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Abstract The outcome of species interactions
often depends on the environmental conditions
under which they occur. In this study, we tested
how different soil moisture conditions affected
the outcome of the ectomycorrhizal symbiosis
between three Rhizopogon species and Pinus
muricata in a factorial growth chamber experiment. We found that when grown in 7% soil
moisture conditions, ectomycorrhizal plants had
similar biomass, photosynthesis, conductance, and
total leaf nitrogen as non-mycorrhizal plants.
However, when grown at 13% soil moisture,
ectomycorrhizal plants had significantly greater
shoot biomass, higher photosynthetic and conductance rates, and higher total leaf nitrogen than
non-mycorrhizal plants. The differences in plant
response by mycorrhizal status in the two soil
moisture treatments corresponded with evidence
of water limitation experienced by the fungi,

Peter G. Kennedy and Kabir G. Peay contributed equally
to this work and order was determined by a coin toss.
P. G. Kennedy
Department of Plant and Microbial Biology,
University of California at Berkeley, Berkeley, USA
K. G. Peay (&)
Department of Environmental Sciences, Policy &
Management, University of California at Berkeley,
321 Koshland Hall, Berkeley, CA 94720, USA
e-mail: kpeay@nature.berkeley.edu

which had much lower colonization at 7% compared to 13% soil moisture. Our results suggest
that the outcome of the ectomycorrhizal symbiosis can be context-dependent and that fluctuating environmental conditions may strongly affect
the way plants and fungi interact.
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Introduction
It is widely recognized that the outcome of
species interactions often varies in different environmental conditions. This was classically documented in the experimental work of Park (1954),
who found that the outcome of competition
among Tribolium beetles depended on factors
such as temperature and humidity. Many subsequent studies examining a range of species interactions (e.g. competition, facilitation, predatorprey) have found that changes in abiotic and
biotic environmental conditions can strongly
affect the ways species interact (Hutchinson
1961; Wiens 1977; Dunham 1980; Cushman and
Whitham 1989; McCreadie et al. 2005). Although
environmental changes have important effects on
a number of species interactions, they may be
particularly important in determining the outcome of interactions among symbionts because
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there are usually direct costs associated with these
types of interactions (Cushman and Whitham
1989). In some environments, benefits of interacting with symbionts outweigh costs and the net
outcome is positive, while in others benefits do
not exceed costs and the net outcome is negative
(see Bronstein 1994 for review).
Many plant species, including many of the
dominant timber species, are involved in a symbiosis with ectomycorrhizal (ECM) fungi. In this
symbiosis, the plants provide carbon to fungi in
exchange for nutrients. For plants, it is estimated
that 10–50% of their net photosynthate is transferred to ECM fungi (Smith and Read 1997;
Simard et al. 2002; Hobbie and Hobbie 2006).
When soil nutrient availability is low, this cost is
outweighed by benefits provided by the fungi. In
these conditions, ECM plants are usually larger
and/or have higher nutrient content than nonmycorrhizal plants (see Simard et al. 2002 for
review). In contrast, in high soil nutrient availability conditions, there are usually no significant
differences in the size or nutrient status of ECM
and non-mycorrhizal plants (Scheromm et al. 1990;
Quoreshi and Timmer 1998; Jonsson et al. 2001).
Although ECM fungi can grow in high and low
nutrient conditions, there is typically a decrease in
ECM colonization of plants in high nutrient
conditions (Jones et al. 1990; Dupponois and Ba
1999), presumably because for the plant the costs
of the ECM association exceed the benefits.
The outcome of the ECM symbiosis may also be
affected by other environmental factors aside from
soil nutrient status, especially if they directly affect
either symbionts’ ability to provide services to its
partner. For example, changes in light availability
(Zhou and Sharik 1997; Weber et al. 2005) and
herbivory pressure (Gehring and Whitham 2002)
have both been shown to influence how plants and
ECM fungi interact. Another environmental factor that has received less attention in this context is
water availability. A number of studies have
shown that plant water relations can be improved
by ECM fungi in low water conditions (Duddridge
et al. 1980; Dixon et al. 1980; Brownlee et al. 1983;
Parke et al. 1983; Davies et al. 1996; Morte et al.
2001), providing evidence that ectomycorrhizal
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colonization can improve plant performance
under certain experimental drought conditions.
However, many other studies have found that
ECM fungi do not provide any benefit to the plant
when water becomes limiting (Sands et al. 1982;
