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Abstract 

We tested the role of mycorrhizal networks in facilitative-competitive interactions of 

interior Douglas-fir (Pseudotsuga menziesii var. glauca) trees and seedlings along a stress 

gradient. At close proximity to the tree, seedling growth was reduced when unable to 

form a network at the dry end of the gradient. When trees were windthrown during the 

experiment, growth was reduced in networked seedlings. Survival was maximized when 

seedlings grew at 2.5 m after adjusting for effects of soil moisture with distance, soil 

temperature with distance, tree status, and seedling damage. We thus conclude that 

Douglas-fir seedlings may benefit from the presence of established Douglas-fir trees 

when growing near their abiotic limit, and that across their realized niche, dying trees are 

likely to result in a pulsed increase of survival and growth in networked seedlings. 
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Introduction 

 

Successful seedling establishment in stressed ecosystems is strongly influenced 

by mycorrhizal fungi (Perry et al. 1989, Smith and Read 1997), as well as proximity to 

previously established plants (Greenlee and Callaway 1996, Choler et al. 2001, Pugnaire 

and Luque 2001, Bertness and Ewanchuk 2002, Callaway et al. 2002, Maestre et al. 2003, 

Gómez-Aparicio et al. 2004, Liancourt et al. 2005, Cavieres et al. 2006).  Mycorrhizas 

aid plants in water uptake and provide other benefits that are critical to plants under water 

stress (Duddridge et al. 1980, Landhausser et al. 2002, Rillig et al. 2002). Evidence that 

ectomycorrhizas (EM) aided conifers in nutrient uptake appeared as early as the 1930s 

(Hatch 1937). Since the 1970s, they have been known to be important to Douglas-fir 

(Pseudotsuga menziesii) regeneration (Stack and Sinclair 1975).   

In 1997, Simard et al. (1997b) challenged some basic tenants of plant community 

ecology when they detected carbon (C) transfer between Douglas-fir and paper birch in 

the field, with more transferred through mycorrhizal network (MN) than soil pathways. 

The relative importance of these transfer pathways, nevertheless, remains debated 

(Robinson and Fitter 1999, Simard and Durall 2004; Philip 2006).  If, in fact, C transfer 

through MNs is common, then the classical model of plant community dynamics (Tilman 

1988) needs modification to allow for a multiplicity of interactions between plants, rather 

than simply competition (Simard et al. 1997a, Simard et al. 1997b, Read 2002). 

Recently, several papers (Koide and Elliott 1989, Tinker et al. 1994, Johnson et al. 

1997, Schwartz and Hoeksema 1998, Hoeksema and Bruna 2000, Hoeksema and 

Kummel 2003, Hoeksema and Schwartz 2003, Jones and Smith 2004) have discussed 



mycorrhizas in light of economics, suggesting that mycorrhizas are an ideal relationship 

for testing the biological market model of mutualism.  When this theoretical approach is 

applied to the role of MNs in water-limited ecosystems, the market price of water in 

exchange for carbon should be the primary factor in determining the importance of MNs 

in plant facilitation (Cavieres et al. 2006). Water budgets are expected to shift not only in 

response to changing precipitation and temperature regimes, but also to changes in the 

atmospheric partial pressure of CO2 (pCO2). While an increase in temperature would be 

expected to increase the market price of water through increased evapotranspiration, 

increases in precipitation and pCO2 could counter this via increases in soil available 

water and water use efficiency for C3 plants, respectively.  

There is evidence that plant-to-plant facilitation is most important when 

environmental stress is high (Greenlee and Callaway 1996, Callaway et al. 2002, Castro 

et al. 2004, Liancourt et al. 2005, Cavieres et al. 2006), and that MNs may play a role in 

this facilitation (Dickie et al. 2002, Querejeta et al. 2002, Querejeta et al. 2003a, 

Querejeta et al. 2003b, Dickie and Reich 2005, Dickie et al. 2005).  With recent summer 

droughts in southern interior British Columbia (BC), and the predicted increase in 

average annual temperature for all of BC with rising atmospheric carbon dioxide (CO2) 

concentrations (Hamann and Wang 2005), concerns are increasing about forest 

recruitment following harvest or natural disturbance. Understanding the role of MNs in 

Douglas-fir establishment in stressed ecosystems is, therefore, of increased importance. 

