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The influence of edaphic and competitive factors
on productivity of marsh reed grass
(Calamagrostis canadensis) in a cooperative
pathosystem

Richard S. Winder and Donna E. Macey

Abstract: Calamagrostis canadens{®lichx.) Beauv., marsh reed grass, hinders the regeneration of conifer seedlings.
The influence of nutrients, autoallelopathy, and intraspecific competition on the productivity of greenhouse-grown
marsh reed grass inoculated with a combifearium avenaceur(Fr.:Fr.) Sacc. -Pseudomonasp. pathosystem was
studied. The productivity of uninoculated plants increased following fertilization, but these increases were not observed
in inoculated plants. Leaf damage in inoculated plants was enhanced by P and K fertilization, but shoot height was not
affected. Autoallelopathic straw extract interacted with intraspecific competition to nearly double pathogenic inhibition
of shoot growth at high levels of competition. The straw extract also interacted with N fertilizer to reduce shoot pro
ductivity. Shoot growth was inhibited at higher levels of intraspecific competition. Responses to nutrients,
autoallelopathy, and competition may be useful in developing improved biological control strategies.

Key words Fusarium avenaceunthizobacteria, biocontrol, bioherbicide, fertility, soil ecology.

Résumé: La calamagrostide du Canad@dlamagrostis canadens{®lichx.) Beauv.) nuit a la régénération par les
plantules de coniféres. Les auteurs ont étudié I'influence des nutriments, I'autoallélopathie et la compétition intraspéci-
figue sur la productivité d’agrostides cultivées en serres, et inoculées avec le pathosysgariam avenaceum

(Fr.:Fr.) Sacc—~ Pseudomonasp. (FPCP). La productivité des plantes non-inoculées augmente suite a une fertilisation,
mais on n'observe pas ces augmentations chez les plantes inoculées. Chez les plantes inoculées, les dommages foliaires
sont accrus par la fertilisation avec le P et le K, mais la hauteur des tiges n’est pas affectée. L'extrait de paille autoal-
|élopathique interagit avec la compétition intraspécifique pour presque doubler I'inhibition d’origine pathologique de la
croissance des tiges, en fortes compétitions. Les extraits de paille interagissent également avec la fertilisation azotée
pour réduire la productivité des tiges. La croissance des tiges est inhibée aux niveaux de compétition intraspécifique
plus élevés. La réaction aux nutriments, I'autoallélopathie et la compétition pourraient étre utiles dans le développe
ment de stratégies de maitrise biologique améliorées.

Mots clés: Fusarium avenaceunrthizobactéries, maitrise biologique, bioherbicide, fertilité, écologie du sol.

[Traduit par la Rédaction]

Introduction environmental factors (Auld and Morin 1995; Winder and
. Macey 1998) have all been cited as real or potential-con
"Ltraints to the successful use of endemic pathogens. It is well
documented that these kinds of constraints can be used to
ontrol crop diseases, but it may also be possible to reduce

been partially limited by constraining biological and envi ese constraints to enhance the efficacy of biological con

ronmental factors (Auld and Morin 1995). Induced resis trol ager?ts. | . iMlich
tance (Auld et al. 1990; Weete 1992: Winder 1997), Marsh reed grassGalamagrostis canadensigMichx.)

biotypical resistance (Okoli et al. 1997), morphologicat ad Beauv.) can be used to examine many of the above con
aptations (Auld and Morin 1995; Winder and Van Dyke straints. The grass hinders coniferous regeneration in boreal

1990), endophytic antagonism (Winder 1997), and variou%or?StS (Lieffers et al. 1993) and is a potential target for bio
ogical control efforts (Macey and Winder 1997; Mallet et

al. 2000; Winder 1992, 1997, 1989 199%). In North
Received February 6, 2001. Published on the NRC Research/AMerica, biological control research concerning marsh reed
Press Web site at http://cjb.nrc.ca on June 26, 2001. grass has focused on the possible use of endemic agents
because the plant itself is endemic to Canada and Alaska
(Hultén 1968). Mature perennial plants are the proximate
cause of straw accumulation and suppression of conifer
seedlings, but seedlings represent a more vulnerable target
ICorresponding author (e-mail: rwinder@pfc.forestry.ca). for biological control. The seeds of marsh reed grass are

important consideration in biological control research- Al
though many pathogens have been investigated for use
potential bioherbicides (TeBeest 1991), their success h
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very light and <2 mm long. Wind disseminates them throughpaper bag at room temperature and sown the following spring in
the air beginning in late summer and over the snow surfac&0-cm-diameter plastic pots (5 per pot) containing a 3:1 mixture of
in winter. Despite the presence of some perennial plantgterilized peat and vermiculite amended with 3.2 ky/stow-
prior to harvesting, genetic evidence suggests that seedlingglease fertilizer (Osmocote 18-6-12, 8- to 9-month release rate,
are the primary mode of dispersal into newly harvested for lerra Chemical Co., Milpitas, Calif.). The pots were placed in