Lehto 1989; Coleman et al. 1990; Dosskey et al.
1991; Parlade et al. 2001). Lack of benefit in these
studies is likely related to the fact that both
symbionts are directly affected by water availability, with each having decreased performance when
water is limited (Mexal and Reid 1973; Theodorou
1978; Coleman et al. 1989; Lambers et al. 1998). As
a result, the fungi may be unable to provide
resources to their host plants in low water conditions because their own physiological constraints
(Coleman et al. 1989; Dosskey et al. 1991).
Similarly, plants may not be able to satisfy carbon
demand of the fungi during water limitation
because photosynthetic capacity decreases due to
stomatal closure (Dosskey et al. 1991). A better
understanding of these mechanisms may help
explain the shifts in ECM assemblages commonly
observed with experimental watering or across
soils with different moisture retention (Swaty et al.
1998, 2004, Gehring et al. 2006).
In this study, we conducted a growth chamber
experiment to test how varying soil moisture
conditions affect the outcome of the ECM symbiosis. To assess the effects of varying soil
moisture conditions, we measured a number of
morphological and physiological variables of the
plants as well as parameters indicating the
response of the fungi. We used a suite of fungal
species in the genus Rhizopogon and the host
plant Pinus muricata, which naturally co-occur
along the coastal regions of the western United
States and Mexico (Grubisha et al. 2002). In these
regions, there is a prolonged period of water
deficit that coincides with peak annual temperatures, during which soil water potentials can reach
as low as –6 MPa (Dunne and Parker 1999). We
hypothesized that ECM fungi would benefit
seedling performance relative to non-mycorrhizal
controls, but that their effect would be less
significant in low soil moisture conditions because
of the direct negative effects of water limitation
on both symbionts.
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Materials and methods
Experimental design
We examined the effects of soil moisture and
ECM fungi on Pinus muricata seedling performance using a factorial experimental design. The
experiment consisted of two soil moisture treatments crossed with five fungal treatments (see
below). Each treatment had eight replicate
seedlings (2 · 5 · 8 = 80 total seedlings). In the
fall of 2004, seeds of P. muricata were collected
from multiple trees at Point Reyes National
Seashore in northern California (3802.695¢ N,
12253.905¢ W). In January 2005, seeds were
surface-sterilized, germinated on moist filter
paper for ~10 days, and then planted into
160 ml cone-tainers (Stuewe and Sons, Corvallis,
OR) containing a two:one mix of sterile sand
and autoclaved field soil taken from an area of
Pt. Reyes known to have no Rhizopogon inoculum (T. Bruns, unpublished data). The conetainers were placed in racks in a growth chamber
set for 16 h light at 22C, 8 h dark at 16C, and
60% relative humidity for the duration of the
experiment. Seedlings were randomly assigned
to the experimental treatments and rotated
regularly throughout the experiment to insure
that chamber location was not a confounding
factor.
Three weeks after planting, the ECM fungal
treatments were applied as follows: 16 seedlings
were inoculated with spore slurries of Rhizopogon
occidentalis, R. salebrosus, R. vulgaris, Tomentella
sublilacina or a water control. All of these ECM
species are relatively common associates of P.
muricata at Pt. Reyes, particularly in the areas
burned in the 1995 Mt. Vision fire (Taylor and
Bruns 1999). The spore slurries were prepared
from eight separate sporocarp collections of each
species from Pt. Reyes in the winter of 2005. Each
collection was made several meters apart, and all
collections were typed by ITS-RFLP analysis to
verify morphological species identifications.
Samples from all eight collections were filtered
into a single spore slurry, which was applied at a
volume of ~ five million total spores per replicate.
This quantity has been shown in previous studies
to be sufficient inoculum to ensure maximum
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colonization rates of all these species (Lilleskov
and Bruns 2003; Kennedy and Bruns 2005).
Two weeks after spore inoculation, the 16
seedlings in each ECM treatment were divided
into two watering treatments. The two soil moisture levels, 7% and 13% volumetric water content, were chosen because they represent the
upper and lower range of average soil moisture
conditions experienced in the coastal grasslands
during the summer months (Kennedy and Sousa
2006). In these areas, soil moisture availability
declines relatively quickly after the last rain and
stays at a low level for the duration of the summer
(Kennedy and Sousa 2006). To simulate these
conditions in the growth chamber, we chose to
hold soil moisture constant at the two designated
levels throughout the entire period of the experiment. Soil moisture conditions were maintained
at 13% and 7% by watering with either 15 ml of
