i
n
o
l
o
g
y
 
fo
r 
F
o
r
e
s
t
r
y
:
 
E
n
g
l
i
s
h
,
 
G
e
r
m
a
n
,
 

R
u
s
s
i
a
n
,
 S
w
e
d
i
s
h
,
 F
i
n
n
i
s
h
1
,
 c
o
m
p
i
l
e
d
 b
y
 L
e
o
 H
e
i
k
u
r
a
i
-

n
c
n
 o
f
 H
e
l
s
i
n
k
i
,
 F
i
n
l
a
n
d
,
 i
n
 1
9
7
7
.
 

3.
 
W
e
t
 f
o
r
e
s
t
 l
a
n
d
 b
e
 c
la
ss
if
ie
d 
a
c
c
o
r
d
i
n
g
 t
o 
p
r
a
c
t
i
c
a
l
 

e
c
o
s
y
s
t
e
m
 t
yp

es
, 
a
n
d
 t
h
e
s
e
 e
c
o
s
y
s
t
e
m
s
 b
e
 i
d
e
n
t
i
f
i
e
d
 a
n
d
 

m
a
p
p
e
d
 i
n 
f
o
r
e
s
t
 r
e
s
o
u
r
c
e
 i
n
v
e
n
t
o
r
i
e
s
.
 

A
s
s
e
s
s
m
e
n
t
 o
f
 t
h
e
 
ar

ea
l 
e
x
t
e
n
t
 o
f
 p
c
a
t
l
a
n
d
 f

or
es
ts
 
a
n
d
 

f
o
r
e
s
t
s
 o
n
 w
e
t
 m
i
n
e
r
a
l
 s
oi

l,
 i
s 
r
e
q
u
i
r
e
d
 i
n 

al
l 
f
o
r
e
s
t
 m
a
n
 

a
g
e
m
e
n
t
 u
ni
ts
 t
o 
i
m
p
r
o
v
e
 p
l
a
n
n
i
n
g
 a
n
d
 m
a
n
a
g
e
m
e
n
t
 o
f
 

w
e
t
l
a
n
d
 f
or

es
ts

. 
E
x
i
s
t
i
n
g
 d
a
t
a
 a
n
d
 i
n
f
o
r
m
a
t
i
o
n
 s
h
o
u
l
d
 b
e
 

g
a
t
h
e
r
e
d
,
 a
n
a
l
y
z
e
d
,
 a
s
s
i
m
i
l
a
t
e
d
 a
n
d
 s
u
m
m
a
r
i
z
e
d
.
 

4
. 

H
o
l
i
s
t
i
c
 
e
c
o
s
y
s
t
e
m
 
s
t
u
d
i
e
s
 
o
f
 
t
h
e
 
s
t
r
u
c
t
u
r
e
 
a
n
d
 

f
u
n
c
t
i
o
n
 
o
f
 p
e
a
t
l
a
n
d
 f
o
r
e
s
t
s
 
b
e
 
u
n
d
e
r
t
a
k
e
n
,
 
w
i
t
h
 
t
h
e
 

f
o
c
u
s
 o
n
 t
h
e
 i
m
p
a
c
t
 o
f
 f
o
r
e
s
t
 h
a
r
v
e
s
t
i
n
g
 m
e
t
h
o
d
s
 a
n
d
 

d
r
a
i
n
a
g
e
 
o
n
 
l
o
n
g
-
t
e
r
m
 
si

te
 
p
r
o
d
u
c
t
i
v
i
t
y
 
a
n
d
 
c
a
r
b
o
n
 

b
a
l
a
n
c
e
.
 

T
h
i
s
 
w
o
r
k
 
s
h
o
u
l
d
 
a
d
d
r
e
s
s
 
t
h
e
 
p
r
o
b
l
e
m
s
 
o
f
 
fu
ll
-t
re
e 

h
a
r
v
e
s
t
 
a
n
d
 
r
o
a
d
s
i
d
e
-
s
l
a
s
h
 
pi

le
s;

 
b
i
o
m
a
s
s
 a
n
d
 
n
u
t
r
i
e
n
t
 

c
y
c
l
i
n
g
;
 
m
i
n
e
r
a
l
i
z
a
t
i
o
n
 
a
n
d
 
n
u
t
r
i
e
n
t
 
r
e
l
e
a
s
e
;
 
c
a
r
b
o
n
 

b
a
l
a
n
c
e
 a
s 
i
n
f
l
u
e
n
c
e
d
 b
y
 i
n
c
r
e
a
s
e
d
 r
e
l
e
a
s
e
 o
f
 g
r
e
e
n
h
o
u
s
e
 

g
a
s
e
s
 
a
n
d
 
b
y
 
i
n
c
r
e
a
s
e
d
 
u
p
t
a
k
e
 
o
f
 c
a
r
b
o
n
 d
i
o
x
i
d
e
 a
s
 
a
 

re
su
lt
 o
f
 i
m
p
r
o
v
e
d
 t
re

e 
g
r
o
w
t
h
;
 h
y
d
r
o
l
o
g
i
c
a
l
 i
n
p
u
t
s
 a
n
d
 

o
u
t
p
u
t
s
;
 d
e
t
a
i
l
e
d
 s
t
u
d
i
e
s
 o
f
 s
oi

l 
m
i
c
r
o
o
r
g
a
n
i
s
m
s
;
 e
tc

. 