" . lastic dishes to contain water and nutrients. The peat—vermiculite
est areas (Macdonald and Lieffers 1991). After colonizing &p;tre was selected because it approximates the peat or litter

location, the grass completes spread and colonization via Ufioyng in the humus of boreal soils and because marsh reed grass
derground rhizomes and attains a substantial size and that¢hots are largely confined to that organic layer (Comeau et al.
that makes it difficult to control by any means. By hindering 1982; Haeussler et al. 1990; Younkin 1973, 1974). In experiments
infestations at the earliest stage, biological control agentgequiring nutrient manipulations, the slow-release fertilizer was not
that attack seedlings could suppress the grass populatiguided. Three randomly chosen 500-mL lots of the unfertilized soil
long enough for conifers to achieve free-to-grow status. mi_x were submitted to t_he C_hemical Services I__aborato_ry of the Pa
Although it is possible to damage seedling shoots withcific Forestry Centre, Victoria, B.C., for analysis of nutrient levels.
common endemic fungi such aBusarium avenaceum For comparison, soil samples of s!mllar size Were_colle_cted to a
(Fr.:Fr.) Sacc. (Winder 1989, the apical meristem and tn 15-cm depth (F and H organic horizons) from 84 field sites with

h : - dense populations of marsh reed grass located between Dawson
derground portions of marsh reed grass survive, allowing th%reek, B.C., and Fort Nelson, B.C. Sown pots were placed in a

seedlings to regenerate (Winder and Macey 1998). Whefymperature-controlled (18 + 3°C) greenhouse for 3 weeks te pro
F. avenaceums combined with common rhizobacteria that duce grass plants at the 2- to 3-leaf stage for use in experiments.
are mildly pathogenic to the roots, the resulting cooperativeeots were watered biweekly (30 mL/pot) unless otherwise noted.
infection causes more damage than either pathogen alone Conidia of F. avenaceunisolate PFC70, an isolate with stable
(Macey and Winder 1997; Winder and Macey 1998). How performance in previous studies (Winder 1839vere produced in
ever, the efficacy of this pathogen combination is variablebag cultures of puffed wheat (Winder 199%nd harvested after
Potential constraints in thif. avenaceum- Pseudomonas 14 days.Pseudomonasp. affin. putida (Trevisan) Migula isolate
sp. cooperative pathosystem (FPCP) need to be identifie@FC-R328, a deleterious rhizobacterium isolated from boreal
before proceeding with field tests. For example, variable soiE- canadensiswas cultured in baffled flasks containing tryptic soy
fertility is known to alter the influence of rhizobacteria on frng(ESEt}' DufcotLaborattones,zl:z)?ct:ron, Mich.) on a rotary shaker
plant growth (de Freitas and Germida 1992; Jensen and" at room temperature ( ):

. . ) All experiments had a factorial design incorporating two levels
Nybroe 1999; Sato and Jiang 1996; Bethlenfalvay et alof inoculation (inoculated and uninoculated) as a common factor.

1997; Palaxxo et al. 1997, Ruppel and Gransee 1998),ns inoculated with the FPCP pathogens were treated with both
Amendment of soil with plant residues also alters growthpathogens on the same day, subsequent to measurement of the
conditions for rhizobacteria, consequently affecting theshoot length (above the soil surface) for each seedling. For the
physiological response and growth of the host (Jensen an@liar inoculation, a hand sprayer was used to gppl x 10
Nybroe 1999). Fertility, allelopathy, and competition areconidia/mL in 0.1% organosilicone surfactant (Silwet L-77,
edaphic factors that may also act to intensify or amelioratéd.oveland Industries, Greely, Colo.) until run-off. Inmediately after
the damage caused by microbial biological control agent&his, the soil of each pot was drenched with an 8-mL aliquot of the
and plant diseases (Winder and Van Dyke 1990; Paul anBacterial culture. Owing to the large size of the experiments, it was
Ayres 1986, 1986, 1987; Winder 1997; DiTommaso et al. necessary to sow the uninoculated plants on a d'lf'ferent starting
1996: Guntli et al. 1999). date. Conditions were similar in all other respects; therefore, the

Thi d . he infl f edaphi d inoculation factor in these experiments was treated as a split-plot
IS study examines the influence of edaphic and COMpelliy ime The uninoculated plants were also treated with organo

tive factors on the productivity of marsh reed grass exposed tgjjicone surfactant and uninoculated TSB in amounts correspond
the FPCP pathogens under greenhouse conditions. Althoughy to the inoculated treatments. Following treatment, pots were
edaphic influences originate in the rhizosphere, we focusetemporarily incubated within supported plastic bags and shaded for
primarily on their foliar impacts. Foliar impacts were consid 24 h to ensure the condensation of moisture needed for fungal ger
ered to be the most relevant because profuse accumulation giination and infection. Placement of pots was randomized at each
aboveground foliage retards soil thaw and causes damagéep of culturing, and the initial watering regime was maintained
when heavy snowfall causes straw to smother conifer-seedhroughout the experiments. . ,
lings. The shoots therefore represent the primary deleterious For each experiment, one person visually estimated the percent
effect of this grass on conifer seedlings (Lieffers et al. 1993)?;&3; lzgifl ?irr(?:) dgg‘zgﬁ? E'A%D)a‘:“??:sﬁftfvrei'gﬁtcl\‘,l,ztr'gnél';gn?eth
Sail nutr|ents,. autoallelopathy, and mtraspemﬁq ComF.)em.'oncorded for each plant shoot 21 days after inoculation. Necrotic
were the particular factors gxamlngd. The.speC|ﬁc ObJeCt'Ve?;eaves or leaf tips were not included in the height measurement.
of this study were to determine the interactive effects of autopying to the large size of the experiments, fresh weight data were
allelopathy versus competition, autoallelopathy versus Nutrinot collected for uninoculated plants. Each experiment was per
ents, and competition versus nutrients on the efficacy of théormed twice. For statistical analysis, plants within pots were
FPCP in marsh reed grass seedlings. treated as subsamples, and data were subjected to analysis-of vari
ance. If regression analysis indicated a significant relationship be
tween initial height and a parameter, initial height was used as a

