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Forestry Canada

Forestry Canada is the main focus for forestry mattersin the
federal government. It provides national leadership through
the development, coordination, and implementation of federal
policies and programs to enhance long-term economic,
social, and environmental benefits to Canadians from the
forest sector.

The Department is a decentralized organization with six
regional forestry centres, two national research institutes,
and seven regional sub-offices located across Canada. Head-
quarters is located in the national capital region, in Hull,
Quebec.

In support of its mandate, Forestry Canada carries out the
following activities:

e Administers forest development agreements
negotiated with the provinces

e Undertakes and supports research, development, and
technology transfer in forest management and
utilization.

e Compiles, analyzes, and disseminates information
about national and international forest resources and
related matters.

¢ Monitors disease and insect pests in Canada's forests.

e Provides information, analyses, and policy advice on
economics, industry, markets, and trade related
to the forest sector.

e Promotes employment, education, and training
opportunities in the forest sector.

e Promotes public awareness of all aspects of the
forest sector.

The Department interacts regularly with provincial and
territorial governments, industry, labor, universities, conser-
vationists, and the public, through such bodies as the
Canadian Council of Forest Ministers, the Forest Sector
Advisory Council, the Forestry Research Advisory Council of
Canada, the Canadian Forest Inventory Committee, the
Canadian Committee on Forest Fire Management, the
Canadian Interagency Forest Fire Centre, and regional con-
sultative committees. The Department is also active in inter-
national forestry agencies such as the International Union of
Forest Research Organizations and the Food and Agriculture
Organization, as well as in technical and trade missions.

Foréts Canada

Foréts Canada est l'organisme principal en matiére de
foresterie a I'intérieur du gouvernement fédéral. Chef de file
sur le plan national, il assure la préparation, la coordination et
la mise en oeuvre des politiques et programmes fédéraux
dans le but d’améliorer les avantages économiques, sociaux
et environnementaux a long terme offerts aux Canadians par
le secteur forestier.

Le ministére est une organisation décentralisee: six centres
de foresterie régionaux, deux instituts de recherche nationaux
ainsi qui sept sous-bureaux régionaux sont répartis dans tout
le Canada. Le siége social est établi dans la région de la
Capitale nationale, & Hull (Québec).

Pour remplir son mandat, Foréts Canada assume les taches
suivantes:

e il administre les accords de développement forestier
conclus avec les provinces

e ilentreprend et appuie larecherche, lamise au pointetle
transfert technologique dans le domaine de la gestion et
de I'utilisation des foréts

e il rassemble, analyse et diffuse de I'information sur les
ressources forestiéres nationales et internationales etles
domaines connexes

e j| fait des relevés des maladies et des insectes ravageurs
des foréts canadiennes

e il fournit de I'information, des analyses et des conseils
(quant aux politiques) concernant 'économie, I'industrie,
les marchés et le commerce reliés au secteur forestier

o il favorise les occasions d'emploi et de formation univer-
sitaire et technique dans le secteur forestier

e jlencourage les Canadiens a prendre conscience de tous
les aspects du secteur forestier.

Le ministére entretient des rapports sur une base reguliére
avec les gouvernements provinciaux et territoriaux, I'industrie,
le monde du travail, les universités, les environnementalistes
et le public par I'entremise d'organismes comme le Conseil
canadien des ministres des Foréts, le Conseil consultatif du
secteur forestier, le Conseil consultatif de la recherche
forestiére du Canada, le Comité de I'inventaire des foréts du
Canada, le Comité canadien de la gestion des incendies de
forét, le Centre interservices des feux de forét du Canada et
des comités consultatifs régionaux. Le ministére joue
également un réle actif dans des organismes internationaux
de foresterie comme I'Union internationale des organisations
de recherche forestiére et I'Organisation pour I'alimentation
et I'agriculture, de méme qu'au sein de délegations de nature
technique ou commerciale.
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ABSTRACT

intensive (whole-tree) harvesting of natural
forest stands is widespread in the Maritime prov-
inces. In some cases, the goal of whole-tree har-
vesting is to increase usable biomass, but often
foliage and branch components are discarded at the
tanding site. This report examines the possible
effects of whole-tree harvesting on long-term site
productivity, particularly on soil fertility. Such
effects might include large losses of nutrients in
harvested components, long-term decrease in soil
organic matter, loss of soil nutrients, including base
cations, and the potential for increased soil
acidification.

The first part of this report evaluates published
data collected from different parts of the world
concerning potential decline in soil fertility resulting
from the loss of organic matter and base cations
caused by different harvesting methods. Biomass
and the amount of base cations that would be
removed both by conventional and whole-tree har-
vesting are calculated. Some published data from
different stands in New Brunswick and Nova Scotia
were used in the second part of this report to
examine the effect of species and site quality on
base cation losses and the potential increase in saoil
acidification which would result from whole-tree
harvesting. Practising whole-tree harvesting would
result in an additional gain in biomass of 55-103%
and 29-74% for site classes and species com-
parisons, respectively. The corresponding increase
in base cation losses would vary from 209-283% and
82-283% for site classes and species comparisons,
The consequences of high base cation losses,
especially from the infertile acid soils of this region,
on long-term site productivity are discussed. The
role of foliage and branch components in nutrient
cycling processes in natural forest stands is
stressed. It is concluded that the effects of whole-
tree harvesting on site productivity will vary with
species and site guality, but that long-term site
studies, including nutrient cycling studies, wili be
needed to guantify such effects,

RESUME

La récolte intensive (par arbres entiers) des
peuplements forestiers naturels est trés repandue
dans les provinces Maritimes. Dans certains cas, on
y a recours pour augmenter la biomasse utilisable,
mais souvent le feuillage et les branches sont jetés
au premier dépdt transitoire. L'auteur examine ies
effets possibles de cette méthode de récolte sur la
productivité & long terme des sites, notamment sur
la fertilité du sol. Les effets possibles comprennent
une perte importante de substances nutritives par
les composantes récoltées des arbres, une
diminution & long terme des matiéres organiques du
sol, une perté de substances nutritives du sol, y
compris des cations de base, et la possibilité d’'une
acidification accrue du sol.