5.
 
S
t
u
d
i
e
s
 o
f
 t
h
e
 e
c
o
l
o
g
y
 a
n
d
 d
y
n
a
m
i
c
s
 o
f
 p
e
a
t
 e
n
v
i
r
o
n
 

m
e
n
t
s
,
 
b
o
t
h
 
t
e
m
p
o
r
a
l
l
y
 a
n
d
 s
p
a
t
i
a
l
l
y
,
 
a
s
 
t
h
e
y
 r
e
l
a
t
e
 
to
 

r
o
o
t
 g
r
o
w
t
h
 o
f
 t
re

es
, 
b
e
 c
o
n
t
i
n
u
e
d
.
 

C
h
a
n
g
e
s
 i

n 
r
o
o
t
-
s
u
b
s
t
r
a
t
e
 
r
e
g
i
m
e
s
 
c
a
u
s
e
d
 b
y
 d
r
a
i
n
a
g
e
,
 

v
a
r
i
o
u
s
 h
a
r
v
e
s
t
i
n
g
 r
e
g
i
m
e
s
,
 f
er

ti
li

za
ti

on
 a
n
d
 o
t
h
e
r
 t
re

at
 

m
e
n
t
s
 
n
e
e
d
 
to

 b
e
 
s
t
u
d
i
e
d
.
 
S
u
c
h
 
b
i
o
l
o
g
i
c
a
l
l
y
 i
m
p
o
r
t
a
n
t
 

fa
ct
or
s 
a
s
 
t
e
m
p
e
r
a
t
u
r
e
,
 
m
o
i
s
t
u
r
e
,
 
ae
ra
ti
on
, 
o
x
y
g
e
n
 
a
n
d
 

ot
he

r 
so

il
 g
as
es
, 
nu
tr
ie
nt
s,
 m
i
c
r
o
f
l
o
r
a
 a
n
d
 f
au
na
, 
ra
te

s 
o
f
 

d
e
c
o
m
p
o
s
i
t
i
o
n
 a
n
d
 
n
u
t
r
i
e
n
t
 
r
e
l
e
a
s
e
,
 
r
e
g
i
m
e
s
 
(
f
l
o
w
 
a
n
d
 

t
i
m
i
n
g
)
,
 s
h
o
u
l
d
 b
e
 i
n
c
l
u
d
e
d
.
 

6.
 T
e
c
h
n
i
q
u
e
s
 a
n
d
 m
o
d
e
l
s
 b
e
 d
e
v
e
l
o
p
e
d
 t
o 
d
e
s
c
r
i
b
e
 a
n
d
 

p
r
e
d
i
c
t
 p
h
y
s
i
o
l
o
g
i
c
a
l
 a
n
d
 g
r
o
w
t
h
 r
e
s
p
o
n
s
e
s
 o
f
t
r
e
e
s
a
n
d
 

s
e
e
d
l
i
n
g
s
 t
o 
c
h
a
n
g
e
s
 i
n 
s
u
b
s
t
r
a
t
e
 c
o
n
d
i
t
i
o
n
s
.
 

D
r
a
i
n
a
g
e
 i
nd
ir
ec
tl
y 
i
n
f
l
u
e
n
c
e
s
 e
c
o
l
o
g
i
c
a
l
 f
ac
to
rs
 w
h
i
c
h
,
 

in
 t
ur

n,
 i
n
f
l
u
e
n
c
e
 p
h
y
s
i
o
l
o
g
i
c
a
l
 p
r
o
c
e
s
s
e
s
.
 C
o
n
c
e
r
n
 
h
a
s
 

b
e
e
n
 
e
x
p
r
e
s
s
e
d
 
a
b
o
u
t
 
t
h
e
 
po
ss
ib
il
it
y 
o
f
 o
v
e
r
d
r
a
i
n
a
g
c
,
 

a
n
d
 a
b
o
u
t
 t
h
e
 m
o
i
s
t
u
r
e
 s
tr
es
s 
o
n
 t
re
es
 i
m
m
e
d
i
a
t
e
l
y
 a
ft

er
 

d
r
a
i
n
a
g
e
.
 
S
t
u
d
i
e
s
 
o
f
 
[l
ie
 
r
e
s
p
o
n
s
e
 
o
f
 s
e
e
d
l
i
n
g
 
a
n
d
 
tr
ee
 

r
o
o
t
 s
y
s
t
e
m
s
 t
o 
d
r
a
i
n
a
g
e
 a
re
 r
e
q
u
i
r
e
d
.
 M
e
a
s
u
r
e
s
 o
f
 a
l
l
o
 

c
a
t
i
o
n
 o
f
 b
i
o
m
a
s
s
 p
r
o
d
u
c
t
i
o
n
 
a
m
o
n
g
 
fi

ne
 r

oo
ts
, 
c
o
a
r
s
e
 

ro
ot
s,
 s
t
e
m
s
 a
n
d
 f
o
i
i
a
g
c
 i

n 
di
ff
er
en
t 
si

te
 t
y
p
e
s
,
 w
i
t
h
 a
n
d
 

w
i
t
h
o
u
t
 d
r
a
i
n
a
g
e
,
 s
h
o
u
l
d
 b
e
 u
n
d
e
r
t
a
k
e
n
.
 