dH20 daily or 7.5 ml once a week in the two
treatments, respectively. The treatments were
monitored using a ‘‘Hydrosense’’ TDR moisture
probe (Campbell Scientific, Logan, UT), which
calculates instantaneous volumetric water content. Measurements were taken daily from one
seedling in each treatment group during the first
2 months of the experiment, after which soil
moisture was monitored every other week. Four
ml of a 35 ppm dilution of a 10-10-10 N-P-K
fertilizer
(0.132 mg
N,
0.06 mg P,
and
0.108 mg K) was also applied once a week for
the first month and every other week for the
remainder of the experiment. The nutrient solution was included as part of the weekly watering
quota for each plant.
After 4 months, we measured photosynthetic
rate (lmol CO2 g–1 s–1) and stomatal conductance (mmol g–1 s–1) of all seedlings. Measurements were made on the Li-6400 portable gas
exchange system (Li-Cor, Lincoln, NE) using a
modified ‘‘conifer’’ chamber. The photon flux
density was held at ~1,000 lmol m–2 s–1 using an
external light source, reference carbon dioxide
was 400 PPM, and flow rate was 500 mmol s–1.
After examining gas exchange, the seedlings were
clipped at the soil level and the needles removed.
All leaf, shoot, and non-ECM root biomass was
then placed in a drying oven at 65C for 2 days
and weighed. We also assessed the d13C of all
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seedling leaves because d13C provides an integrated measure of plant carbon and water relations over the life of the leaf (Farquhar et al. 1989;
Dawson et al. 2002). Dried needle tissue from
each seedling was placed in separate screw cap
amalgamator tubes with glass beads or stainless
steel ball bearings and ground in either a Wig-LBug Crescent Amalgamator (Dentsply International, Surrey, UK) or a Mixer Mill MM 301
(Retsch, Haan, Germany). Four milligrams were
measured into a tin capsule (COSTEK, Valencia,
Calif., USA) and analyzed for isotopic ratios with
an ANCA/SL elemental analyzer coupled with a
PDZ Europa Scientific 20/20 Mass Spectrometer
at the Center for Stable Isotope Biogeochemistry,
University of California, Berkeley. Carbon isotope composition is expressed in ‘‘delta’’ notation
(&), and is calculated as d13C = (Rsample/Rstandard
– 1) · 1,000. Rsample and Rstandard represent the
molecular ratios of 13C to 12C in the sample and
standard (in this case V-PDB), respectively. The
isotopic analyses also determined the % leaf
nitrogen in each sample.
Finally, to assess how the ECM fungi were
affected by soil moisture, we measured the %
ECM root weight of the colonized seedlings. This
measure is similar to % ECM root tip colonization, but avoids the difficulty of defining an
individual root tip (which for Rhizopogon species
is difficult due to their typically coralloid ECM
morphology). To measure % ECM root weight,
ECM seedling root systems were carefully washed
to remove all soil and then placed under a 10·
dissecting microscope. All of the ECM root tips
and non-ECM root biomass were separately
removed from each seedling and dried for two
days at 65C. % ECM root weight was then
calculated as ([ECM biomass/ECM biomass + non-ECM root biomass] · 100).
Statistics
At the time of ECM sampling, we found that
there was no ECM colonization in the T. sublilacina treatment. We confirmed this using both
morphological and molecular analyses (i.e. root
tip observation and PCR and DNA sequencing of
fungal ITS rDNA). This treatment was therefore
grouped with the non-mycorrhizal treatment for
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all statistical analyses. Preliminary analyses also
revealed there were no differences in the response of the three ECM species treatments, so
we grouped all ECM inoculated seedlings together into a single ECM treatment for all
statistical analyses. To analyze P. muricata performance, we used a series of two-way fixedfactor analyses of variance (ANOVA), with
moisture level (13% and 7%), and ECM status
(ECM or non-mycorrhizal) as the predictor variables. The response variables were shoot biomass,
root biomass, total plant biomass, root:shoot
ratio, photosynthetic rate, stomatal conductance,
d13C, water use efficiency, % leaf nitrogen, and
total leaf nitrogen. Prior to analysis, the raw
photosynthetic and conductance rate values were
divided by leaf weight to account for differences
in plant size between treatments. Water use
efficiency was calculated by dividing photosynthesis by conductance. Total leaf nitrogen was
calculated by multiplying % leaf nitrogen by leaf
weight. We used a one-way ANOVA to analyze
% ECM root weight, with moisture level as the
predictor variable. For all the ANOVAs, variances were visually checked and log transformed
when necessary to meet assumptions of homogeneity. Tukey HSD tests were used for a posteriori
comparisons among means. The relationships
between % leaf nitrogen and % ECM root weight
at each moisture level was analyzed using simple
linear regression. All analyses were conducted in
JMP 5.0 (SAS Institute, Inc., Cary, NC) and
considered significant at P £ 0.05.