Ensuring forests regenerate successfully under increasing climatic stress, particularly 

those in the most vulnerable ecosystems (e.g., Douglas-fir forest near its climatic limits; 

Hamann and Wang 2005), requires that we design silvicultural systems using a sound 



understanding of the climatic, site and biotic factors regulating recruitment. To elucidate 

what effect climatic and atmospheric conditions have on mycorrhizas, and in turn, what 

effect MNs have on plant community dynamics, it would be beneficial to assess plant-

fungus-plant interactions at several field locations that differ in climate. This project built 

on an ongoing research program examining biotic and environmental factors affecting 

forest establishment in complex stands in southern interior BC (Simard and Vyse 2006).  

A better understanding of competitive and facilitative effects of residual trees on seedling 

recruitment across a range of stand structures and climatic regions is needed to design 

silvicultural systems for a range of forest types and changing climatic conditions.   

To that end, we employed field experiments examining Douglas-fir seedling 

establishment as a function of regional climate, links into MNs with residual trees, 

distance from residual trees, seedling cohort (3-year-old outplanted nursery seedlings 

versus 1st year seedlings germinated in the field), and seed provenance. To predict 

climatic change effects on seedling recruitment, we assessed the interaction of these 

factors at field locations along a climatic gradient, using spatial climatic variability as a 

proxy for climate change. We predicted that residual trees and linkage into an MN would 

be of increasing importance to seedling recruitment with drought stress, and hence in 

regions that will experience greater drought stress with climate change. The experimental 

design, which included replication within stands and climatic regions, provides basic 

information for designing silvicultural systems across multiple scales.   

 

Methods 

 



Experimental Design 

The field study was conducted at 9 sites across a climatic gradient, varying most 

in the ratio of mean annual potential evapotranspiration to precipitation, consisting of 

forests with a major component of interior Douglas-fir (Pseudotsuga menziesii var. 

glauca). Douglas-fir was chosen for 5 reasons:  (1) It has a broad geographic range and 

environmental tolerance throughout the Western Cordillera; (2) Its range is likely to 

expand upward in elevation and latitude with warming, but contract at its driest 

boundaries (e.g., forest-grassland interface); (3) Regeneration success has been shown to 

depend on mycorrhization in the field; (4) It is one of the most studied tree species in the 

world; and (5) It is one of the most important tree species commercially and ecologically 

in southern BC.   

Three factors in addition to climate were tested in Experiment 1 (provenance 

experiment), including (1) presence of an MN (three levels using different sized mesh 

barriers that exclude hyphae and/or roots (Figure 1)), (2) seedling cohort (cohort 1 (3
rd

 

year outplanted nursery seedlings) versus cohort 2 (1st year field-germinated seedlings)), 

and (3) seed provenance (3 originating from seed zones Thompson Okanagan arid, 

Thompson Okanagan dry, and Shuswap-Adams). They were arranged as a nested 

factorial, each treatment being replicated 7 times on every site, utilizing 14 residual trees 

per site, for a total of 567 seedlings planted in cohort 1 and 567 seed groups planted for 

cohort 2. Douglas-fir one-year-old nursery seedlings (cohort 1) and unstratified seeds 

(cohort 2) were planted near mature, residual Douglas-fir trees, cohort 1 in May and 

June of 2006 and cohort 2 in September of 2006. Periodic measurements were taken to 

determine establishment success. Germination rate and soil parameters were monitored at 



all sites. Experiment 2 was integrated into the design of Experiment 1, having MN-

status, distance and climate as factors (but not including seedling age or provenance as in 

Experiment 1).   

The adaptive, phenotypic effects that vary with genotypic provenance are being 

separated from climatic effects on functional interactions among plants and fungi. Thus 

local provenances from three locations along the climatic gradient were planted at each 

site.  

To determine whether there is a difference in the effect of MNs and root 

competition on cohort 1 versus cohort 2, both nursery seedlings and seeds were planted 

as a factor, using nylon meshes (pore sizes of either 0.5 µm (restricting hyphae, roots and 

invertebrates) or 35 µm (restricting roots and invertebrates)) (Johnson et al. 2001) to 

control for the presence of an MN (Figure 1).   