7.
 R
e
s
e
a
r
c
h
 b
e
 u
n
d
e
r
t
a
k
e
n
 t
o 
d
e
t
e
r
m
i
n
e
 c
o
n
c
e
n
t
r
a
t
i
o
n
s
 

a
n
d
 f
l
u
x
e
s
 o
f
 m
e
t
h
a
n
e
 a
n
d
 c
a
r
b
o
n
 d
i
o
x
i
d
e
 
in
 
n
a
t
u
r
a
l
 

a
n
d
 d
r
a
i
n
e
d
 p
e
a
t
l
a
n
d
s
.
 

D
r
a
i
n
a
g
e
 m
a
y
 p
r
o
d
u
c
e
 e
ff
ec
ts
 i
n 
p
e
a
t
l
a
n
d
s
 t
ha

t 
ar
e
 s
i
m
 

il
ar
 
to

 
t
h
o
s
e
 
th

at
 
m
a
y
 
b
e
 
c
a
u
s
e
d
 
b
y
 
c
l
i
m
a
t
e
 
w
a
r
m
i
n
g
,
 

s
u
c
h
 a
s
 d
r
y
i
n
g
 a
n
d
 s
u
r
f
a
c
e
 p
e
a
t
s
,
 l
o
w
e
r
i
n
g
 w
a
t
e
r
 t
a
b
l
e
s
,
 

i
n
c
r
e
a
s
i
n
g
 r
a
t
e
s
 o
f
 d
e
c
o
m
p
o
s
i
t
i
o
n
,
 a
n
d
 c
a
u
s
i
n
g
 m
o
r
e
 o
f
 

t
h
e
s
e
 t
w
o
 g
a
s
e
s
 t
o 
b
e
 r
e
l
e
a
s
e
d
.
 A
s
 w
el
l,
 m
e
t
h
a
n
e
 s
h
o
u
l
d
 

b
e
 s
t
u
d
i
e
d
 f
or
 i
ts

 i
n
f
l
u
e
n
c
e
 o
n
 h
y
d
r
a
u
l
i
c
 c
o
n
d
u
c
t
i
v
i
t
y
 a
n
d
 

dr
ai
na
bi
li
ly
 o
f
 v
a
r
i
o
u
s
 t
y
p
e
s
 o
f
 p
ea
t.
 

8.
 
S
t
u
d
i
e
s
 o
f
 f
o
l
i
a
r
 n
u
t
r
i
e
n
t
s
 b
e
 i

ni
ti
at
ed
 t
o 
d
e
t
e
r
m
i
n
e
 

t
h
e
 n
e
e
d
 f
o
r
 fe

rt
il

iz
at

io
n 
a
n
d
 t
o 
d
e
t
e
r
m
i
n
e
 a
n
d
/
o
r
 m
o
n
i
 

t
o
r
 e
f
f
e
c
t
s
 o
f
 d
r
a
i
n
a
g
e
 o
n
 t
r
e
e
 n
u
t
r
i
t
i
o
n
.
 

D
r
a
i
n
a
g
e
 i
s 
k
n
o
w
n
 t

o 
s
t
i
m
u
l
a
t
e
 t
r
e
e
 g
r
o
w
t
h
 a
n
d
 t
o 
c
a
u
s
e
 

i
n
c
r
e
a
s
e
d
 u
p
t
a
k
e
 o
f
 n
ut
ri
en
ts
. 
A
t
 t
h
e
 s
a
m
e
 t
i
m
e
,
 n
u
t
r
i
e
n
t
 

r
e
l
e
a
s
e
 
a
n
d
 
c
y
c
l
i
n
g
 
a
r
e
 
i
n
c
r
e
a
s
e
d
,
 
a
n
d
 
t
h
e
r
e
 
is

 
s
o
m
e
 

po
te
nt
ia
l 
lo

ss
 o
f
 e
l
e
m
e
n
t
s
 b
y
 l
e
a
c
h
i
n
g
,
 e
.g
.,
 p
o
t
a
s
s
i
u
m
.
 I
n 

ce
rt
ai
n 
t
y
p
e
s
 o
f
 p
c
a
i
l
a
n
d
,
 n
u
t
r
i
e
n
t
 i
m
b
a
l
a
n
c
e
s
 m
a
y
 o
c
c
u
r
.
 