Results
At 7% soil moisture, there was no significant
difference in the seedling biomass of ECM and
non-mycorrhizal seedlings (Table 1). In contrast,
at 13% soil moisture, ECM seedlings had significantly greater shoot biomass than non-mycorrhizal seedlings (log shoot biomass ECM status x soil
moisture interaction: F1,72 = 6.7464, P = 0.011).
Total biomass was also higher for ECM seedlings
at 13% soil moisture, but not significantly different from non-mycorrhizal seedlings (log total
biomass ECM status · soil moisture interaction:
F1,72 = 2.437, P = 0.123). This difference in the
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Table 1 Effects of soil moisture and ectomycorrhizal (ECM) status on the biomass of Pinus muricata seedlings
Soil moisture

7%

13%

ECM status

Non-mycorrhizal

Mycorrhizal

Non-mycorrhizal

Mycorrhizal

Total biomass (g)
Shoot biomass (g)
Root biomass (g)
Root:shoot ratio

0.53
0.31
0.22
0.70

0.54
0.31
0.23
0.78

0.94
0.51
0.43
0.86

1.19
0.81
0.38
0.55

(0.02)
(0.01)
(0.01)
(0.04)

b
bc
b
ab

(0.03)
(0.02)
(0.01)
(0.05)

b
c
b
a

(0.1) a
(0.06) b
(0.05) a
(0.03) a

(0.08)
(0.07)
(0.03)
(0.07)

a
a
a
b

Mycorrhizal seedlings were colonized by three different Rhizopogon species (R. occidentalis, R. salebrosus, and R. vulgaris),
which were grouped for all analyses (see Methods). Statistical tests of significance were done on log-transformed values of
all variables except root:shoot ratio. Treatment means are shown ±1 SE in parentheses with different letters representing
significantly different means (P < 0.05) using Tukey HSD tests

response of ECM seedling shoot versus total
biomass was caused by a difference in root:shoot
allocation at 13% soil moisture, with ECM
seedlings having significantly lower ratios than
non-mycorrhizal seedlings (ECM status · soil
moisture interaction: F1,72 = 10.694, P = 0.002).
Similar to biomass, seedling physiological performance also varied by both soil moisture and ECM
status (Table 2). At 7% soil moisture, there were
no significant differences in photosynthetic or
conductance rates between ECM and non-mycorrhizal seedlings, however, at 13% soil moisture,
ECM seedlings had significantly higher rates of
both photosynthesis and conductance than nonmycorrhizal seedlings (log photosynthetic rate
ECM status · soil moisture interaction: F1,72 =
4.993, P = 0.029; log conductance rate ECM
status · soil moisture interaction: F1,72 = 37.600,
P < 0.001).
Seedling water relations, as measured by water
use efficiency and d13C, did not differ by ECM

status, but did differ by soil moisture treatment
(Table 2). Seedlings had significantly higher
water use efficiencies at 7% soil moisture compared to 13% soil moisture (soil moisture:
F1,72 = 658.180, P < 0.001) and d13C values of
seedlings at 7% soil moisture were significantly
less enriched than those at 13% soil moisture (soil
moisture: F1,71 = 1070.887, P < 0.001). While
water relations differed only by moisture treatment, seedling nitrogen levels were strongly
affected by ECM status. Seedling % leaf nitrogen
was significantly higher for ECM seedlings than
non-mycorrhizal seedlings regardless of soil moisture treatment (Table 2). For the non-mycorrhizal seedlings, % leaf nitrogen was significantly
higher at 7% soil moisture than 13% soil moisture
(ECM
status · soil
moisture
interaction:
F1,71 = 15.672, P < 0.001). This latter difference
was caused not by a change in total seedling
nitrogen between the two treatments, but rather
differences in seedling size (seedlings at 13% soil