La premiére partie du rapport est consacree &
I'évaluation des données publiées dans différentes
parties du monde sur la réduction potentielle de la
fertilité des sols a cause de la perte de matieres
organiques et de cations de base résultant de
différentes méthodes de récolte. La biomasse &t la
quantité de cations de base prélevées par lamethode
classique et la méthode par arbres entiers de récolte
sont calculées. Dans la deuxieme partie du rapport
I'auteur examine, & partir de données publiées pour
différents peuplements du Nouveau-Brunswick et
de la Nouvelle-Ecosse, I'influence de I'essence et de
la qualité de la station sur les pertes de cations de
base et 'augmentation potentielle de I'acidité dusol
attri buables a [a méthode par arbres entiers. }i est
estimé que I'augmentation asseciée & cette méthade
serait pour la biomasse de 55 4102% et de 29 4 74%
pour les classements de stations et les comparaisons
d’essences. L'augmentation correspondante des
pertes de cations de base serait de 209~-283% pour
les classements de stations et de 82-283% pour les
comparaisons d’essences. Les conséguences des
pertes élevées de cations de base, particulierement
quand subies par les sols acidigues et infertiles de
cette région, et leur effet sur la productivité a long
terme des sites, sont discutés. Le rdle du feuillage et
des branches dans les processus du cycle des
éléments nutritifs dans les peuplements naturels est
souligné. Il est conclu que les effets de la récolte par
arbres entiers sur la productivité des sites varient
sefon les essences ef la qualité du site, mais que des
études a long terme sur les sites, y inclues les études
sur le cycle des éléments nutritifs, seront neces-
saires pour déterminer des telles effets.



ENFOR

ENFOR (Energy from the Forest) is a contract research and development (R&D)
program managed by Forestry Canada, Government of Canada. It is aimed at
generating sufficient knowledge and technology to realize a marked increase in the
contribution of forest biomass to Canada's energy supply. The program was initiated
in 1978 as part of a federal interdepartmental initiative to develop renewable energy
sources.

The ENFOR program deals with biomass supply matters such as inventory,
growth, harvesting, processing, transportation, environmental impacts, and socio-
economic impacts and constraints. A technical committee oversees the program,
developing priorities, assessing proposals, and making recommendations. Approved
projects are generally carried out under contract.

General information on the operation of the ENFOR program, including the
preparation and submission of R&D proposals, is available upon request from:

The ENFOR Secretariat

Forestry Canada

Government of Canada

19th Floor, Place Vincent Massey
351 St. Joseph Blvd.

Hull, Quebec

K1A 1G5

This report is based on ENFOR Project P-337 which was carried out under
contract by S.M. Maliondo of Fredericton {DSS File No. 1558C 01K26-7-0028).
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INTRODUCTION

Canada and many other countries have been
axamining the possibility of using forest biomass to
supplemernit fossil fuel in meeting the nation’s energy
requirements. The ENergy from FORest (ENFOR)
program was initiated to conduct research and
develop techniques aimed at increasing the contri-
bution of forest biomass in the effort to supplement
nonrenewable energy resources.

One way of increasing forest yields is to adopt
silvicultural techniques aimed at reducing growth
constraints of an environmental (nutrients, moisture,
light, temperature, air) and biological (competition)
nature. However, in areas where old stands pre-
dominata, it may not be economically feasible to
apply intensive silvicultural techniques on a scale
that would substantially boost yields. This seems
particularly relevant in the Maritime Provinces of
Canada, where a large proportion of existing old
forests comprise poor stands which were naturally
regenerated. Under such conditions, it might be
more worthwhile to increase the amount of crop
recovered through intensive harvesting. The main
objective of whole-tree harvesting is to increase
yield from forest stands by increasing recovery of
most of the above-ground tree components. in this
report, intensive harvesting and whole-tree har-
vesting will be used interchangeably.

Two approaches to intensive harvesting are
popular in North America. In the first approach, all
above-ground biomass of woody piants of a given
range of diameter at breast height (dbh) is harvested
from the logging area and transported to the mill for
further processing. This may include processing for
biomass energy production (Mornbeck and Kropelin
1982).

{n the second approach, all above-ground por-
tions are harvested and then transported to alanding
where stems are delimbed and those having more
than a prescribed minimum top-diameter are either
processed directly, or transported for further pro-
cessing at the mill. The unused crown componeants
are discarded at the landing as residue {Smith
1985). In both cases, the net result is more biomass
removal from the logging area than would have
been the case in conventional harvesting, where
only the merchantable bole would be removed.

Although intensive harvesting provides addi-
tional biomass that would not be réccvered in
conventional harvesting, concerns have been
expressed that this practice might result in site
degradation (Weetman and Webber 1972; Wells and
Jorgensen 1978). Three areas of potential declinein
site productivity resulting from intensive harvesting
include decreases in soil organic matter (Anderson
1986: Edwards and Ross-Todd 1983), increased
removal of base cations and other nutrients in
harvested crown components (Boyle et al. 1973},
and soil acidification {Ulrich 1983). Other potential
detrimental effects of whole-tree harvesting include:
increased nutrient leaching, soil compaction by
logging machinery, exposure of mineral soil and
erosion (Martin 1986), and a shift in decomposer
microbial populations (Entry et al. 1986).

This report has two objectives. The first is to
review published information on possible effects of
intensive harvesting, with regard to decline in soil
fertility as a result of 1oss of organic matter and base
cations and, also, with regard to possible acidifi-
cation effects. The second objective is to use data
from the Maritimes Region to examine base cation
losses and potential acidification of soils caused by
intensive harvesting of natural stands.