 

Study Site Selection 

Clearcuts less than 10 years old that had never received prescribed burns were 

selected. Each site consisted of a group of cuts within 2 km of one another, with a 

minimum of 2 km between sites. The largest fourteen solitary, residual Douglas-fir trees 

were selected from the cutblocks at each site.   

 

Planting Methods 

Seeds and seedlings were planted at a distance of 2.5 m from a central residual 

tree, and 1.7 m from one another, giving nine experimental units per residual tree for 

Experiment 1. Those that were randomly predetermined to grow within nylon mesh 



were planted in the center of a cylinder of soil enveloped by the mesh, while others were 

planted in a cylinder of soil that had been disturbed in the same manner as that of the 

mesh treatments. This method allowed us to:  (a) separate soil water from mycorrhizal 

hyphal from root and invertebrate conduits of nutrient flow; (b) have an MN and non-MN 

treatment without the confounding factor of digging large trenches around MN 

treatments; and (c) ensure that differences between treatments are unaffected by 

experimental disturbance of the soil. For Experiment 2, Douglas-fir seedlings (945 

outplanted nursery seedlings all belonging to provenances in the mesic seed zone 

(Thompson Okanagan dry)) were planted in May and June of 2006 at five distances (0.5, 

2.5, 5, 10 and 15 meters) from mature, residual Douglas-fir trees, using the same mesh 

treatments, trees, and number of replications as in Experiment 1.  

 

Sampling Methods and Measurements 

Seeds and seedlings:  Following germination, each seedling was monitored for survival at 

two-week intervals until harvest. Growth was measured by oven-dry weight (65°C for 48 

hours) of root and shoot biomass after 2 growing seasons for each cohort.   

Atmospheric conditions:  Light transmittance was measured at each seedling using a line 

ceptometer.  Weather and climate data for the period of 1950 to 2008 were obtained from 

the Global Historical Climatology Network for the climate stations that were closest to 

the 9 sites. ClimateBC (Hamann and Wang's 2005)) software was used to interpolate 

weather parameters for the period 1950-2002 for each established tree at the 9 sites by 

inputting their latitude, longitude, and altitude.  The outputs were related to data from the 

weather stations for the same period and used to develop transfer functions predicting 



monthly precipitation, mean monthly maximum temperature and start date of frost-free 

growing period for each tree during the duration of the experiments using data for the 

same period originating from the weather stations.  

Soils: Volumetric soil moisture content was continuously measured during 2007 and 

2008 using TDR probes connected to data loggers at 5 m from residual trees. TDR probes 

were also used to measure volumetric soil water content monthly during the 2007 and 

2008 growing seasons at the five distances from the trees, near the corresponding 

seedling.  Three test pits were excavated at each site to characterize soil properties. 

Established trees: Diameter at breast height, total height, crown height, slope, aspect, 

latitude, longitude and elevation were measured for each established tree. Every tree 

chosen for the experiment was alive and apparently healthy in May 2006. during the 

course of the study, a number of trees at various sites succumbed to windthrow, chainsaw, 

an undetermined cause of standing death, and complete defoliation by tussock moths. 

These trees were categorized and included in the analyses as a categorical variable to 

determine how their change in status might affect facilitation via MNs. 

 

Data Analysis 

Effects of the treatments on survival and growth were analyzed using SAS System 

for Windows, V8 (2004). All growth analyses were performed using a factorial set of 

treatments with covariates in a completely randomized design using the Mixed Procedure. 

Survival analyses were performed using an analogous approach with the Logistic 

Procedure. Growth parameters were logarithmically transformed to conform to the 

assumptions of ANCOVA. Total biomass at harvest was used as the measure of growth 



for cohort 1, while all outplanted nursery seedlings were assessed on proportion increase 

in biomass. For the climatic factor, it was desired to capture the effects of multiple 

atmospheric parameters on the growth of each seedling. To do this we multiplied total 

growing season precipitation for the field-life of the seedling by average maximum 

growing season temperature for the field-life of the seedling by relative 

photosynthetically active radiation received at each seedling by the average partial 

pressure of CO2 at elevation. We’ve called this the “photosynthetic index” and used it as 

the climatic factor when it had high explanatory power. 