Table 2 Effects of soil moisture and ectomycorrhizal (ECM) status on the physiological performance and nutrient status of
Pinus muricata seedlings
Soil moisture

7%

13%

ECM status

Non-mycorrhizal

Mycorrhizal

Non-mycorrhizal

Mycorrhizal

Photosynthetic rate (lmol g–1 s–1)
Conductance rate (mmol g–1 s–1)
d13C
WUE
Leaf N (%)
Total leaf N (g)

41.4 (2.1) ab
0.52 (0.03)
–26.31 (0.16) b
82.1 (4.6) b
1.20 (0.04) b
0.32 (0.02) b

40.1 (2.3) ab
0.47 (0.03) c
–26.50 (0.12) b
86.7 (2.6) b
1.44 (0.06) a
0.37 (0.02) b

37.1 (5.4) b
1.54 (0.13) b
–31.23 (0.24) a
23.27 (1.4) a
0.73 (0.07) c
0.36 (0.02) b

49.6 (4.0) a
3.72 (0.24) a
–31.45 (0.1) a
14.08 (1.2) a
1.40 (0.04) a
1.0 (0.11) a

Water use efficiency is abbreviated as WUE and is calculated by dividing photosynthetic rate by conductance rate. d13C
values are presented in units of parts per thousand (see text). Statistical comparisons of conductance were conducted on logtransformed values. Treatment means are shown ±1 SE in parentheses, with different letters representing significantly
different means (P < 0.05) using Tukey HSD tests
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Discussion

non-mycorrhizal seedlings in a number of morphological and physiological parameters (Smith
and Read 1997; Nara and Hogetsu 2004; Nara
2006).
Despite the fact that ECM fungi are often
assumed to improve plant performance under low
water conditions, other studies have reported
similar results to those that we observed. For
example, Parlade et al. (2001) observed no
difference in the growth of ECM and nonmycorrhizal Pinus pinaster seedlings under 5%
soil moisture, but significantly better growth of
ECM seedlings in higher soil moisture conditions.
Similarly, Zerova (1955), Theodorou (1978), and
Dosskey et al. (1991) found that seedlings
responded more positively to mycorrhizal colonization at intermediate rather than lower levels of
soil moisture. These results suggest that broad
generalizations about the role of ECM fungi in
plant water relations may not be warranted, and
support the context dependence reported for the
symbiosis with other environmental variables,
such as nutrients or light (Scheromm et al. 1990;
Smith and Read 1997; Quoreshi and Timmer
1998; Jonsson et al. 2001; Treseder 2004).

Seedling performance

Fungal performance

In our study, ECM fungi did not improve overall
plant performance when water quantity was most
limited. Despite increased % leaf nitrogen, ECM
seedlings at 7% soil moisture performed no better
than non-mycorrhizal seedlings, as evidenced by
the lack of significant differences in biomass,
photosynthetic rate, conductance, and water use
efficiency (both instantaneous and 13C). However,
when soil moisture levels were increased, the
presence of ECM fungi had large, positive
impacts on a range of seedling properties. Compared with non-mycorrhizal seedlings, ECM
seedlings at 13% soil moisture were larger and
able to invest significantly more resources into
shoot growth than non-mycorrhizal seedlings.
They also had higher rates of photosynthesis,
conductance, % and total leaf nitrogen. The
overall improvements in ECM seedling performance at 13% soil moisture are consistent with
many lab and field studies showing that ECM
seedlings can have a significant advantage over

Our data on % ECM root weight suggests that
growth conditions in the 7% water treatment
were also unfavorable for the Rhizopogon species
used in our study. Because it is still unclear to
what extent root colonization is controlled by
plants versus ECM fungi, it is impossible to
completely separate ECM responses to decreasing water availability from changes in host plant
carbon allocation. Water-stressed plants may be
unable to support high levels of ECM colonization due to stomatal closure, which reduces the
total amount of carbon available to the plant
(Dosskey et al. 1991). However, a number of
different types of studies support the idea that
ECM abundance is also affected directly by water
availability. A pure culture study by Coleman
et al. (1989) found that all ECM species exhibited
growth decreases at low water potentials, and that
for 87% of the species used in the study, optimum
growth occurred at the lowest level of water stress
tested (–0.2 MPa). Similar results were obtained