M
e
t
h
o
d
s
 
a
n
d
 
t
e
c
h
n
i
q
u
e
s
 
s
h
o
u
l
d
 
b
e
 
d
e
v
e
l
o
p
e
d
 

to
 



2
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6
 

d
i
a
g
n
o
s
e
 n
ut
ri
en
t 

st
at
us
, 
nu
tr
ie
nt
 d

ef
ic
ie
nc
ie
s,
 a
n
d
 f

er
 

ti
li

za
ti

on
 r
e
q
u
i
r
e
m
e
n
t
 i
n 
p
c
a
t
l
a
n
d
 f
or

es
ts

. 

9.
Th
ee
nv
ir
on

me
nt

al
im

pa
ct

of
pe

at
la

nd
fo

re
st

ry
 a
ct
iv
i 

ti
es

 o
n
 w

il
dl

if
e 
—
 t
er
re
st
ri
al
 f
a
u
n
a
,
 b
ir
ds
, 
a
m
p
h
i
b
i
a
n
s
 

a
n
d
 a
q
u
a
t
i
c
 l
if
e 
—
 b
e
 s
t
u
d
i
e
d
 i
n 
m
o
r
e
 d
e
p
t
h
.
 

C
h
a
n
g
e
s
 i
n 
di
ve
rs
it
y 
a
n
d
 s
u
c
c
e
s
s
i
o
n
a
l
 t
re
nd
s 
at

tr
ib

ut
ab

le
 

to
 p
ea

tl
an

d 
fo
re
st
ry
 a
ct

iv
it

ie
s 
sh

ou
ld

 b
e
 e
xp
lo

re
d.
 E
n
v
i
 

r
o
n
m
e
n
t
a
l
 i
m
p
a
c
t
 a
s
s
e
s
m
e
n
i
s
 o
f
 d
r
a
i
n
a
g
e
 s
h
o
u
l
d
 i
n
c
l
u
d
e
 

w
a
t
e
r
-
q
u
a
l
i
t
y
 
e
v
a
l
u
a
t
i
o
n
s
 
o
f
 
n
ut
ri
en
ts
 
a
n
d
 
s
u
s
p
e
n
d
e
d
 

so
li

ds
, 
a
n
d
 a
s
s
e
s
s
m
e
n
t
 o
f 
th
e 
ef
fe
ct
s 
of

 s
e
d
i
m
e
n
t
s
 o
n
 t
he
 

o
x
y
g
e
n
 c
o
n
t
e
n
t
 o
f
 f
i
s
h
-
s
p
a
w
n
i
n
g
 g
r
a
v
e
l
s
.
 

10
. 
A
 c
o
o
r
d
i
n
a
t
e
d
 s
et
 o
f
 w
e
l
l 
d
e
s
i
g
n
e
d
 d
r
a
i
n
a
g
e
 t

ri
al
s,
 

u
s
i
n
g
 p
a
t
t
e
r
n
e
d
 d
r
a
i
n
a
g
e
 s
y
s
t
e
m
s
,
a
n
d
 e
n
c
o
m
p
a
s
s
i
n
g
 a
 

r
a
n
g
e
 o
f
b
i
o
g
e
o
c
l
i
m
a
t
k
 r
e
gi

o
n
s,

 b
e
 u
n
d
e
r
t
a
k
e
n
 i
n 
C
a
n
 

a
d
a
.
 

T
h
e
 s
el
ec
ti
on

 o
f
 r
es

e
a
rc

h
 a
re
as
 s
h
o
u
l
d
 b
e
 b
a
s
e
d
 u
p
o
n
 t
he
 

W
e
t
l
a
n
d
 
R
e
g
i
o
n
s
 
of

 
C
a
n
a
d
a
 
m
a
p
,
 
p
r
o
d
u
c
e
d
 
b
y
 
th
e 

N
a
t
i
o
n
a
l
 W
e
t
l
a
n
d
s
 W
o
r
k
i
n
g
 G
r
o
u
p
.
 T
h
e
s
e
 a
re

as
 s
h
o
u
l
d
 

e
n
c
o
m
p
a
s
s
 a
 r
a
n
g
e
 o
f
 d
if

fe
re

nt
 s
it

e 
ty
pe
s,
 n
u
tr

ie
nt
 c
o
n
d
i
 

ti
on
s,
 
di
tc
h 

sp
ac
in
gs
, 

a
n
d
 
w
e
t
l
a
n
d
 
tr

ee
 
sp
ec
ie
s,
 
a
n
d
 

i
n
c
l
u
d
e
 
b
o
t
h
 
fo
re
st
ed
 
a
n
d
 
cl

ca
rc

ut
 
pc
at
la
nd

s.
 