EFFECTS OF INTENSIVE HARVESTING ON SOIL
FERTILITY

Loss of organic matier

The consequences on soil fertility of the loss of
organic matter resulting from whole-tree harvesting
must be viewed within the context of stand devel-
opment. In temperate and northern forests, the
process of forest floor development with increasing
stand age is fairly well known (Switzer et al. 1966;
Miller 1981}, Briefly, forest floor accumulation
increases rapidly in young stands within the period
beiween canopy closure and maximum foliage
accumulation and then slows down to an “apparent”
steady state. At this steady state, the rate at which
the forest ficor passes into different cohorts, i.e., L,
F, and H soil arganic matier, is fairly constant for
each step. Thus, the rate of litter input is assumed to
balance the rate of forest floor decomposition,
which in turn is assumed to be in balance with the
rate of soil organic matter build-up. Any major
disruption of the stand canopy, such as thinning or
clear-cuttirig, disturbs this balance.



Changes in the forest floor and soil organic
matter resulting from stand harvesting are mainly
the result of increased solar radiation and moisture
reaching the forest floor after canopy removal,
which has the effect of accelerafing the decompo-
sition processes. In conventional harvesting, the
crown components left on the logging site actas a
mulch protecting the forest floor and socil organic
matter from the drastic impact of canopy opening.
Incontrast, onintensively harvested sites, the crown
components are removed, exposing the forest floor
to increased water and heat input. The net effectisa
higher decompaosition rate of the forest floor and
soll organic matter. The magnitude of this increase
also depends on other factors such as litter quality,
including nutrient and lignin content, pH, and the
predominant decomposers.

Aside from increasing the rate of forest floor
breakdown, the high biomass removal as a result of
intensive harvesting also affects the organic matter
status of the site by reducing the amount of logging
slash added to the forest floor. Johnson et al. (1985)
reported that 28 months after whole-tree harvesting,
the hardwood forest fioor amounted to 15.4 T/ha in
an adjacent uncut forest site, compared to 10.4 T/ha
in the clear-cut area. In Scotland, Anderson (1986)
observed that, within 18 months, 15 cm of forest
floor was lost under an intensively harvested plot.
This was twice the amount of forest floor lost under
a conventionally harvested plot.

Theincreased forest floor decomposition under
intensively harvested stands will, in the long run,
reduce the amount of soil organic matter build-up
since soil organic matter decompaosition will also be
increased. Because organic matter, in turn, influ-
ences water and cation retention properties for a
given area, both of which are impaortant attributes of
site productivity, the reduction of soil organic matter
may lead o lower forest site productivity®.

On the other hand, in certain stands, accumu-
lation of thick forest floor has been associated with
low site productivity, mainly due to slow nutrient
mineralization {Chapin et al. 1986; Van Cleve and
Harrison 1885). This is caused by the slow break-

iSite produciivity is defined as the capacity of the
land to produce primary biological products
expressed as dry weight or carbon per hectare per
year (Buringh 1987). In foresiry, it is expressed as
site-guality, often measured as site index.

down of the recalcitrant forest floor resulting from
poor litter quality, poor drainage, or both. If logging
slash is left on the logging area, as is the case in
conventional harvesting, decomposition of the
remaining forest floor may be accelerated. This
acceleration takes place partly because fresh log-
ging residue is rich in readily available carbon and
nutrients needed by microarganisms to decoempose
the litter, By removing the logging residue during
intensive harvesting, the period before the litter
starts to breakdown may be prolonged and this may
affect the rate at which the area is revegetated.
Thus, in each of the above cases, the advantages to
long-term site productivity of leaving the crown
components on the logging area, as is done in
conventional harvesting, are apparent.

Increased losses of base cations

Concurrent with organic matter changes, inten-
sive harvesting removes more base cations from the
logging site than does conventional harvesting. The
crown components left on the site in conventional
harvesting, upon decomposition, add bases to the
site capital, thereby maintaining site productivity. In
contrast, intensive harvesting deprives the site of
this potential source of base cations. The magnitude
of increased removal of base cations depends on
stand age, species composition, and site quality as
reflected by soil fertility status.

The age at which astand is harvested affects the
amount of base cations remaoved in two ways. First,
young stands, in comparison to clder stands, con-
tain higher concentrations of base cations. Thus,
with any given harvesting practice, more base
cations relative to biomass will be removed from
young stands than old. Second, since the crown
portion in young stands comprises a larger portion
of the stand biomass and base cations than in old
ones, intensive harvesting will remove proportionally
more base cations from young stands. Thus, for
comparable sites, an adverse impact on site pro-
ductivity, due o increased base losses resulting
from intensive harvesting, may be expected to be
more serious in young stands.

Ditferences between species with respect to
nutrient accumulation are well known in forestfy
{Morrison 1974). In general, hardwood species have
higher nutrient concentrations in their tissues
{especially in the foliage) than do conifers and, thus,
for elements like K, Ca, and Mg, higher losses from



intensive harvesting should be expected from hard-
woods than from softwoods if logging is done in
summer. Exceptions to this generalization do, how-
ever, exist. For example, Perala and Alban (1982)
reported above-ground Ca contents in white spruce
fo be much higher than in adjacent hardwood
stands and almost as high as in aspen.

The effects of site quality (productivity) on
increased losses due fo intensive harvesting are
more difficuft to generalize. In simple terms, mature
stands with closed canopiés are presumed to meet
most of their nutrient requirements from the forest
floor and internal recycling (Miller 1881}, Immedi-
ately after clear-cutting and before stand canopy
closure, the main source of nutrients is the mineral
soil and the residual forest floor from previous
stands. On good sites with fertile soils, the removal
of base cations with the crown components may not
adversely affect potential site productivity in the
short run. However, on poor sites, where the cfown
components may represent a large proportion of the
total site nutrient capital, intensive harvesting may
be more detrimental to long-term site productivity.

Otherlosses which are increased after intensive
harvesting include base cations transported in run-
off. Although erosion may also increase aftér con-
ventional harvesting, the large amount of logging
slash left behind reduces such losses. Intensive
harvesting, by removing a iarge amount of logging
slash, exposes. the soil to higher losses of cations
both in solution and in sediments from increased
surface run-off. However, the extent of base cation
losses from erosion depends on several factors
including slope, topography, soil texture, and soil
organic matter.