Materials and methods covariate in analysis of covariance (ANCOVA). For damage rat
. ings, only data from inoculated plants were subjected to this re

Procedures common to all experiments gression test because control plants were undamaged and this
Seeds of marsh reed grass were harvested in August 1996 frofould obscure trends in the inoculated plants. The ANCOVA-

a clear-cut area near mile 73 of the Alaska Highway (56233N,  adjusted data were used to improve resolution of differences and to

121°129'W, elevation 879 m). Collected seeds were stored in acompensate for pre-inoculation heterogeneity. For brevity of pre
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sentation, only adjusted results are shown where ANCOVA wagompetition led to a corresponding increase in 4-day damage
performed. Statistical analyses were performed with computer soft(p = 0.0001), but a significant interaction with inoculation

ware (Statistica 5.1, Statsoft Inc., Tulsa, Okla.). (p = 0.0001) limited the effect to inoculated plants (Fig. 2).
N There was also a significant increage= 0.0001) in dam
Autoallelopathy versus competition age corresponding to the main effect of increased straw

A 2 x 4 x5 factorial combination of treatments was used to as aytract concentration Significa® = 0.0001) three-way in
sess the interactive effect of autoallelopathy and intraspecific COMye o otion between co.mpetition autoailelopathy and inecula
petition (planting density) on the FPCP. Standing straw of mars ion limited the scope of this’ damage increa,se. Increased

reed grass was collected at the time of seed collection and stored ) ; .
plastic bags at 5°C. Competition and autoallelopathy were altere§t/@W concentrations caused increased damage at the highest

by planting 4, 8, 16, or 32 seeds per pot and watering biweekly(32 plants/pot) density, but the highest increase was for
(30 mL/pot) throughout the experiment with 0, 10, 20, 30, or 40 gintermediate (23-30 g/L) concentrations of straw. At inter
straw/L extract (Winder 1997). There were six pots per treatmentnediate (8—16 plants/pot) densities, low (10 g/L) straw-con
(total n = 480). For a balanced analysis, only four randomly chosercentration produced slightly lower damage, but higher
seedlings were measured in pots with 8, 16, or 32 seedlings per potamounts did not produce any change. At the lowest (4
plants/pot) density, damage was slightly lower with in
Autoallelopathy versus N, P, and K creased concentration of straw (Fig. 2). Although still signif
A 2 x 2 x2x2x 2 fctorial combination of treatments was jcant 21 days after treatment, damage in treated shoots was
used to assess the interactive effect of autoallelopathy and soil nyqyer (8% LAD), as plants overcame FPCP-induced disease.

trients on the FPCP. The watering regime incorporated two level : ; s i ; ; :
of reed grass straw extract (0 and 40 g straw/L extract), N fertilize?‘ I this point, significant main effects, interactions, and trends

(0 and 1 mM NHNOy), P fertilizer (0 and 1 mM KPO,), and K were similar to those noted for 4-day damage. Plants experi
fertilizer (0 and 6 mM KSO,). There were seven pots, per treat €NCINg greater competition, and therefore greater damage, re

ment combination (totah = 448). covered to a slightly (<2%) greater degree (data not shown).
In inoculated plants, increasing competition caused a slight
Competition versus nutrients but Significant increasep = 00061) in ANCOVA'adJUSted

A 2 x 2 x 5 factorial combination of treatments was used to as-ShOOt fresh Weight (Fig. 3). This increase in fresh Weight de-
sess the interactive effect of intraspecific competition (plant denspite the observed decrease in height could have been due to
sity) and soil nutrients. Seedling culture was altered by plantingan increase in the number of basal shoots, but this was not
either 3 or 30 seeds per pot and by watering with 20 mL/(pot-daymeasured.
throughout the experiment. For each pot, the watering regime in-
corporated a biweekly 30-mL addition of aqueous fertilizer solu-
tion. The fertilizer (20—20-20, all-purpose, Plant Products Co. Ltd_'AutoaIIelopathy Versus N, P and K_ . .

Brampton, Ont.) was delivered at a rate of 0, 0.5, 1.0, 1.5, or 2.0 g Plants growing in unfertilized soil did not display any
fertilizer/L. To balance the design, only three randomly chosenSymptoms of nutrient deficiencies; the levels of N and K
seedlings were measured at the higher density. There were sev@iesent in the unfertilized soil were comparable to the mid-

pots per treatment combination (totak= 280). range of levels sampled in the field. Levels of P were low,
but the levels available in the water (Roxborough et al.