moisture were much larger and therefore had
lower % leaf nitrogen). In contrast to % leaf
nitrogen, ECM seedling total leaf nitrogen was
significantly higher than that of non-mycorrhizal
seedlings at 13% soil moisture, but not at 7% soil
moisture (ECM status · soil moisture interaction:
F1,71 = 33.053, P < 0.001).
Soil moisture also affected % ECM root
weight. % ECM root weight was significantly
lower in the 7% soil moisture treatment (19.3 ±
2.8 (mean ± s.e %)) compared to the 13% soil
moisture treatment (27.3 ± 2.6 %) (t = 2.074,
df = 42, P = 0.044). In addition, the relationship
between % ECM root weight and % leaf nitrogen
also differed between the soil moisture treatments
(Fig. 1). At 13% soil moisture, there was a
significant positive correlation between % ECM
root weight and % leaf nitrogen (F1,23 = 6.351,
P = 0.020). At 7% soil moisture, however, there
was no significant relationship between % ECM
root weight and % leaf nitrogen (F1,19 = 0.354,
P = 0.559).
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Fig. 1 Relationships
between log (x + 1)
transformed % ECM root
weight and % leaf
nitrogen of P. muricata at
13% soil moisture (a) and
7% soil moisture (b)

by Mexal and Reid (1973), who concluded that in
culture ECM fungi may be even more susceptible
to drought than most other fungi. A large number
of greenhouse studies provide corroborating evidence that fungal limitation leads to decreased
abundance during times of water stress (Worley
and Hacskaylo 1959; Mexal and Reid 1973;
Theodorou 1978; Lehto 1992; Lansac et al. 1995;
Nilsen et al. 1998). For example, Theodorou
(1978) found that abundance of ECM fungi was