Potential acidification

it is essential to realize that internal soil acidifi-
cation ocecurs in foresi stands (Nilsson et af. 1982;
Ulrich 1983; Krug and Frink 1983) in addition to that
resulting from external causes such as atmospheric
input. In closed forest stands, atmospheric acid
inputis partly neutralized by the stand canopy. Both
conventional and intensive harvesting result in the
opening of the canopy, allowing more acid to reach
the forest floor. However, the base-rich crown
components left on the site in conventional har-
vesting help to buffer the soil from the effects of
atmospheric acid input. Intensively harvested sites
lack this protection and may accordingly be more
acidified. Also, the base-rich crown components left

on the site during conventional harvesting add more
base cations to soil capital upon decomposition.
This source of base cations is reduced in intensively
harvested areas. Both the reduced buffering against
atmospheric acid inputs and base depletion as a
result of the removal of crown components in
intensive harvesting may lead to lower future site

productivity.

The increased decompaosition of the forest floor
and soil organic matter due to intensive harvesting
ieads to increased production of acids: In particular,
organic matter decompaosition is followed by micro-
bial oxidation of S and N compounds producing
organic and inorganic acids. Soil acidification is
also increased through the leaching of cations in
association with NO3 and S04 anions. Increased
microbial activity by itself can cause increased
acidity by the production of organic acids. High
acidity will alsoincrease the amount of labile Al and
H in the plant root zone (Ulrich 1983; Fuller ef al.
1987).

Acidification arising from stand growth (Nilsson
et al. 1982) and atmospheric inputs is likely fo be
higher under conifers than under broadleaved spe-
cies. Thus, evaluation of additional acidification
resulting from intensive harvesting of mature stands
should incorporate the differential species influ-
ences.

Increased acidity from intensive harvesting has
several implications for soil fertility and, hence, for
long-term site productive capacity. These impli-
cations include increased displacement of cations
suchas Ca, Mg, K, and NH4 from the exchange sites
by Hand Al cations (Nykvist and Rosen 1985). Such
displaced cations will then be susceptible to leaching
by percolating water. In the context of intensive
harvesting, Nykvist and Rosen (1985) showed that
soil base saturation was reduced by 80% on sites
where slash was removed compared to those where
it was left. Also, to ensure the charge neutrality
requirement, the increased cations in the soil solu-
tion must be balanced by complementary anions
such as sulfate, nitrate, bicarbonate, and organic
anions. Thus, both cations and anions are increased
inthe soilsolution and are more labile. The increased
lability and the reduced amount of growing vege-
tation that would otherwise intercept the flux means
that, unless the mineral soils in question have a high
capacity to retain this influx {Snyder and Harter
1985), these nutrients will be lost through leaching.
Increased leaching of labile and mobile nutrients



such as nitrate-N and Ca beyond the rooting zone
have been reported by Bormann et al. (1868) and
Silkworth and Grigal (1982). Morecver, the increased
activities of Al and H ions in the rooting zone, in
addition to the low base status, may affect the
regeneration and survival of some commercially
important tree species (Ulrich 1983).

Methods of evalualing nutrient losses due to
biomass harvesting

The subject of nufrient losses due to different
harvesting methods in Canada has been addressed
by many research workers {Weetman and Webber
1972; Kimmins 1977; Freedman, 1981). Recently,
Kimmins ef al. (1985) compiled an exhaustive bib-
liography of papers on this subject and otherrelated
topics. The generalconciusions drawnfrom most of
the cited papers are that sites differ in their sus-
ceptibility to nutrient depletion, that absolute impact
can be assessed only through long-term studies,
and that potential impact is site-specific as dictated
by the variety of vegetation, soils, and ciimate
considered (Silkworth and Grigal 1982).

In evaluating the impact of different harvesting
methods on nutrient losses, three basic approaches
as discussed by Smith et al. (1986) are used. The
first involves static comparisons of site nutrient
capital with nutrients removed through different
harvesting regimes. The amount of nutrients con-
tained in the vegetation and the amount thatmay be
lost in a given harvesting scheme are calculated and
compared with those in the forest floor and mineral
soil. Estimates of the amount of nutrients held in the
vegetation are obtained as a product of the biomass
of components and their respective element con-
centrations. Tree biomass is often estimated using
component biomass equations (Ker and van Raalte
19871; Ker 1984). The quantity of elements either as
total or ‘available' (extractabie or exchangeable)
may be used in estimating the forest floor and
mineral soil nutrient capital (Boyle ef al 1973;
Weetman and Webber 1972; Boyle 1978).

The second approach adds to the first one by
coupling input-output estimates with the static
pools. Elementinputs include those in precipitation
water collected both in the open and within the
stand. The latter includes throughfall, stemflow, and
canopy leaching. Further refinements include par-
titioning into dry and wet deposition, solution and
solid inputs {Mahendrappa and Ogden 1973;
Mahendrappa 1974). Other inputs include litterfall

and fertilizer inputs. Nutrient inputs through lateral
water flow from highersiopes, which may be impor-
tantin certain situations, are not usually considersd.
However, in the long run the most important input
for most nutrients apart from N is from rock and soil
mineral weathering, releasing soluble nutrients into
the soil. Input of N through biological fixation, both
symbiotic and non-symbiotic, may also beimportant.

The extent to which minerals in the geologic
substrate are weathered and release nutrients to
counteract losses caused by harvesting, or acid
deposition, is not knawn for many sites in North
Amaerica (Johnson et al. 1988). Efforts to acguire or
estimate weathering input data are thus warranied.
Since the chemical compaosition of minerals in the
parent material and in the mineral soil largely affects
the extent to which weathering can supply base
cations to replace losses (Li ef al. 1988), thereis a
need to characterize the mineral composition of the
geologicsubstrate for different sites. Itis known, for
example, that for primary rock minerals, the ease of
weathering follows this order: Qlvines > pyroxenes
>amphiboles > bictites » K-feldspars > Muscovite >
Quartz; and Ca - plagioclase > Na - plagioclase >
K-feldspar. For secondary formed minerals, clay
minerals (chlorites, vermiculites, vermiculite-chlor-
ites, smectites and kaolinites) are richer in base
cations than sesguoxides (Al and Fe oxides), zircon,
garnet, tourmaline, iimenite, and quartz. The mineral
composition data of the geologic materials of each
site can then be combined with hydrological data
and chemical speciation models (Li et af. 1888) to
estimate the extent of weathering inputs. Other
factors affecting the rate of nuirient release by
weathering include: temperature, leaching and inter-
nal soil drainage, soil pH, redox potential, biotic
effects, particle size and specific surface effects,
and influences of chemical kinetics, topography,
and anthropogenic effects (NCAS| 1988).