F
o
r
 
al

l 

tr
ia
ls
, 
th
e 
f
o
l
l
o
w
i
n
g
 f
o
u
r 
as

pe
ct

s 
o
f
 d
r
a
i
n
a
g
e
 s
h
o
u
l
d
 b
e
 

m
o
n
i
t
o
r
e
d
 a
n
d
 a
ss

es
se

d:
 
1)

 h
yd

ro
lo

gi
ca

l 
ch
ar

ac
te

ri
st

ic
s 

be
fo
re
 a
s 
we
ll
 a
s 

af
te
r 
dr
ai
na
ge
, 
2)
 g
r
o
w
t
h
 r
es

po
ns

es
 o
f 

tr
ee

s 
a
n
d
/
o
r
 
s
e
e
d
l
i
n
g
s
 
in

 
re
la
ti
on
 
lo

 
d
i
t
c
h
 
s
p
a
c
i
n
g
 a
n
d
 

di
st

an
c
e
 t
o 
w
a
i
e
r
 l

ev
el

, 
3)
 e
c
o
n
o
m
i
c
 
fe

as
ib

il
it

y,
 a
n
d
 4
) 

e
n
v
i
r
o
n
m
e
n
t
a
l
 i
m
p
a
c
t
s
.
 

11
. 
E
x
p
e
r
i
m
e
n
t
s
 i
n 
pr
es
cr
ip
ti
on
 d
r
a
i
n
a
g
e
 b
e 
es
ta
bl
is
he
d 

in
 f
o
r
e
s
t
e
d
 a
n
d
 c
u
t
o
v
e
r
 w
e
t
l
a
n
d
s
.
 

T
h
i
s
 
ty

p
e 
o
f
 d
ra
in
ag
e,
 
w
i
t
h
 
a
 
l
o
w
 
d
e
n
s
i
t
y
 
o
f
 
di
tc
he
s 

p
l
a
c
e
d
 s
tr
at
eg

ic
al

ly
 i
n 
th
e 
na
tu
ra
l 
l
o
w
s
 o
f
 t
he

 l
a
n
d
s
c
a
p
e
,
 

is
 r
el

at
iv

el
y 
i
n
e
x
p
e
n
s
i
v
e
.
 I
t 
m
i
g
h
t
 b
e
 e
ff

ec
ti

ve
 i
n 
s
h
a
l
l
o
w
 

ba
si
ns
, 
w
h
i
c
h
 '
w
at

e
r
-u

p
'
 a
ft
er
 c
uL

li
ng

, 
a
n
d
 i
n 
w
e
t
 s
w
a
l
e
s
 

b
e
h
i
n
d
 b
e
a
c
h
 
ri
dg
es
 
in

 p
o
o
r
l
y
 d
r
a
i
n
e
d
 s
a
n
d
s
 
w
i
t
h
 
ir

on
 

pa
ns
. 
T
h
e
 m
a
i
n
 a
d
v
a
n
t
a
g
e
s
 o
f
 p
re

sc
ri

pt
io

n 
d
r
a
i
n
a
g
e
 a
re
 

th
at
 

it
 
p
r
o
v
i
d
e
s
 
fo

re
st

er
s 
a
n
d
 
o
t
h
e
r
 
us

er
s 

w
i
t
h
 
be

tt
er

 

a
c
c
e
s
s
 t
o 
th
e 
ar

ea
, 
i
m
p
r
o
v
e
s
 t
re

e 
p
r
o
d
u
c
t
i
v
i
t
y
,
 s
t
i
m
u
l
a
t
e
s
 

re
ge
ne
ra
ti
on
, 
a
n
d
 i
m
p
r
o
v
e
s
 t
he
 d
iv
er
si
ty
 a
n
d
 a
b
u
n
d
a
n
c
e
 

o
f
 s
ev
er
al
 k
i
n
d
s
 o
f
 w
il
dl
if
e.
 

12
. 
B
e
t
t
e
r
 t
e
c
h
n
i
c
a
l
 g
u
i
d
e
s
 t
o 
t
h
e
 i
ns
ta
ll
at
io
n 
o
f
 d
r
a
i
n
 

a
g
e
 
s
y
s
t
e
m
s
 
b
e
 
d
e
v
e
l
o
p
e
d
,
 
s
o
 
a
s
 
t
o 

m
i
n
i
m
i
z
e
 
t
h
e
i
r
 

a
d
v
e
r
s
e
 e
ff

ec
ts
. 

C
h
a
n
n
e
l
 
h
y
d
r
a
u
l
i
c
s
 
s
h
o
u
l
d
 
b
e
 
u
s
e
d
 
to

 
es
ta
bl
is
h 

s
l
o
p
e
 

cr
it

er
ia

 
th
at
 m
i
n
i
m
i
z
e
 e
r
o
s
i
o
n
 a
n
d
 d

it
ch
-f
il
li

ng
. 
G
u
i
d
e
s
 

to
 s
e
d
i
m
e
n
t
 p
o
o
!
 a
n
d
 p
o
n
d
 s
iz

es
, 
s
h
a
p
e
s
 a
n
d
 i
nl
ci
/o
ut
lc
t 

lo
ca
ti
on
s 
s
h
o
u
l
d
 b
e
 d
e
v
e
l
o
p
e
d
.
 O
p
p
o
r
t
u
n
i
t
i
e
s
 f
or
 c
o
o
r
d
i
 

n
a
t
e
d
 p
l
a
n
n
i
n
g
 o
f
 c
h
a
n
n
e
l
s
 a
n
d
 s
e
d
i
m
e
n
t
 p
o
n
d
s
 s
o
 a
s 
lo
 

e
n
h
a
n
c
e
 
w
a
t
e
r
f
o
w
l
 
a
n
d
 
a
q
u
a
t
i
c
 

ha
bi
ta
t 

s
h
o
u
l
d
 
b
e
 

e
x
p
l
o
r
e
d
.
 