Results 2000) were cumulatively comparable to the lower levels
present in the field (Table 1). Overall, N fertilization pro

Autoallelopathy versus competition duced taller seedlings, with an ANCOVA-adjusted 21-day

Inoculation with FPCP inhibited ANCOVA-adjusted height of 143.1 + 1.6 mm in N-treated seedlings compared
growth (p = 0.0001), as did increasing intraspecific competi with an adjusted 21-day height of 110.8 £ 1.6 mm in seed
tion (p = 0.0001). Furthermore, a significa® = 0.0001) lings not treated with N. Inoculation with FPCP pathogens
interaction between the two factors indicated that most ofnhibited growth, with an adjusted 21-day height of 99.7 +
the density-dependant inhibition was in the uninoculatedl.0 mm in inoculated plants versus one of 154.2 + 1.9 mm
plants (Fig. 1A). There was also an interactign= 0.001) in uninoculated plants. P fertilization did not produce & sig
between straw and inoculation, as increasing concentrationgficant main effect. However, there was a significant inter
of straw extract slightly inhibited and then stimulated shootaction with inoculation(p = 0.0001), where P fertilization
growth in uninoculated controls but caused no change-in instimulated the growth of uninoculated plants but slightly in
oculated plants (data not shown). A significapt = 0.04)  hibited the growth of inoculated plants. There was a similar
three-way interaction between inoculation, competition, andnteraction with respect to N fertilizatiofp = 0.0001), where
straw extract treatments caused plants at the highest (3Re effects of N were much greater in uninoculated plants
plants/pot) density to behave differently. For uninoculated(Fig. 4A). K fertilization interactedp = 0.0001) with P ferti
plants, inhibition of growth caused by the higher density waszation, as K fertilization slightly reduced adjusted 21-day
exacerbated in low concentrations of straw extract but-ameheight in the absence of P fertilization (118.6 = 7.2 mm-ver
liorated in higher concentrations of straw extract. For irocusus 130.7 £+ 6.2 mm with P fertilization) and slightly-in
lated plants, low concentrations of straw extract slightlycreased height with P fertilization (137.4 + 8.0 mm versus
reduced the density-related inhibition, but this was overcomd21.2 + 7.6 without P fertilization). A significant 3-way-in
with higher amounts of extract (Fig. 1B). teraction(p = 0.002) with FPCP inoculation limited these

The 4-day ANCOVA-adjusted damage in inoculated shootgyrowth effects to uninoculated seedlings (Fig. 4B), while a
was relatively low (17 + 1% LAD), but this main effect was significant 3-way interactioifp = 0.006) with N fertilization
significantly greatep = 0.0001) than for uninoculated con limited these growth effects to N-fertilized plants (Fig. 4C).
trols (1 £ 1% LAD). As a main effect, increased intraspecific However, the combined effects of N, P, and K were only ap
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Fig. 1. (A) The effects of planting density and inoculation on the heigh€Cafamagrostis canadens{snarsh reed grass) shoots

21 days after treatment. Error bars are +SE. (B) The interactive effects of planting density and straw extract concentration on the re
duction of inhibition of shoot height in marsh reed grass shoots 21 days after treatment. All data (Figs. 1A and 1B) were adjusted by
ANCOVA.
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parent in uninoculated plants because of a signifidant tween inoculation, straw extract, N fertilization, and P fertil
0.005) 4-way interaction with FPCP inoculation (Table 2).ization, as there was slight growth stimulation in inoculated
There was a significant 4-way interactidp = 0.04) be  seedlings having both N and P fertilization, but only in the

© 2001 NRC Canada



Winder and Macey 809

Table 1. Comparison of the N, P, and K levels in greenhouse  height of inoculated plants increased fron018 4 to 162 +
water, unfertilized peat—vermiculite soil medium, and representa 4 mm when planting density increased from 3 plants/pot to 30
tive soil samples collected throughout Northeastern B.C. plants/pot, respectively. Fertilizer application interacted with
inoculation, with inoculated plants showing substantial stimu

Nutrient source N (ppm) P (ppm) K (ppm) lation of shoot growth in the absence of fertilizer and less
Water 0.01-0.89 0.01-0.2 0.06-0.49 stimulation than uninoculated controls at higher rates
Peat-vermiculite 7510 -8720  <0.02 865-2485 (Fig. 6A). There was also a significant interactign= 0.007)
Boreal soils 500 - 24 400 5.8-397.0  21-1362 between competition and application of fertilizer, with seed
Note: For the peat—vermiculite medium, a range of three replicates is  liNgs at the lowest density (3 plants/pot) being more respon
shown. For boreal soils, the range of nutrient levels includes sive to the stimulatory effects of fertilizer than seedlings at

measurements from 84 sites in the boreal forest of Northern B.C. For  the highest density (30 plants/pot). This density x nutrient
water, the range reported by the Victoria Capital Regional District for a 9'interaction was modified by a significant 3-way interaction
ear period (1990-1999) is shown. L. ? . .
yearp ( ) (p = 0.0007) with inoculation. Uninoculated seedlings- be
came taller than inoculated seedlings with increasing fertilizer