With respect to nutrient output, leaching and
erosion losses (both in water and wind) are also
considered important. The most important loss,
however, appears to be through harvesting. In most
stands, leaching losses may bereplaced by nutrients
from the atmospheric inputs and rock weathering,
but this may no longer be the case following whole-~
tree harvesting (Hornbeck and Kropelin 1982; Mann
etal. 1988). Forexample, Mann et al. (1988) reporied
that in some spruce-fir stands of Maine, hydrologic
losses of Ca and K exceeded gain. Both stem-only
harvesting and whole-tree harvesting increased
hydrologic losses of N, P, Kand Ca immediately and



up to three years after harvesting. Base cation
losses by leaching exceeded whole-tree harvesting
exports (Johnson et al. 1988).

The third approach uses information synthe-
sized from the two approaches mentioned above to
develop simulation models (Aber et al. 1982;
Kimmins and Scouller 1879, 1986) which facilitate
examination of different scenarios, including various
harvesting levels, to predict possibie changes in site
productivity. This approach is being continually
refined as more empirical data becomes available.
For example, FORCYTE-11 (Kimmins and Scouller
1886) may include several species and up to five
nutrient elements per run,

The above schemes do not expliclily address
the total effect of intensive harvesting on base
losses - the kind of information needed to evaluate
potential acidification effects. Ulrich (1983}, Nilsson
etal. (1982), and Richter (1986) attempted to quantify
this effect by calculating cation balance obtained by
subtracting total anicns from total cations in tree
components. A further modification was suggested
by Mahendrappa (1986b), who pointed out that
since N in most forest ecosystem cycies occurs
mostly as NH4+, it has to-be.included in calculations
involving base removals due to harvesting.

Examples from literature on base cation losses due
o intensive harvesting

Literature on nutrient cycling studies in forestry
{Cole and Rapp 1981) is replete with information
that can be used to compile the amounts of base
cations that may belost through different harvesting
intensities. Table 1 was compiled from such data
and contains a summary of information on gainsin
biomass and losses of base cations resulting from
adopting intensive rather than conventional har-
vesting techniques. The calculated base conients
inciude NH4+ (Mahendrappa 1986b). The amounts
of base cations that may be removed in conventional
{CH) orintensive {WH) harvesting were determined,
and the difference expressed as the percentage of
bases removed in conventional harvesting, i.e.,

% Increase in bases [or biomass] = (fWH -CHJ/CH)* 100 . ... {})

The percentage increase in base cations re-
moved can be considered an index of the effect in
terms of base cation losses involved in adopting
intensive rather than conventional harvesting
technigues.

As expected, species exhibit farge differences
with respect to base cation losses as a resuit of
intensive harvesting. There is a clear distinction
between hardwoods, which have a lower range {(19-
217%), and conifers, which have a higher range
(57-585%).

The data given in Table 1 are not sufficient to
show clear trends concerning the effect of site
quality on base cation losses from intensive har-
vesting. However, using the study of Fornes et al.
(1970) involving stands either treated or untreated
with K, a rough indication is possible. itis assumed
in that case that the addition of K increased the site
quality. The results are different and opposite for
thie two species considered. The percentage loss is
tower and slightly decreased by K addition in the
Pinus resinosa Ait. stand (155-148%) compared with
406-585% in Picea abigs (L) Karst. Although this
comparison is restricted to two species only, it
indicates a possible interaction between site quality
and species. Data from a wider range of site classes
and more species (>2) are needed to explore this
trend further.

Since increased removal of base cations due to
intensive harvesting is related to increased acidifi-
caticn, theabove data can also be viewed as a cride
measure of this potential. However, there is a need
for a better index of potential acidification resulting
from intensive harvesting. The index shouid combine
the increased amount of base losses in harvested
trees and some other attributes of the site that are
related to site acidification. A proposed index is
discussed in the next section and illustrated with
data from the Maritimes Region.

THE SITUATION IN THE MARITIMES REGION

Whaotle-tree logging is praclised on large tracts
of forest land in the Maritime Provinces.Interest in
intensive harvesting of natural stands in this region
arises from the increased demand for energy and
fiber requirements from trees, and alsc from the
©ost savings attributable to increased mechanization
of harvesting operations. Moreover, the poor quality
of residual stands, caused by high-grading practised
in the past and salvage removal of budworm-aftected
stands, means that logging costs can be rationalized
by more intensive harvesting.
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Although whole-tree logging is widespread, the
consequences of this practice on sustained pro-
ductivity of forest iands are less well known. For
example, litile quantitative information on the effect
of intensive harvesting on nuirientiossesis available
for the Maritime Provinces. Past research has been
directed at developing biomass equations for the
major farest species of the Region (Ker 1980a, b,
1984, Ker and van Raalte, 1981) to be used in
biomass inventory work, This is an important exer-
cise as it précedes and may actually simplify the
nutrient inventory, especially regarding the tree
components. However, there is lack of reliable
nutrient concentration data to estimate nutrient
contents of different stands. Such data is needed to
estimate the nutrient cost incurred by adopting
different harvesting techniques.

Earlier local studies, modelled accarding to the
Hubbard Brook watershed study (Bormann et al.
1969), mainly considered the effect of conventional
clear-cutting on stream water chemistry. The
Nashwaak Watershed clear-cut experimentinciuded
nutrient cycling studies, a summary of which was
given by Krause (1982).