 

Results 

 

Of 766 outplanted nursery seedlings not uprooted or buried in the distance 

experiment, 412 survived. Mycorrhizal network treatment, distance from tree, average 

growing season soil moisture, average growing season soil temperature, and change in 

tree status were all meaningful predictors at P < 0.05 with no interactions, while damage 

was significant at P = 0.0853 (Wald 
2
 = 154.2094 df = 21, P < 0.0001, c = 0.811). 

Seedling survival was increased by 72.5% when growing in 35-µm mesh relative to no 

mesh. Survival by distance was maximized at 2.5 m and minimized at 0.5 m from the 

established tree. The probability of survival increased 0.6% for every 0.05% increase in 

average growing season volumetric soil moisture measured at each seedling. Relative to 

growing near live trees, seedlings were more than 3 times as likely to survive growing 

near downed trees, and more than 24 times as likely to survive growing near a standing 



dead tree. Survival decreased with average growing season temperature measured at each 

seedling. 

While no interactions were observed in the survival analysis for the distance 

experiment, among the 412 surviving seedlings, MN treatment, distance from tree, and 

photosynthetic index interacted to affect growth (Figure 2) when damage, initial planting 

date, and O-horizon depth were included as covariates. An interaction was also present 

between photosynthetic index and initial planting date. When photosynthetic index was 

high, seedling growth among all MN treatments increased with distance from the 

established tree, being least inhibited in the 0.5-µm mesh near the tree, and most inhibited 

when grown in no mesh. As photosynthetic index decreased, this pattern shifted such that 

the distance trend was magnified in the 0.5-µm mesh seedlings, which were the most 

inhibited by tree proximity, and reversed in the 35-µm mesh seedlings, which decreased 

in growth with distance from the tree, average growth surpassing that of the 0.5-µm mesh 

and no mesh treatments at close proximity. While the distance affect increased in 

magnitude for the 0.5-µm mesh treatment, it decreased in magnitude for the no-mesh 

treatment as photosynthetic index declined. Among the damage categories, growth was 

most reduced by cattle damage. Growth decreased with planting date, but this effect was 

reduced as photosynthetic index increased. 

Of 458 outplanted nursery seedlings not uprooted or buried in the provenance 

experiment, 197 survived. 2006 June-July precipitation, provenance, the interaction of 

precipitation and provenance, 2006 June-July average daily maximum temperature, initial 

planting date, bearing from tree, damage, and diameter breast height of the tree were all 

significant predictors of seedling survival at P < 0.5 (Wald 
2
 = 110.9655, df = 27, P < 



0.0001, c = 0.878). Seedlings belonging to the mesic provenance (TOD) were most 

responsive to 2006 June-July precipitation in terms of their survival, while those 

belonging to the xeric provenance (TOA) were the least responsive. Survival decreased 

with initial planting date and 2006 June-July temperature, but increased with diameter 

breast height of the tree. Among the nine bearings designated for planting around the 

trees, survival was maximized at 300° and minimized at 100°.   

Of the 150 field germinants that were not uprooted or buried, 98 survived. Their 

survival was only predicted by 2007-08 June-July precipitation (Wald 
2
 = 18.7597, df = 

1, P < 0.0001, c = 0.723). the probability of survival increased by 2.3% for every 1-mm 

increase in 2007-08 June-July precipitation. 

Growth of both cohort 1 and cohort 2 had significant interactions (P < 0.05) 

involving MN and provenance. For cohort 1 there was an interaction of MN and 

provenance with photosynthetic index, while for cohort 2 MN and provenance interacted 

with average growing season volumetric soil water measured at the seedling. In both 

cases, hydric provenance (SA) seedlings exhibited an opposite response to climatic 

indices among the MN treatments, relative to xeric provenance (TOA) seedlings. For 

both cohorts there was also a low P-value for interaction between change in tree stratus 

and MN (cohort 1 P = 0.0104, cohort 2 P = 0.051), where growth was highest near 

standing dead trees and lowest near downed trees when seedlings were grown in 35-µm 

mesh or no mesh, while growth was lowest near live trees when seedlings were grown in 

0.5-µm mesh. Covariates for cohort 1 were aspect, bearing from tree, aspect*bearing 

interaction, tree diameter breast height, and the subscript classification for the A-horizon. 



Covariates for cohort 2 were bearing from tree, crown height of tree, longitude and 

coarse-fragment-content of the soil. 