reduced at both very low and very high levels of
soil moisture (7% and 27%, respectively) (the
high levels were associated with very limited soil
oxygen availability). Analogous observations
have also been reported from environmental
studies (Swaty et al. 1998, 2004; Bell and Adams
2004). In an experimental test of water availability on ECM fungal performance, Swaty et al.
(1998) found that % ECM colonization on a
cinder soil was highly correlated with % soil
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moisture, and that watering significantly
increased ECM colonization. While host response
certainly plays some role in controlling ECM
abundance in our study, it also seems very likely
that decreases in colonization were caused at least
in part by fungal water limitation.
In addition to the differences in % ECM root
weight, the idea that fungi performed poorly in
the 7% treatment was supported in our study by
the interaction between % ECM root weight and
% leaf nitrogen. At 7% soil moisture, the level of
colonization of ECM fungi was not correlated
with seedling nitrogen status; however, at 13%
soil moisture, increases in % ECM colonization
were significantly correlated with increased %
leaf nitrogen. Additionally, despite the fact that
ECM seedlings at 7% soil moisture had significantly higher %leaf nitrogen than non-mycorrhizal seedlings, total leaf nitrogen did not differ
between the two ECM treatments (Table 2) This
is in contrast to the 13% soil moisture treatment,
where ECM seedlings had significantly greater
total leaf nitrogen than all other treatments
(Table 2). The lack of a biologically significant
increase in leaf nitrogen may explain why seedlings colonized by ECM fungi at 7% soil moisture
had higher % leaf nitrogen but similar photosynthetic rates and biomass. Furthermore, the overall
lack of a strong relationship between ectomycorhizal colonization and seedling nitrogen only in
the 7% soil moisture treatment suggests that
significant portions of the ECM mycelium were
physiologically inactive. While this outcome has
not been widely documented, there is some
evidence that fungal water limitation may reduce
ECM benefits in certain soil moisture conditions.
For example, Dosskey et al. (1991) concluded
that decreasing fungal activity led to the convergence of photosynthetic rates between Rhizopogon colonized and non-mycorrhizal seedlings as
soil water potential decreased. Similarly, Shi et al.
(2002) found that fungal-specific sugars that help
plants maintain positive osmotic potentials during
water limitation were increased during moderate
drought but absent during strong drought. Their
study suggests that under very low soil moisture
conditions (i.e. strong drought), the fungi were
not active and therefore provided no benefit to
the plant.
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Water versus nutrient effects
There is considerable debate in the ECM literature about the ability of ECM fungi to directly
improve plant water uptake. Support for this idea
comes from Duddridge et al. (1980) and Brownlee et al. (1983), who showed that ECM fungi can
transport physiologically significant quantities of
water to a host when the fungus has access to an
abundant water source unavailable to the host.
However, in most studies where water is limited
for both plants and the fungi, it is unclear how
much improved plant performance is due to
increased uptake of water versus nutrients (Dixon
et al. 1980; Parke et al. 1983; Davies et al. 1996;
Morte et al. 2001; but see Hasselquist et al. 2005).
In fact, one study has shown that the assumed
roles of plant and fungus may reverse in some soil
moisture conditions, and that plants can use
hydraulic lift to transport water to drought
stressed ECM fungi (Querejeta et al. 2003).
While our study did not explicitly attempt to
separate the effects of ECM-related water and
nutrient uptake, our results support the idea that
improved plant performance is related to improved nutrient rather than water uptake. While
stomatal conductance rates were higher in ECM
plants in the 13% soil moisture treatment, plant
water use efficiency (both instantaneous or d13C)
did not differ by ECM status in either soil
moisture treatment, suggesting that ECM fungi
did not improve water uptake for their hosts. In
contrast, % leaf N content was higher for ECM
seedlings relative to non-mycorrhizal seedlings in
both soil moisture treatments and total leaf N was
higher at 13% soil moisture. Since nutrients are
taken up in solution in natural settings, however,
we believe that separating nutrient versus water
benefits is less important than determining the
soil moisture conditions under which ECM fungi
improve plant performance.
Implications
Our results clearly demonstrate that the outcome
of ECM symbioses can be strongly influenced by
different soil moisture conditions, but we recognize that they should be assessed with some
caution due to the artificial growth environment
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of the study. While growth chamber environments provide a number of advantages for
experimental manipulation, the growing conditions for both the plant and the fungi rarely mimic
those of the field. In particular, the physical
constraints of the seedling cone-tainers may not
have allowed the fungi to explore the same
volume of soil as they would in natural environments, and could have decreased their ability to
benefit the plants in the 7% soil moisture treatment. In addition, our experiment examined only
one aspect of the plant’s life stage, i.e. the
seedling life stage, and larger plants may be less
sensitive to fluctuating soil moisture conditions
due to their larger and deeply located root
systems (Quejereta et al. 2003). Finally, our study
only examined the effects of chronic water stress
on the ECM symbiosis; however, other studies
have indicated that ECM fungi may increase the
speed of photosynthetic recovery in systems
where frequent wetting and drying is common
(e.g. Parke et al. 1983).
While our results do show that there are times
in which ECM fungi provide no benefit, they also
show that having ECM fungi is never detrimental
to the plant. This has important consequences for
the long-term stability of the ECM symbiosis. Our
data indicate that during dry years, ECM fungi
may not be able to help plants grow, but during
wet years, they provide a significant growth
advantage. The same idea can be applied spatially,
with ECM plants doing better than non-ECM
plants in areas where there is sufficient water for
both symbionts. Given the significant temporal
and spatial variation observed in most systems,
plants are likely to do better if they associate with
ECM fungi than if they do not. These results are,
however, based on a single host plant and suite of
closely related fungal species. In our system,
Rhizopogon species are among the dominant
species associating with young P. muricata (Horton et al. 1998; Taylor and Bruns 1999), so
associating with ECM fungi appears to be consistently advantageous for P. muricata seedlings. But
ECM fungal species differ considerably in hyphal
and root tip morphology (Agerer 2001) as well as
water stress tolerance (Mexal and Reid 1973;
Theodorou 1978; Coleman et al. 1989; Dosskey
et al. 1991), so tests of additional fungal–host
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pairings are needed to provide a more complete
understanding of how ECM fungi influence host
plant performance in different soil moisture environments.
Conclusion
This study lends supports to the view that the
outcome of the ECM symbiosis is dynamic in
space and time (Johnson et al. 1997). In particular, we found that many of the positive effects of
ECM fungi may be negated when environmental
conditions are not favorable to both symbionts.
While the exact mechanism of this effect is
unclear, it is likely that physiologically stressed
ECM fungi provide limited benefit to their host in
unfavorable conditions. It is important to note
that had we looked at only one level of soil
moisture, we would have drawn very different
conclusions about the influence of ECM fungi on
seedling performance, suggesting that future
studies of fungal–plant interactions should be
conducted over a wide range of environmental
conditions to encompass variation in the outcome
of the symbiosis.
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