A study specifically designed to collect data for
evaluating the effects of different harvesting tech-
niques on forest nutrient budgets in Nova Scotlia
was started in 1978. Based on information gathered
from literature {Freedman 1981} and data from field
wark, Freedman et al. {1984} assessed the potential
impact of whole-tree harvesting versus conventional
harvesting on nutrient losses. Both the static and
input-output approaches were used. The main con-
clusion was that most sites examined in that study
were capable of sustaining several > 50-yr whole-
tree harvesting rotations without significant logses
in site productivity due to nutrient losses, apart from
Ca losses which were deemed serious. Even though
N, and to a lesser extent P, are known to limit forest
productivity in the unmanaged stands of this region
(Mahendrappa and Qgden 1973; Krause ef al. 1978,
1982), the study concluded that, even with whole-
tree harvesting, loss of these two elements would
not seriously atfect long-term site productivity. To
resolve this apparent contradiction, further studies
are warranted. Also, because the impact of har-
vesting on site productivity is usualtly site-specific,
studies involving a broader range of sites differing in
guality and species composition are needed.

In the last 13 years, considerable biomass and
nutrient data have been gathered by Forestry
Canada - Maritimes as part of a broad range of

11

nutrient cycling studies (Maclean and Wein 1978;
Mahendrappa and Kingston 1880; Mahendrappa
and Salonius 1982). This information is being pro-
cessed with the aim of assessing the impact on site
productivity and increased potential acidification of
sites due to air poliution and management practices
(Mahendrappa and Kingston 1982).

In view of coricern that intensive harvesting,
especially en poorly buffered soils, may lead to
potential acidification, there is a need to summarize
available information within this framework. The
summarized information can then be interpreted
accordingly to guide management decision-making
processes,

Scope of study

The danger of potential acidification of sites as
a result of intensive harvesting is iliustrated using
two studies. The first study took place in New
Brunswick and the other in central Nova Scotia:
Both involved natural stands and are part of the
ENFOR (ENergy from FORest) program aimed at
assessing the impact of intensive harvesting on site
productivity in the Maritimes. The effects of site
guality and species on potential acidification of
sites due to intensive harvesting will be examined.

MATERIAL AND METHODS

The data set from New Brunswick is part of a
larger study involving a province-wide inventory of
25 forest stands of eight commercially important
tree species, each species growing on three different
site classes (Fig. 1). In this study, seven stands were
used (Table 2), including three black spruce stands
growing on good, medium, and poor site quality
classes. The site classes were based on site index at
age 50. These are used to assess the site quality
effect on potential acidification. At the time of
writing, a complete data set for the remaining four
species was available only for the good sites.
Together with data from the black spruce stand
growing on the good site, this data set is used to
assess the effect of species on potential acidification.

Data from Nova Scotia is taken from Freedman
etal (1984) and the characteristics of the stands are
given in Table 3. Site classes were based on CLI
system. In that system, SC 3, 4, 5, and 6 correspond
to 8.1, 6.4, 4.5, and 2.4 m3/ha/y, respectively. This
data set is used to broaden interpretation of the
species effect on potential acidification.
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Table 2. Selected stand characteristics for the New Brunswick study.

Volume Biomass
Basal Area m3/ha Total  Majorspecies

Species Site Class  m2/ha Total Merch. T/ha %
Picea mariana Good 35 215 178 146 81
Picea mariana Medium 40 204 126 154 99
Picea mariana Poor 14 47 18 41 a8
Pinus banksiana Good 39 294 250 175 87
Abies balsamea Good 38 258 227 152 76
Popuius Good 48 398 357 230 94
tremuloides

Betula Good 23 133 85 107 70

papyrifera




Table 3. Selected stand characteristics for Nova Scotia stands.
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Basal Area

Density Major species
Species Age Site class stems/ha m</ha %
Picea rubens- Mature 5 2903 27 1 494
Abies balsamea
Picea rubens - Pole 5 2560 37.6 86.4
Abies baisamea
Picea rubens - Pole 5 2214 26.3 63.5
Abies balsamea
Picea rubens - Mature 4 1840 42.8 67.5
Abies balsamea
Picea abies - Pole 5 3900 36.3 53.4
Abies balsamea
Picea mariana Pole 5 1710 284 827
Picea glauca Mature 3 1535 34.8 67.5
Picea rubens - Mature 5 1865 454 81.1
Abies balsamea
A, saccharum Pole 5 5180 27.4 89.9
Betula papyrifera - Pole 6 3770 23.2 62.1
A. saccharum
Populus grandidentata - Mature 6 3810 1841 59.7
P. tremuloides
P. grandidentata - Mature 4 3655 59.7 23.8
P. tremuloides
Acer saccharum - Mature 4 2135 32.4 M4
B. papyrifera
A, saccharum - Mature 3 3645 30.8 33.8
Fagus grandifolia
A. saccharum - Pole 3 2940 31.8 45.3
A. rubrum
A. saccharum - Mature 4 2645 329 116
A. rubrum -
B. tutea
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Fig. 1. Sampling Locations - New Brunswick.

In both studies, biomass and nutrient data were
used to calculate the additional amounis of base
cations (K, Ca, Mg, and NH,) that can be removed
through intensive harvesting compared with con-
ventional harvesting. The amounts of bases expres-
sed as equivalents were taken as indices of the
potential to neutralize acidity generated on site or
added from external sources (e.g., acid rainand dry
deposition). The method of calculation is the same
as that used for Table 1.

Since information on forest floor base contents
was available for all the stands, the additional bases
removed through whole-tree harvesting were com-
pared with the amounts contained in the forest floor
(FF). This was used as another index of potential
acidification (P.A.}. The ratioc was calculated as
follows:

P.A. = EF(B) / [WH(B)- CH(B)} .coocevo.... (2)

where, FF(B), WH{B) and CH(B)} are amounts of
bases in the forest floor, in harvestabie whole tree,
and conventionally harvestable portions, respec-
tively. The magnitude of this ratio was assumed to
indicate the extent of potential acidification resulting
from intensive harvesting (Mahendrappa 1986a).
This ratio is considered a more suitable index than
that based only on the'removal of bases alone, since
it incorporates the amounts of base cations held in
the forest floor which are considered important in
buffering against acidification.