 

Discussion 

 

Distance experiment 

One of our initial hypotheses was that MNs would facilitate seedling 

establishment when seedlings were growing at close proximity to trees in the driest 

environments. While results from the growth analysis (see below) hint at this, MN 

treatment, distance from tree, and soil moisture all affected survival independently. in the 

distance experiment, seedling survival was maximized at a distance of 2.5 m from the 

tree when grown in a 35-µm mesh, all other things being equal, but lowest when growing 

in no mesh. This is consistent with the expectation that if seedlings are benefiting from 

MNs with established trees, their health should be greatest when growing at close 

proximity to that tree and able to form hyphal connections between its own and the tree’s 

root systems. The low survival for the no-mesh seedlings must be due to root competition, 

as, even if the nylon mesh is slowing movement of soil water and thus equilibration of 

soil moisture between the inside and outside of the bag, it would be expected that water 

would be depleted more rapidly within the bag in the absence of foreign roots adjacent to 

the outside of the bag. If the nylon bags are inhibiting water movement then, it would be 

expected that this inhibition would be greater in the 0.5-µm mesh than in the 35-µm mesh 

bags, and thus seedlings in the 0.5-µm mesh would be less susceptible to root 

competition. In contrast, survival was higher in the 35-µm mesh bags, implying that 



hyphal penetration was responsible for the difference in survival. This is in disparity to 

Teste and Simard’s (2008) finding that seedling survival was highest for seedlings not 

growing mesh bags. This difference may be due their experiment being conducted only at 

mesic sites, and during unusually wet years, thus reducing root competition effects, while 

potentially inducing a parasitic relationship of the fungus with the seedling. 

This does not, however, explain why seedling survival in Teste and Simard’s 

(2008) experiment was high in 250-µm mesh bags, which are also subject to network 

formation, while limiting seedling root exploration. Rhizomorphs are able to penetrate 

the 250-µm mesh, but networks formed via rhizomorphs would only be expected to differ 

in the magnitude of their effect, not the direction. The answer may lie in differential 

effects on Douglas-fir between fungal species that form rhizomorphs and those that don’t. 

Teste et al. (2009) have shown that rhizomorph-forming ectomycorrhizal fungi are 

generally more restricted by mesh barriers than those that aren’t. 

An interaction was present among MN factor, distance and photosynthetic index 

(a climatic indice) (Figure 2). While overall growth was highest when photosynthetic 

index was high, at close proximity to the tree, connection to an MN had little effect on 

growth. Growth decreased as photosynthetic index decreased, but a pattern developed 

where close to the tree seedlings in the 35-µm mesh treatment had the highest growth, 

while seedlings in the 0.5-µm mesh had the lowest growth. This pattern is consistent with 

the portion of our hypothesis stating that at close proximity to the tree, MNs would 

increase seedling health when growing in dry climates. When photosynthetic index was 

low, this pattern reversed with distance from the tree, with growth actually decreasing 

with distance for seedlings growing in the 35-µm mesh! The high survival rate at 2.5m 



suggests that this is not simply an artifact of selection against the least drought-tolerant 

species. Both our survival and growth findings contrast those of Teste and Simard (2008) 

in that at our mesic and hydric sites, the no-mesh seedlings consistently had the lowest 

survival and growth rates. This difference may result from smaller established trees being 

utilized in their experiment, and thus weaker effects of root competition. Furthermore, the 

unusually wet summers prevailing the duration of their experiments might contribute to 

weakening root competitive effects.  

 

Provenance experiment 

No MN effect was detected when either cohort of the provenance experiment was 

analyzed for survival. This contradicts findings from the distance experiment, however 

provenance effects may simply be swamping out detectability of any MN effects. This 

does not support our hypothesis. This lack of statistical significance may be due to lower 

total numbers of outplanted nursery seedlings used for the provenance experiment, 

relative to the distance experiment. This was despite growing at the distance that 

appeared to be most affected by MNs in the distance experiment. Survival increased with 

tree diameter, suggesting facilitation despite the lack of significance of the MN factor. An 

interaction occurred between provenance and 2006 June-July precipitation where TOD 

seedlings were the most responsive to precipitation during these months, while TOA 

seedlings were the least responsive. Results of other studies looking at 

genotype*environment interactions in Douglas-fir vary widely (e.g. Campbell 1992; 

Silen and Mandel 1993; Stonecypher et al. 1996; Johnson 1997).   