13
. 
M
a
i
n
 e
ff
or
t 
b
e
 d
i
r
e
c
t
e
d
 t
o 
d
r
a
i
n
a
g
e
 a
n
d
 t
e
n
d
i
n
g
 o
f
 

w
e
t
l
a
n
d
s
 a
n
d
 p
e
a
t
l
a
n
d
s
 t
ha
t 
a
r
e
 a
l
r
e
a
d
y
 t
re
ed

, 
b
e
f
o
r
e
 

w
o
r
k
i
n
g
 o
n
 t
h
e
 o
p
e
n
 w
e
t
l
a
n
d
s
.
 

D
r
a
i
n
a
g
e
 o
f
 t
re

ed
 w
e
t
l
a
n
d
s
 i

s 
a 

re
la

ti
ve

ly
 
i
ne
x
p
e
n
s
i
v
e
 

m
e
t
h
o
d
 o
f
 i
n
c
r
e
a
s
i
n
g
 (
he
 a
re
a 
o
f
 p
r
o
d
u
c
t
i
v
e
 l
an
d
 b
e
c
a
u
s
e
 

th
e 
tr

ee
s 
ar
c 
a
l
r
e
a
d
y
 e
st

ab
li

sh
ed

 o
n
 t
he
 s
it
e.
 T
h
e
r
e
 i
s 
c
o
n
 

si
de
ra
bl
e 
r
o
o
m
 
fo
r 
i
m
p
r
o
v
e
m
e
n
t
 
of
 
tr

ee
 
g
r
o
w
t
h
 
a
n
d
 

fo
re
st
ry
 
o
n
 
si
te
s 

th
at

 a
re
 a
l
r
e
a
d
y
 
tr

ee
d,

 
in
 
v
i
e
w
 
o
f
 t
he

 

e
x
t
e
n
s
i
v
e
 f
or
es
tr
y 
pr

ac
ti

se
d 

in
 C
a
n
a
d
a
.
 S
p
a
c
i
n
g
 a
n
d
/
o
r
 

th
in
ni
ng
 s
y
s
t
e
m
s
 a
n
d
 e
q
u
i
p
m
e
n
t
 n
e
e
d
 t
o 
b
e
 d
e
v
e
l
o
p
e
d
,
 

a
n
d
 g
r
o
w
t
h
 s
tu
di
es
 n
e
e
d
 t

o 
b
e
 u
n
d
e
r
t
a
k
e
n
 t
o 
d
e
t
e
r
m
i
n
e
 

o
p
t
i
m
u
m
 
t
h
i
n
n
i
n
g
 s
tr

at
eg

ic
s.

 

14
. 
F
o
r
e
s
t
s
 o
n
 h
i
g
h
l
y
 p
r
o
d
u
c
t
i
v
e
 p
e
a
t
l
a
n
d
s
 a
n
d
 w
e
t
 m
i
n
 

er
al
 s
oi

ls
 b
e
 s
u
b
j
e
c
t
e
d
 t
o 
m
o
r
e
 e
c
o
l
o
g
i
c
a
l
 a
n
d
 s
il
vi
cu
l-

t
u
r
a
l
 r
e
s
e
a
r
c
h
.
 

H
i
g
h
l
y
 p
r
o
d
u
c
t
i
v
e
,
 n

ut
ri

en
t-

ri
ch

 s
it
es
 o
n
 w
h
i
c
h
 t
he
 p
e
a
t
 

la
ye
r 

is
 o
ft

en
 s
h
a
l
l
o
w
 o
ff

er
 a
 g
o
o
d
 o
p
p
o
r
t
u
n
i
t
y
 f
or

 i
nt

en
 

si
ve
 f
or

es
tr

y,
 b
e
c
a
u
s
e
 t
h
e
y
 a
re
 l
im
it
ed
 o
n
l
y
 b
y
 e
x
c
e
s
s
i
v
e
 

w
a
t
e
r
 i
n 
th
e 
m
o
l
i
n
g
 h
o
r
i
z
o
n
s
 a
n
d
 p
r
o
b
a
b
l
y
 a
r
e
 n
o
t
 s
uf

fe
r 

in
g 
n
u
t
r
i
e
n
t
 d
e
f
i
c
i
e
n
c
i
e
s
 o
r
 i
m
b
a
l
a
n
c
e
s
.
 T
h
e
y
 s
h
o
u
l
d
 b
e
 

th
e 

su
bj
ec
t 
o
f
 m
o
r
e
 e
x
p
e
r
i
m
e
n
t
s
 
in
 
d
r
a
i
n
a
g
e
,
 d
r
a
i
n
a
g
e
 

c
o
m
b
i
n
e
d
 
w
i
t
h
 m
o
u
n
d
i
n
g
,
 
a
n
d
 p
l
o
w
i
n
g
 s
o
 
th

at
 
w
e
 c
a
n
 

d
e
t
e
r
m
i
n
e
 h
o
w
 b
e
s
t
 t
o 
m
a
n
a
g
e
 t
h
e
m
 i
nt
en
si
ve
ly

. 