absence of straw extract (Table 3). There was another signift the lowest density or approached the height of inoculated
icant 4-way interactiorfp = 0.002) between straw extract, N seedlings with increasing fertilizer at _the h|ghest d_e_nS|t)_/.
fertilization, P fertilization, and K fertilization, as K fertil There was relatively less response to increasing fertilizer in
ization in the absence of straw extract enhanced growtioculated seedlings at either density (Fig. 6B).
stimulated by N fertilization alone but limited growth stimu ~ The 4-day damage in inoculated shoots (16 + 1% LAD)
lated by combined N and P fertilization (Table 4). was significantly greate(p = 0.0001) than in control plants
Damage in inoculated seedlings (22 + 2% LAD) was-sig (1 + 1% LAD). There was a significant decregge= 0.0001)
nificantly greater(p = 0.0001) than damage in controls (1 + in damage with increasing fertilizer dose (Fig. 7). In the sig
1% LAD) 4 days after inoculation. Inoculation and P fertil nificant interaction(p = 0.0001) between inoculation and fer
ization produced a significanfp = 0.0001) interaction, tilizer application, it was apparent that the decrease in damage
where P fertilization caused damage in inoculated plants t&/ith respect to increasing fertilizer dose only occurred in in-
increase from 19 + 2% LAD in plants without P fertilizer to Oculated plants (Fig. 7). ANCOVA-adjusted 21-day damage
28 + 3% LAD in P-fertilized plants, without affecting un- levels associated with inoculated seedlings (8 + 2% LAD)
inoculated seedlings (1 + 1% LAD for both controls and P-Were greatly reduced from 4-day damage but were still sig-
fertilized plants). Three-way interaction between P fertiliza-Nificantly greater(p = 0.0001) than damage in controls (3 +
tion, FPCP inoculation, and straw extract was also signifi-1% LAD), which had increased slightly during the same
cant(p = 0.04), with straw extract nearly doubling damagetime period. Owing to a significant interactigp = 0.0001)
in combination with P fertilization (Fig. 5A). The 21-day With competition levels, most of the damage reduction oc-
ANCOVA-adjusted damage means and variances associatédrred at the higher (30 g/pot) planting density. In pots with
with inoculation, P fertilization, and their interaction were three seedlings, 21-day damageswia+ 1% LAD (control)
not appreciably different from the measurements taken aftefersus 10 + 2% LAD (inoculated), while in pots with 30
4 days, but there was no longer a significant 3-way interacSeedlings it wa 5 + 1% LAD (control or inoculated).
tion between P fertilization, FPCP inoculation, and straw ex The ANCOVA-adjusted fresh weight of shoots at the
tract for 21-day damage. A main effect from straw extracthigher (30 plants/pot) planting density (0.7 + 0.1 g/plant)
(p = 0.005) became evident in the 21-day damage ratingvas significantly greatefp = 0.0001) than that of shoots at
with damage in inoculated seedlings (13 + 2% LAD) the lower (3 plants/pot) density (1.9 + 0.2 g/plant).
slightly increased from controls (10 £ 1% LAD). There was
alsql an additiongl irjteraction betv_v_een' inoculation,. Npiscussion
fertilizaiton, P fertilization, and K fertilization not seen in
the 4-day measurements, as K fertilization caused increased Inoculation with the FPCP pathogens tended to override or
damage to inoculated seedlings in the absence of other fertibuffer nutrient influences. Increased leaf damage in low nutri
izers but decreased damage in the presence of N fertilizeant conditions was accompanied by increased shoot growth. As

(Fig. 5B). measured by height and fresh weight, the productivity of-noc
Increasing fresh weight of shoots from inoculated plantaulated plants was largely unaffected by changes in N, P, and K
directly correlated with initial plant heighf(= 0.429,p =  fertilization levels, although high rates of P caused a slight re
0.00001,R? = 0.18), but treatments produced no significantduction in productivity. The increased damage associated with
differences in adjusted fresh weights. P and K nutrient imbalances was therefore not enough te sub
stantially limit early seedling growth, particularly in the pres
Competition versus nutrients ence of higher levels of N. Despite the similar level of growth,

Increased competition produced significantly shorter seedthe disease present in the seedlings presumably affects their
lings (p = 0.0001), with 21-day ANCOVA-adjusted height competitiveness. Competition versus specific nutrient imbal
decreasing from 1 + 6 mm with 3 plants/pot to 139 £+ ances was not tested in this series of experiments, but if a com
4 mm with 30 plants/pot. At the same time, increasing Rutri petitive disadvantage under appropriate conditions can be
ent levels caused an increase in 21-day height (Fig. 6A). Theonfirmed, it could be a useful property to exploit in biological
competition effect was significantly modifigg = 0.0001) by  control. The stimulatory growth effects of single nutrients and
interaction with FPCP inoculation. Height of uninoculated N-P—K fertilizer have been noted in previous studies of
plants decreased from 179 + 11 to 196 5 mm while  C. canadensigLandhdusser et al. 1986Laughlin et al. 1984;
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Fig. 4. The interactive effects of N, P, and K fertilization on the shoot height of FPCP-inoculated and uninocedaetagrostis
canadensigmarsh reed grass) seedlings 21 days after treatment. (A) The interactive effects of N and P fertilization. (B) The interac
tive effects of P and K fertilization. (C) The interactive effects of N, P, and K fertilization. All data are ANCOVA adjusted, and error
bars are £SE. Overlapping bars indicate means that are not significantly different.
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Table 2. The interactive effects of inoculation with Table 3. The interactive effects of N and P fertilization and straw
FPCP and N, P, and K fertilization on the 21-day extract on the height (mm) afalamagrostis canadens{snarsh
height of Calamagrostis canadensi{snarsh reed reed grass) seedlings 21 days after inoculation with FPCP.
grass) seedlings. —
Fertilization
Fertilization No N With N
N P K 21-day shoot height (mm)* Straw extract With P No P With P No P
Uninoculated Uninoculated
- - - 1140417 No extract 105+13 122410  160+15 20117
- - * 10915 With extract 117417 132#¢17  173+25  196%21
- + - 12516 Inoculated with FPCP
- - 187+17 No extract 10747 96+9 118+7 96+8
ooor - 18320 With extract 11246 92¢11  101%6 10148
+ - + 150+23 ~ - "
_ + i 129+13 Note: Values are ANCOVA-adjusted means + SE.
+ + + 214+18
Inoculated with FPCP Table 4. The interactive effects of N, P, and K fertilization and
_ _ _ 11145 straw extract on the height (mm) @falamagrostis canadensis
_ _ + 109+7 (marsh reed grass) seedlings 21 days after inoculation with FPCP.
- * - 92+10 N and P fertilization
+ - - 11048 -
+ + - 96+7 K Straw NON With N
+ - + 11047 fertilization extrac  With P No P With P No P
- + + 9610 - - 104+11  110+12 154+10 134+16
+ + + 110+9 - + 122+13 106+15 143+21  145+19
*Values are ANCOVA-adjusted means + SE. + - 109+9 108+7 124+13  163£17