RESULTS
Effect of site class on stand organic matter

Stand organic matter in the context of this
report includes only above-ground tree biomass
and the forest floor and thus excludes the stump,
roots, and organic matter in the mineral soil horizons.

The distribution of stand.organic matterin three
black spruce stands growing on different site classes
in New Brunswick varied with site quality (Fig. 2). As

1607
Y FF({0D)
BIOMASS CH
BIOMASS WH
1201

TONS/ ha

MEDIUM

Fig. 2. Effect of site quality on FF and above-ground

biomass distribution.



expected, above-ground biomass increased with
site quality, but the proportional gain in biomass
from intensive harvesting decreased with increasing
site quality (Table 4).

The weight of the forest floor relative to above-
ground tree biomass differed with site quality. On
the medium site, organic matter was equally distri-
buted between the forest floor and above-ground
tree portions. The above-ground biomass was twice
the weight of the forest floor on the good site, buton
the poor site the forest floor weighed three times as
much as the above-ground biomass. This is partly a
result of poor litter decomposition on the poor site.

Effect of species on stand organic matter

Examination of the New Brunswick data shows
that mature stands growing on good sites exhibited
large species differences in terms of above-ground
biomass (Table 4). Aspen had the highestamount of
biomass and white birch the lowest. For all forest
stands, the forest floor weighed less than above-
ground biomass.

The proportional increase in biomass that could
be removed via whole-iree harvesting was highest
for white birch and lowest for jack pine (Table 4). It
is interesting to note that, except for jack pine and,
o a lesser extent, white birch, the absolute gains in
biomass resulting from whole-tree harvesting were
very similar for all other species.

Forthe Nova Scotia study, species comparisons
were restricted first to the pole-size stands on site
class 5 and second to the mature stands on site class
4. From the first comparison, species differences
were marginal both in terms of above-ground bio-
mass, forest floor weights, and gains in biomass due
to intensive harvesting. In the second comparison,
above-ground biomass and forest floor weights
differed between species, butthere were no-species
differences in terms of biomass increase caused by
intensive harvesting.

The two studies thus indicate that the above-
ground biomass was, in most cases, three times
higher than the forest floor and that the gaiin in
biomass from intensive harvesting was in most
cases less than 50%.

15

Effect of site class on potential soil acidification

As suggested previously, increased loss of base
cations due to intensive harvesting may result in a
decrease inthe acid neufralizing potential of a given
site. The New Brunswick study shows that the
amount of bases contained in the above-ground
tree components was about the same for the good
and medium site classes (Fig. 3). In contrast, the
above-ground biomass in the poor site contained
only 18% of that held in the better sites.

Keg/ha
160+
NN F FLOOR
sz CH
WH
120+

POOR

Fig. 3. Effect of site quality on FF and above-ground
base contents,
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in all site classes, the forest floor had a larger
amount of bases than that contained in above-
ground biomass. The magnitude of this ratio in-
creased with a decrease in site quality. A comparison
of the sites with respect to the amount of bases
contained in the forest floor shows that the medium
site had twice the amount of bases as that in the
good site, which in turn had twice as much as thatin
the poor site.

Figure 3. also shows that the additional loss of
bases which would result from whole-tree harvest-
ing, compared to conventional harvesting, was simi-
lar for the good and medium site classes. The poor
site, which was very impoverished in base cations,
had the highest potential loss of base cations that
would be removed via whole-tree harvesting. The
same conclusion was reached by examining the
proportional increases in base cations removed by
intensive harvesting compared to conventional har-
vesting (Table 4).

Species effecis on potential acidification

Both the New Brunswick and Nova Scotia
studies show that, unlike stand organic matter, the
forest floor containg more bases than the above-
ground biomass cnmponents (Table 4). The propor-
tional increase in base cation {osses resulting from
intensive harvesting ranged from 82-283%, the lower
figure being much higher than that obtained in the
general literature survey (9%). There is a striking
similarity between the clear-cut red spruce-balsam
fir stand from Nova Scotia and the mature balsam fir
stand from New Brunswick, especially in terms of
stand base cation distribution and the increased
base cation losses from iniensive harvesting.

Results from the New Brunswick study are
further summarized in Figure 3b which shows large
differences between species with respect fo the
amount of bases contained in the above-ground
tree components. The amount of bases containedin
the forest fioor also showed species effects.

Forest floor base contenl as an indicator of potential
acidity

The ratios of bases in the forest floor to the
additional bases removed by whole-tree harvesting
over conventional harvesting are shown in Table 4.
The ratios indicate that potential acidification would
decrease with increasing site class for black spruce.

19

Based on the data of a mature red spruce-
balsam fir stand from Nova Scotia, it seems that this
ratio remains virtually constant for a given species
growing on the same site quality, even if base
distribution between the forest floor and above-
ground bicmass differ.

Further examination of Table 4 shows that, in
general, this ratio tended to be higher for conifers
than for hardwoods. The mature sugar maple stand
on site class 4 (Nova Scotia) had the lowest ratio and
red spruce stands, on average, had the highest
ratios.

Thus, the extent of potential acidification result-
ing from intensive harvesting appeared to be spe-
cies-dependent.

DISCUSSION

The proportional gain in biomass from intensive
harvesting ranged from 55-102% and 29-74% for site
classesand species comparisons, respectively. The
corresponding loss in bases varied from 209-283%
and 82-283% for site classes and species, respec-
tively. Thus, for the gain in biomass recovery, ahigh
price is paid in base losses from the site. The study
by Nykvist and Rosen (1985}, among others, shows
the immediate danger 1o site fertility of practising
intensive harvesting.