75
. 
G
r
o
w
t
h
 
a
n
d
 y
i
e
l
d
 
m
o
d
e
l
s
 f
o
r
 
t
h
e
 
i
m
p
o
r
t
a
n
t
 t

re
e 

s
p
e
c
i
e
s
 o
n
 v
a
r
i
o
u
s
 p
e
a
t
l
a
n
d
 s
it
e 
t
y
p
e
s
 i
n 
C
a
n
a
d
a
 b
e
 c
o
n
 

s
t
r
u
c
t
e
d
 o
n
 
t
h
e
 b
a
s
i
s
 o
f
 d
a
t
a
 a
v
a
i
l
a
b
l
e
 f
r
o
m
 d
r
a
i
n
a
g
e
 

ex
pe

ri
me

nt
s.

 C
os
t-
be
ne
fi
t 
re

la
ti

on
sh

ip
s 
a
n
d
 i
n
v
e
s
t
m
e
n
t
 

d
e
c
i
s
i
o
n
 m
o
d
e
l
s
 s
h
o
u
l
d
 b
e
 d
e
v
e
l
o
p
e
d
.
 

W
i
t
h
 
su

ch
 
m
o
d
e
l
s
 

it
 
is

 
po
ss
ib
le
 
to

 
as

si
st

 
th

e 
fo

re
st

 

m
a
n
a
g
e
r
 
in
 
m
a
k
i
n
g
 
i
n
v
e
s
t
m
e
n
t
 
d
e
c
i
s
i
o
n
s
 
c
o
n
c
e
r
n
i
n
g
 

dr
ai

na
ge

, 
si
te
 p
r
e
p
a
r
a
t
i
o
n
 
t
e
c
h
n
i
q
u
e
s
,
 
fe

rt
il

iz
at

io
n,

 a
n
d
 

th
in
ni
ng
 f
or
 v
a
r
i
o
u
s
 p
e
a
t
l
a
n
d
 a
n
d
 w
e
t
l
a
n
d
 s
it
e 
ty

pe
s,

 a
n
d
 

to
 c
o
m
p
a
r
e
 c
o
s
t
s
 w
i
t
h
 t
h
o
s
e
 f
or
 u
p
l
a
n
d
 s

it
es

. 
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A
 
p
o
l
i
c
y
 
o
f
 
p
e
a
t
l
a
n
d
 
f
o
r
e
s
t
 
m
a
n
a
g
e
m
e
n
t
 
b
e
 

d
e
v
e
l
o
p
e
d
 t
h
a
t
 i
s 
b
a
s
e
d
 o
n
 a
 s
o
u
n
d
,
 e
c
o
l
o
g
i
c
a
l
l
y
 b
a
s
e
d
 

p
h
i
l
o
s
o
p
h
y
.
 

A
 c
h
a
n
g
e
 i

n 
a
p
p
r
o
a
c
h
 
is

 r
a
p
i
d
l
y
 d
e
v
e
l
o
p
i
n
g
 i
n 
fo

re
st

ry
 

p
r
a
c
t
i
c
e
s
 i
n 
C
a
n
a
d
a
,
 f
r
o
m
 a
 p
r
i
m
a
r
y
 e
m
p
h
a
s
i
s
 o
n
 
w
o
o
d
 

ex
tr

ac
ti

on
 
lo

 
a
 
m
o
r
e
 
e
n
v
i
r
o
n
m
e
n
t
a
l
l
y
 
s
o
u
n
d
 
a
p
p
r
o
a
c
h
 

b
a
s
e
d
 
o
n
 
d
e
v
e
l
o
p
i
n
g
 
su
st
ai
na
bi
ii
ly
, 

a
n
d
 
t
a
k
i
n
g
 
in
to
 

a
c
c
o
u
n
t
 t
he
 d
es
ir
es
 o
f
 a
 w
i
d
e
 r
a
n
g
e
 o
f
 u
se

rs
. 
T
h
i
s
 n
e
w
 

a
p
p
r
o
a
c
h
 c
o
u
l
d
 i
n
v
o
l
v
e
 m
o
v
i
n
g
 l
o
w
a
r
d
 c
la
ss
if
ic
at
io
n 
o
f
 

fo
re

st
 l
a
n
d
s
 
in

to
 d
o
m
i
n
a
n
t
-
u
s
e
 a
n
d
 
m
u
l
l
i
p
l
c
-
u
s
c
 a

re
as

; 