As indicated by logistic regression, survival of cohort 2 only seemed to be 

affected by June-July precipitation for 2007-08. the seedlings likely went into dormancy 

by the time the August drought set in. at this early phase of development the seedlings are 

highly susceptible to drying out with their poorly developed root systems, even at the 

wetter locations of this gradient, and thus may be equally effective at shifting into 

dormancy when desiccation threatens. By contrast, provenance was important in 

determining survival for the 3-years advanced cohort 1 seedlings.  

While it was expected that TOA seedlings would exhibit the greatest growth in 

the driest environments, and SA seedlings would grow fastest at the wettest sites, growth 

of TOA seedlings actually decreased with moisture when grown with a 35-µm mesh in 

cohort 1, which was not forecast. Even more unexpectedly, the pattern observed for both 

provenances was the opposite in cohort 2. this pattern actually suggests a vulnerability to 

parasitism by EM fungi at the earliest stages of growth, possibly alleviated with 

development through fungal succession, assuming that EM compatibility is increased 

when growing near closely related trees. The more advanced seedlings appeared to 

benefit from tapping into MNs when their neighbors were closely related. Even more 

striking, in every one on these cases the pattern was opposite for 35-µm mesh versus no 

mesh. 

Among every seedling that had the opportunity to form MNs, growth was 

maximized near standing dead trees and minimized near downed trees. In the 0.5-µm 

mesh, growth was lowest near live trees and, for cohort 1, greatest near downed trees. 

The reduction in growth near downed trees for the networked seedlings, but not the un-

networked seedlings, supports the hypothesis that networked plants are benefitting from 



nutrients transferred from standing trees, and suggests that when trees are downed, the C-

burden for the fungi in the network is shifted to other plants in the network. We conject 

that this also explains the decrease in survival near downed trees relative to standing dead 

in the distance experiment.    

 

Implications 

 

Established trees have potential facilitative effects on seedling growth and 

survival via MNs when growing near their abiotic limit, and therefore should be taken 

into consideration in forest management. a major conclusion from this study is that in 

order to obtain benefits from this preestablished network, the trees don’t necessarily have 

to be alive, but they must be standing. 
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Figure 1. Conceptual diagram of the three treatments controlling potential conduits of C 

and soil nutrient transfer between root systems of presumed donor (D) and receiver (R) 

plants. A. A 0.5-µm mesh (vertical dotted line) separates root systems of plants, allowing 

only soil water solution (dotted arrows) to pass through. B. A 35-µm mesh (vertical 

dashed line) separates the root systems, allowing only soil water and hyphae (broken 

arrows) to pass through. C. No mesh, allowing material to be transferred via soil water, 

hyphae and roots (solid arrow). Subtracting B from C provides an estimate of C transfer 

through roots alone, and subtracting A from B provides an estimate of C transfer through 

a MN alone. 

(B) (C) (A) 

R D 

0.5 m m Control 

SW 
MN 
Roots 



 

a) 

-1.5

-1

-0.5

0

0.5

1

1.5

2

2.5

3

0 5 10 15 20

Distance from established tree (m)

ln
 (

p
ro

p
o

rt
io

n
 b

io
m

a
s
s
 i

n
c
re

a
s
e
)

0.5

35

none

Linear (0.5)

Linear (35)

Linear (none)

 
b) 

-1

-0.5

0

0.5

1

1.5

2

2.5

0 5 10 15 20

Distance from established tree (m)

ln
 (

p
ro

p
o

rt
io

n
 b

io
m

a
s
s
 i

n
c
re

a
s
e
)

0.5

35

none

Linear (0.5)

Linear (35)

Linear (none)

 
 

 

 

 

 

 

 

 

 

 

 



 

c) 

-1

-0.5

0

0.5

1

1.5

2

2.5

0 5 10 15 20

Distance from established tree (m)

ln
 (

p
ro

p
o

rt
io

n
 b

io
m

a
s
s
 i

n
c
re

a
s
e
)

0.5

35

none

Linear (0.5)

Linear (35)

Linear (none)

 
 

Figure 2. Relationship of distance and the natural logarithm of proportion biomass 

increase among different MN treatments at the 3 sites with the highest average 

photosynthetic index (a), 3 sites with the lowest average photosynthetic index (c), and 

three sires in between (b). 