Most of the stands considered in this study were
growing on acidic podzols. Other soil limitations
which might be encountered at different sites in the
region may include poor to imperfect drainage,
thick organic horizons over shallow mineral soils,
thin dry soils, and coarse textured dry soils. ltseems
likely, based on the characteristics of the soils on
which these stands are located, that the soils fall
within the Al buffer range (Ulrich 1986; Meiwes ef al.
1986). Under such conditions, these stands are
assumed to be mostly acidifying with a tendency to
accumulate more cations than anions.

in conditions approaching steady state, part of
this acidity is neutralized as a result of base leaching
from the canopy, returned litter, and decomposing
forest floor. Also cation exchange mechanisms
within the forest floor and the top soil, and dissolu-
tion of inorganic Al compounds, contribute to acid
neutralization. Since most of the bases in above-
ground biomass are in tree crowns, conventional
harvesting also returns most of these bases to the
forest floor, thus neutralizing the acidity. Intensive



harvesting removes base-rich crown companents
and can be considered to represent an irreversible
proton addition to the soil {Ulrich 1983). This may
prove serious, especially on poor acidic soils with a
thick recalcitrant forest floor. On such soils, the
addition of base-rich logging slash could accelerate
the decompaosition of recalcitrant forest floor and
hence release the immohbilized cations for the next
crop.

As expected, this study has shown that stand
base capital is higher on good sites than on poor
ones, However, on the poor site, most of the site
bases ware in the forest floor. Based on the potential
acidification ratio, site acidification resulting from
intensive harvesting was higher on the poor site
than on the good one. Furthermore, the potential
acidification ratio tended to be higher for conifers
than for hardwood stands. These results seem to
suggest that potential acidification arising from
intensive harvesting of the natural stands is species-
dependent and, for a given species, the effect
decreases with increasing site class.

Intensive harvesting, by accelerating forest floor
decomposition, actually lowers the buffering capac-
ity of the stand. Although some bases are released
during the increased mineralization (Snyder and
Harter 1885), more pratons and organic and inor-
ganic anions are also released, leading to further
leaching and acidification. Snyderand Harter (1985)
also noted that both base cations and organic
matter were translocated to the mineral horizon
following clear-cutting.

James and Riha (1986) reported that the arganic
horizons from some forest stands retained a con-
stant proportion of H' (67-96%). The organic horizon
had high buffer capacities which were an order of
magnitude higher than those of the mineral soil
horizons. Theseresults further emphasize the impor-
tance of the organic horizons relative to the mineral
soils regarding buffering against acid stresses,

Krug and isaacson (1984} have reported that, in
acid soils similar to the ones supporting the stands
reported here, neutralization of excess protons
occurred through replacement of bases from ex-
change sites and through the dissolution of organic
matter and Al compounds. These processes lead to
the leaching of bases and increased levels of labile
Al If these results are applied to this study, they
seem to indicate that intensive harvesting of forest
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stands on fragile sites with poor soils (Krause et al.
1978) will lead to decreased acid neutralizing
capacity.

it has been observed in this region that conifer
and hardwood stands neutralize 20-40% and Lp to
80%, respectively, of the Ht input from the atmo-
sphere (Mahendrappa 1983). Moreover, in a recent
study it was shown that the ability of the forest floor
to neutralize external acid input was species-depen-
dent (Mahendrappa 1986b) and presumably site-
specific. Thus, enhanced potential acidification due
to removal of bases resuiting from intensive harvest-
ing of forest stands must be viewed in the broader
context of increased H' input from the atmosphere
and other sources.

The results of this study and those of Weetman
and Webber (1972), Morrison {1980) and Fosterand
Morrison {1982}, seem to indicate that the indiscrimi-
nate practice of intensive harvesting of natural
stands on poor soils could lead to site degradation
resulting from increased soil acidification. The in-
creased removal of base cations and Al mobilization
may adversely affect the fong-term stability and
productivity of these sites. This effect will likely be
particularly aggravated by increased acid input
from the atmosphere.

in the present study, potential acidification
effecis were based on harvesting after a single
rotation. it is very unlikely that in most sites, large
acidification effects from intensive harvesting will
be manifested after only one rotatien. The effect of
varying rotation lengths has also not been addres-
sed. Furthermore, acidification resulting frominten-
sive harvesting has to be viewed in the context of
total site acidification from different sources (Van
Breeman et al. 1984; Uirich 1986}. In order to
examine single and cumulative effects of several
factors and possible interactions on potential acidi-
fication, computer simulation models can play an
important role (Kimmins 1985). For this reason, and
as a way of synthesizing available information, we
are currently compiling data to enable implemen-
tation of FORCYTE 11. However, in order to incor-
porate the potential acidification effects caused by
intensive harvesting, a soil compartment model
similar or associated with those developed to simu-
late the effect of atmospheric acid input {(Arp 1983,
Bioom and Grigal 1985; Kauppi et al. 1286) must be
developed and incorporated into the ecosystem
models.



This report has mainly stressed the effects of
whole tree-harvesting on productivity at the stand
level. It has emphasized changes in soil fertility
{nutrients, moisture, biological, air, temperature,
and mineral conditions) and the predominant role
played by soil organic matter in nutrient conser-
vation. At the regional level, however, other deter-
minant factors of land productivity (Buringh, 1987)
such as climate {van Groenewoud 1984), vegetation
(Loucks 1962), time or succession (MaclLean and
Wein 1978), topography, major bedrock formations
and lithological-mineral composition of the soil
parent materials (van Groenewoud and Ruitenberg
1982), must be taken into account. Thus, decisions
regarding whole-tree harvesting at a regional level
in New Brunswick must be compatibie with the
evolving forest site classification system for New
Brunswick {van Groenewoud and Ruitenberg 1982).

CONCLUSIONS

The conclusions of this study may be sum-
marized as follows: '
1. Potential acidification increases with intensive
harvesting of forest bhiomass.
2. Poor sites are more susceptible to the acidification
resulting from intensive biomass harvesting.

3. The degree of estimated acidification of sites is
dependent on majortree speciesin a given stand.

4, There is a need to use computer simulation
models to predict future trends in site productivity
due to potential acidification of sites inciuding
that resulting from intensive harvesting.
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