2
2
7
 

m
a
n
a
g
e
m
e
n
t
 t
e
c
h
n
i
q
u
e
s
 
th

ai
 d
o
 
n
o
t
 d
e
g
r
a
d
e
 o
r
 r
e
d
u
c
e
 

th
e 
pr
od
uc
ti
ve
 c
ap

ac
it
y 
of

 t
he
 l
an
d;
 t
hi
nn
in
g 
a
n
d
 s
el

ec
 

ti
on

 h
ar

ve
st

in
g;

 p
r
o
m
p
t
 a
n
d
 a
c
c
e
p
t
a
b
l
e
 l
ev
el
s 
o
f
 r
e
g
e
n
e
r
 

at
io

n;
 p
r
o
m
o
l
i
o
n
 o
f 
m
i
x
e
d
 f
or

es
ts

 a
n
d
 m
o
s
a
i
c
s
 o
f 
fo

re
st

 

ty
pe
s 

of
 
di
ff
er
en

l 
d
e
v
e
l
o
p
m
e
n
t
 
st
ag
es
; 

p
r
o
m
o
t
i
o
n
 
of

 

ae
st

he
ti

ca
ll

y 
pl
ea
si
ng
 f

or
es
t 
la

nd
sc

ap
es

 t
ha

i 
al
so

 f
av
or
 

di
ve
rs
e 

wi
ld
li
fe
 
ha
bi
ta
ts
; 
a
n
d
 e
st

ab
li

sh
me

nt
 o
f
 s

pe
ci
al
 

ec
ol

og
ic

al
 a
n
d
 
g
e
n
e
 
p
o
o
l
 
re

se
rv

es
, 
o
l
d
-
g
r
o
w
t
h
 
fo

re
st

s,
 

a
n
d
 w
i
l
d
e
r
n
e
s
s
 a
r
e
a
s
.
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I
n
t
e
r
p
r
o
v
i
n
c
i
a
l
 a
n
d
 
i
n
t
e
r
n
a
t
i
o
n
a
l
 
c
o
o
p
e
r
a
t
i
o
n
 
b
e
 

e
n
c
o
u
r
a
g
e
d
 a
n
d
 p
r
o
m
o
t
e
d
.
 

C
o
o
r
d
i
n
a
t
e
d
 
pl

an
ni

ng
 
a
n
d
 
sl

ud
y 

m
u
s
t
 
b
e
 
p
r
o
m
o
t
e
d
 

a
m
o
n
g
 r
es
ea
rc
he
rs

 a
n
d
 l
an

d 
m
a
n
a
g
e
r
s
 t
o 
en

su
re

 r
at
io
na
l 

a
n
d
 e
ff
ec
ti
ve
 u
se

 o
f 
re

so
ur

ce
s 
a
n
d
 o
pp
or
tu
ni
ti
es

 i
n 

th
e 

d
e
v
e
l
o
p
m
e
n
t
 o
f
 p
c
a
t
l
a
n
d
 
fo
re
st
ry
. 
T
h
i
s
 c
a
n
 
b
e
 
a
c
c
o
m
 

pl
is
he
d 

b
y
 

1)
 
w
o
r
k
s
h
o
p
s
,
 
s
e
m
i
n
a
r
s
,
 
s
y
m
p
o
s
i
a
,
 
a
n
d
 

pa
rt
ic
ip
at
io
n 

in
 w
o
r
k
i
n
g
 g
r
o
u
p
s
 i
n 
p
c
a
l
l
a
n
d
 f
or
es
tr
y 
s
u
c
h
 

as
 
th
e 

In
te
rn
at
io
na
l 

Pe
at
 
So
ci
et
y 
C
o
m
m
i
s
s
i
o
n
 
HI
, 

th
e 

1
U
F
R
0
 
W
o
r
k
i
n
g
 
G
r
o
u
p
 
o
n
 
P
c
a
l
l
a
n
d
 
Fo

re
st

ry
, 
a
n
d
 
a
 

f
o
r
m
a
l
l
y
 r
e
c
o
g
n
i
z
e
d
 C
a
n
a
d
i
a
n
 W
o
r
k
i
n
g
 G
r
o
u
p
 o
n
 P
c
a
l
 

l
a
n
d
 
Fo
re
st
ry
; 

2)
 
d
e
v
e
l
o
p
m
e
n
t
 o
f
 s
h
a
r
e
d
 
d
a
t
a
 
se

ts
 
fo
r 

h
y
d
r
o
l
o
g
y
,
 
ir
ee
 
g
r
o
w
t
h
,
 
nu
tr
ie
nt
 c
on
te
nt
s,
 
a
n
d
 
v
e
g
e
t
a
 

ti
on

; 
a
n
d
 
3)
 
t
e
c
h
n
o
l
o
g
y
 
tr
an
sf
er
 
t
h
r
o
u
g
h
 
pa

pe
rs

 
a
n
d
 

re
po

rt
s,

 m
a
n
u
a
l
s
 a
n
d
 g
ui
de
li
ne
s,
 v
is

it
in

g 
sc

ie
nt

is
ts

, 
te
ch
 

ni
ca

l 
e
x
p
e
r
t
s
,
 a
n
d
 s
t
u
d
e
n
t
 e
x
c
h
a
n
g
e
s
.
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i
l
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d
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y
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