0 + 109+£13 117+16  131+21  152+20
Note: Values are ANCOVA-adjusted means + SE.
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Fig. 5. (A) The interactive effects of inoculation with FPCP, P fertilization, and straw extract on the 4-day damage (% LAD, +SE) to
shoots ofCalamagrostis canadensigarsh reed grass) seedlings. (B) The interactive effects of inoculation with FPCP, N, P, and K
fertilization on 21-day damage (% LAD, *+ SE).
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Fig. 6. (A) The effect of 20:20:20 (N-P—K) fertilizer on the 21-day heightGHlamagrostis canadens{gmarsh reed grass) seedlings.
(B) The interactive effect of fertilizer, planting density, and inoculation with FPCP on 21-day shoot height. All data are ANCOVA ad-
justed, and error bars are +SE.
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Fig. 7. The effect of 20:20:20 (N-P-K) fertilizer and inoculation other hand, if shoot growth is impaired by edaphic factors,
with FPCP on 4-day damage (+SE) @alamagrostis canadensis the speed of foliar pathogenesis relative to foliar growth

(marsh reed grass) seedlings. could increase, resource allocation to roots and rhizomes
30 would suffer, and efficacy of the biological control agents
would be enhanced. In future studies, measurements of basal
—&— -FPCP shoots and root characteristics over a longer term would aid
25 | _ |~O— +FPCP our understanding of edaphic influences on the entire plant.

Light should also be included as a nonedaphic factor in fu
ture studies because it interacts with nutrients to change the
20 4 above- and below-ground partitioning of resources in marsh
reed grass (Powelson and Lieffers 1992). Other species can
compete effectively with marsh reed grass (Landh&usser et
15 A al. 199&; Landhausser and Lieffers 1994), so the effects of
interspecific competition on disease progress should also be
considered. Calcium levels are another factor that could be
10 A important, since they affect the productivity 6f. epigejos

in the field (Heinsdorf 1984). There are other common fungal
pathogens such aPBuccinia coronotaCrda. var. calama

5 grostidis Lidophia graminis (Sacc.) Walker & Sutton
(Winder 1997), or an unnamed snow mold (low temperature
basidiomycete) (Mallett et al. 2000), as well as common-dele
0 - terious rhizobacteria such a®seudomonas fluorescens
Migula, Pseudomonas chlororaph{&uignard & Savuageau)
Bergey et al., andPantoea agglomeran@eijerinck) Gavini

et al. (Winder and Macey 1998), that could be used as alter-
natives to the FPCP microbes. Finally, the impacts of non-
Fertilizer (g/L) edaphic environmental factors such as temperature and
humidity need to be considered; studies of these impacts are

Mitchell 1974) and a related Eurasian forest competitorPresently underway. _ _
Calamagrostis  epigejos (L.) Roth (Bergmann 1995).  The results indicate several edaphic factors that will be
Calamagrostis epigejoss relatively insensitive to imbalances important to consider in biological control of marsh reed
in P and K relative to N (Heinsdorf 1984), bGt canadensis 9rass. In forest vegetation management, biological control
productivity increases when N and K are combined (Laughlirshould aim to suppress competing vegetation rather than to
et al. 1984). In this study, productivity increases caused by Nfill it, because the vegetation still provides beneficial effects
and K fertilizers depended on the presence of sufficient P feronce the desired tree species are free to grow (Haeussler et
tilizer. al. 1990). So, while the FPCP pathogens did not produce an

Straw extract, primarily an inhibitor of seedling root €xtremely high level of mortality, the level of suppression
growth (Winder 1997), did not exert a large influence onS€en in plants exposed to the most promising edaphic
shoot growth. However, interaction between competition andtresses might be sufficient for successful management of
allelopathy at their highest levels nearly halved the height ofh€ grass in some cases. Where soil fertility is higher, it may
Seed"ngs a|ready Severely |nh|b|ted by the FPCP pathogerﬁ”l be pQSSIle to I|m|t the aVa.||ab|I.|ty Of a n_utl’lt_i'nt through
(Fig. 1B). Straw extract also altered the effect of soil nutri changes in soil pH or the introduction of soil microbes able
ents on shoot fresh weight and height of inoculated plantsio sequester the nutrient. Opportunities exist to exploit
possibly a result of its own nutrient content. Biological eon €daphic stress as a method for suppressing competing vege
trol with the FPCP pathogens could be more effective wherdation with microbial agents.
more allelopathic straw has accumulated.

Increasing intraspecific competition inhibited seedling
growth (Fig. 1A), but this could be moderated by the pres
ence of nutrients and the FPCP inoculants (Fig. 6B). While This research was supported by Forest Renewal B.C. and
the inhibitory effect of inoculation appears to have been ofthe Canadian Forest Service's Pest Management Methods
primary importance, the increased inhibition in interactionNetwork. We thank Charles Dorworth, Gary Roke, Michael
with the highest levels of allelopathy should not be ever Bobbit, Shelly Duquette, Jennifer Wilkin, Adrienne Mason,
looked. Biological control with the FPCP pathogens couldAnn Harris, and Shane Vincenzi for technical assistance.
be more effective in denser populations of the grass.

Higher soil fertility and, in particular, higher levels of N
may be important constraints on the success of microbiaBeferences
herbicides. Ultimately, the speed of foliar pathogenesis isuld, B., and Morin, L. 1995. Constraints in the development of
likely to be a key determinant of success for biological-con pioherbicides. Weed Technd®: 638—652.
trol with the FPCP pathogens. If shoot growth outstrips theauld, B., Say, M., and Millar, G. 1990. Influence of potential stress
spread of foliar diseases, seedlings may acquire sufficient factors on anthracnose development Xanthium spinosumJ.
photosynthate to maintain viable roots and shoots. On the Appl. Ecol. 27: 513-5109.

4-day damage (%LAD)

T T T T T

0.0 0. 1.0 15 20

Acknowledgments

© 2001 NRC Canada



Winder and Macey 813

Bergmann, J. 1995. Das sandro@a(amagrostis epigejo..] Roth). Macdonald, S., and Lieffers, V. 1991. Population variation,- out

Zeneca Agro, Frankfurt, Germany. crossing, and colonization of disturbed areas@glamagrostis
Bethlenfalvay, G., Andrade, G., and Azcon-Aguilar, C. 1997. Plant canadensisEvidence from allozyme analysis. Am. J. B@8:

and soil responses to mycorrhizal fungi and rhizobacteria in 1123-1129.

nodulated or nitrate-fertilized pea®ium sativumL.). Biol. Mallett, K., Schreiner, K., and Gaudet, D. 2000. Effect of cottony

Fertil. Soils,24: 164-168. snow mould on mortality and biomass Gfalamagrostis cana
Comeau, P., Comeau, M., and Utzig, G. 1982. A guide to plant in densisunder controlled environment conditions. Biol. Control

dicators of moisture for southeastern British Columbia, with en 18 193-198.

gineering interpretations. Land Management Handbook No. 5Mitchell, W. 1974. Native bluejoint: a valuable forage and germ

Information Services Branch, B.C. Ministry of Forests, Victoria, plasm resource. Agroboreali§; 21-22.

B.C. Okoli, C., Shilling, D., Smith, R., and Bewick, T. 1997. Genetie di
de Freitas, J., and Germida, J. 1992. Growth promotion of winter versity in purple nutsedgeCfyperus rotundud..) and yellow

wheat by fluorescent pseudomonads under growth chamber con nutsedge Cyperus esculentus.). Biol. Control, 8: 111-118.

ditions. Soil Biol. Biochem24: 1127-1135. Palaxxo, D., Capotorti, G., Montemurro. F., and Sunseri, F. 1997.
DiTommaso, A., Watson, A., and Hallett, S. 1996. Infection by the Productive responses of herbaceous crops to the inoculation of

fungal pathogenColletotrichum coccodesaffects velvetleaf Azospirillium Informatore-Agrario 53: 53-55.

(Abutilon theophrasjisoybean competition in the field. Weed Paul, N., and Ayres, P. 1986 Interference between healthy and

Sci. 44: 924-933. rusted groundselSenecio vulgarid..) within mixed populations
Guntli, D., Burgos, S., Kump, ., Heeb, M., Pfirter, H., and Défago, G.  of different densities and proportions. New Phytd4 257-269.

1999. Biological control of hedge bindwee@dlystegia sepiuin  Paul, N., and Ayres, P. 1986 The effects of nutrient deficiency

with Stagonospora convolvuktrain LA39 in combination with and rust infection on the relationship between root dry weight
competition from red cloverTgifolium pratensg Biol. Control, and root length in groundselSénecio vulgarid..). Ann. Bot.
15 252-258. 57: 353-360.

Haeussler, S., Coates, D., and Mather, J. 1990. Autecological chaPaul, N., and Ayres, P. 1987. Effects of rust infectionS&necio
acteristics of common plants in British Columbia: a literature re  vulgaris on competition with lettuce. Weed Re37: 431-441.
view. Canada — B.C. Forest Research Development Agreememowelson, R., and Lieffers, V. 1992. Effect of light and nutrients
Report No. 158. B.C. Ministry of Forests and Lands and Cana- on biomass allocation i€alamagrostis canadensi&cography,

dian Forest Service, Victoria, B.C. 15: 31-36.

Heinsdorf, D. 1984. Wirkung von Mineraldiingung auf ErndhrungRoxborough, M., Morris, B., and Irwin, G. 2000. 1999 annual
und Wachstum von WinterlindenTi{ia cordata Mill.) auf overview of Greater Victoria’s drinking water quality. Water De-
Kippbodenformen der Niederlausitz. Beitrdge fur die partment, Capital Regional District, Victoria, B.C.
Forstwirtschaft,18: 1085-1141. Ruppel, S., and Gransee, A. 1998. Effect of P-nutrition and PGPR

Hultén, E. 1968. Flora of Alaska and neighboring territories. Stan- application on potential C-source utilization by rhizosphere com-
ford University Press, Stanford, Calif. munities.In New Frontiers: Program and Abstracts, Eighth Inter-

Jensen, L., and Nybroe, O. 1999. Nitrogen availabilityPszudomo- national Symposium on Microbial Ecology, Halifax, N.S., 9-14

nas fluorescen®F57 is limited during decomposition of barley =~ August 1998. International Society for Microbial Ecology. p. 287.
straw in bulk soil and in the barley rhizosphere. Appl. Environ. Sato, K., and Jiang, J. 1996. Gram-negative bacterial flora on the

Microbiol. 65: 4320-4328. root surface of wheafTfiticum aestivuh grown under different
Landhausser, S., and Lieffers, V. 1994. Competition betw@ala- soil conditions. Biol. Fertil. Soils23: 273-281.

magrostis canadensind Epilobium angustifoliununder differ TeBeest, D. 1991. Microbial control of weeds. Chapman and Hall,

ent soil temperature and nutrient regimes. Can. J. For. Res. New York.

2244-2250. Weete, J. 1992. Induced systemic resistancélternaria cassiae
Landh&usser, S., Stadt, K., and Lieffers, V. 1896creening for in sicklepod. Physiol. Mol. Biol40: 437-445.

control of a forest weed: early competition between three replaceWinder, R. 1992. The potential for biological control of bluejoint

ment species an€alamagrostis canadensi Picea glauca J. (Calamagrostis canadensfMichx.] Beauv.) in reforestation ar

Appl. Ecol. 33 1517-1526. eas in British Columbialn Biocontrol of Forest Weeds: Pt+o
Landhausser, S., Stadt, K., Lieffers, V., and McNabb, D. 1996 ceedings of a Workshop held at the Western International Forest

Rhizome growth ofCalamagrostis canadensig response to Disease Work Conference, Vernon, B.C., 9 August 1%dited

soil nutrients and bulk density. Can. J. Soil St 545-550 by C. Dorworth and S. Glover. Forestry Canada, Victoria, B.C.

Laughlin, W., Smith, G., and Peters, M. 1984. Influence of mitro  pp. 30-36.
gen, phosphorus and potassium fertilization on yield and- min Winder, R. 1997. Then vitro effect of allelopathy and various

eral composition of native bluejoint grasCdlamagrostis fungi on marsh reed gras€#élamagrostis canadengisCan. J.

canadensis on the lower Kenai Peninsula, Alaska (U.S.A.). Bot. 75 236-241.

Agron. J.76. 389-397. Winder, R. 1994. Evaluation ofColletotrichumsp., andFusarium
Lieffers, V., Macdonald, S., and Hogg, E. 1993. Ecology of and spp. as potential biological control agents for marsh reed grass

control strategies fo€alamagrostis canadensia boreal forest (Calamagrostis canadengisCan. J. Plant PathoR1: 8-15.

sites. Can. J. For. Reg3: 2070-2077. Winder, R. 1998. The influence of substrate and temperature on
Macey, D., and Winder, R. 1997. Development of a co-inoculation the sporulation ofFusarium avenaceunand its virulence on

strategy for biological control of marsh reed grasSalg- marsh reed grass. Mycol. ReR03 1145-1151.

magrostis canadengisvith endemic microbesin Expert Com Winder, R., and Macey, D. 1998. Biological control of grasses in
mittee on Weeds: Proceedings of the 1996 National Meeting, reforestation areas: problems and prospektsThird Interna
Victoria, B.C., 9-12 December 199&ompiled byP. Comeau tional Conference on Forest Vegetation Management: Popular
and G. Harper. B.C. Ministry of Forests, Victoria, B.C. p. 162.  Summaries, Sault Ste. Marie, Ont., 25-28 August 19098m

© 2001 NRC Canada



814 Can. J. Bot. Vol. 79, 2001

piled by R. Wagner and D. Thompson. Ontario Forest Research Development, Northern Natural Resources and Environment
Institute, Sault Ste. Marie. p. 360. Branch, Department of Indian Affairs and Northern Development

Winder, R., and Van Dyke, C. 1990. The pathogenicity, virulence, Ottawa, Ont.
and biocontrol potential of tw8ipolaris species on Johnsongrass Younkin, W.E. 1974. Ecological studies éfrctagrostis latifolia (R.
(Sorghum halepenseWeed Sci.38: 89-94. Br.) Griseb. andCalamagrostis canadens{Michx.) Beauv. in rela
Younkin, W.E. 1973. Botanical studies of natural and man-modified tion to their colonization potential in disturbed areas, Tuktoyaktuk
habitats in the MacKenzie Valley, eastern MacKenzie Delta re region, N.W.T. Ph.D. thesis, Department of Botany, University of
gion and the Arctic Islands. ALUR 72-73-14/TFNOD 73-43. Arc Alberta, Edmonton, Alta.
tic Land Use Research Program/Task Force on Northern Oll

© 2001 NRC Canada



