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Abstract Mutualisms can strongly affect the structure of
communities, but their influence on ecosystem processes
is not well resolved. Here we show that a plant-micro-
bial mutualism affects the rate of leaf litter decomposi-
tion using the widespread interaction between tall fescue
grass (Lolium arundinaceum) and the fungal endophyte
Neotyphodium coenophialum. In grasses, fungal endo-
phytes live symbiotically in the aboveground tissues,
where the fungi gain protection and nutrients from their
host and often protect host plants from biotic and abi-
otic stress. In a field experiment, decomposition rate
depended on a complex interaction between the litter
source (collected from endophyte-infected or endophyte-
free plots), the decomposition microenvironment
(endophyte-infected or endophyte-free plots), and the
presence of mesoinvertebrates (manipulated by the mesh
size of litter bags). Over all treatments, decomposition
was slower for endophyte-infected fescue litter than for
endophyte-free litter. When mesoinvertebrates were ex-
cluded using fine mesh and litter was placed in a
microenvironment with the endophyte, the difference
between endophyte-infected and endophyte-free litter
was strongest. In the presence of mesoinvertebrates,
endophyte-infected litter decomposed faster in mic-
roenvironments with the endophyte than in microenvi-
ronments lacking the endophyte, suggesting that plots
differ in the detritivore assemblage. Indeed, the presence
of the endophyte in plots shifted the composition of
Collembola, with more Hypogastruridae in the presence
of the endophyte and more Isotomidae in endophyte-
free plots. In a separate outdoor pot experiment, we did
not find strong effects of the litter source or the soil
microbial/microinvertebrate community on decomposi-
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tion, which may reflect differences between pot and field
conditions or other differences in methodology. Our
work is among the first to demonstrate an effect of
plant-endophyte mutualisms on ecosystem processes
under field conditions.
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Introduction

Mutualisms and positive interactions between plants
and other species can strongly affect the structure of
communities (Bever et al. 1997; Bruno et al. 2003;
Hartnett and Wilson 1999; Stachowicz 2001). However,
whether these interactions influence ecosystem processes
is not well resolved (Clay 1994; van der Heijden et al.
1998; Wardle 2002; Rudgers and Clay, in press). In
plants, microbial associates feature as some of the most
important mutualists (Leuchtmann 1992; Smith and
Read 1997). For example, a greater species richness of
mycorrhizal fungi in the soil increased the diversity of
the plant community in an old field in Canada (van der
Heijden et al. 1998). Similarly, a bacteria—legume
mutualism elevated nitrogen in the soil and enhanced the
abundance of non-native species in coastal grasslands in
California (Maron and Connors 1996). The presence of
a mutualistic fungal endophyte depressed both plant
diversity and the biomass of competing plant species in
an old field in Indiana (Clay and Holah 1999). These
microbially mediated changes in the composition of the
plant community may ultimately influence the func-
tioning of ecosystems.

Seed-transmitted fungal endophytes, which can form
mutualistic symbioses with grasses, may have an
important influence on ecosystem processes. These en-
dophytes grow inside aboveground plant tissues and are
asymptomatic for at least part of their life cycle (Clay
1990; Wilson 1995). The endophytes can gain nutrition
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and protection from their host plant (Thrower and Le-
wis 1973). In exchange, these fungi can protect host
plants against both biotic and abiotic stresses (Clay
1996; Clay and Schardl 2002; Elmi and West 1995; Hill
1994). These benefits result in part from the production
of alkaloids by the fungus, which can render the plant
toxic to herbivores and pathogens (reviewed by Clay
1990; Clay and Schardl 2002). Although fungal endo-
phytes have been found in nearly all plants examined
(Petrini 1991; Stone et al. 2000), their effects are par-
ticularly well understood in association with grasses,
where these endophytes occur systemically (rather than
locally) in above-ground tissues (Clay 1990). It has been
estimated that 20-30% of all grasses form symbioses
with systemic endophytes (Leuchtmann 1992).

Endophytic fungi may influence ecosystem processes
through both direct and indirect pathways. First, se-
nesced leaves from plants with an endophyte may differ in
chemical composition (e.g., endophyte alkaloids) from
leaves lacking an endophyte (Lyons et al. 1990; Schmidt
et al. 1982). This difference may directly affect the rate of
decomposition or indirectly affect invertebrate detriti-
vores and microbial decomposers. Similar effects of plant
chemistry on decomposition have been documented for
other types of anti-herbivore defenses in plants (e.g.,
Grime et al. 1996; Schadler et al. 2003; Schweitzer et al.
2004; Wardle et al. 2002). Indirect effects are also possible
via changes in the plant community associated with en-
dophytes. For example, the presence of an endophyte in a
dominant plant host, tall fescue, reduced the diversity of
the surrounding plant community (Clay and Holah
1999). Changes in plant diversity and plant composition
have been shown to affect ecosystem processes, such as
decomposition and soil respiration (Gartner and Cardon
2004; Hector et al. 2000; Knops et al. 2001; Madritch and
Hunter 2003). Therefore, the endophyte could reduce the
diversity of litter, affecting decomposition, and/or the
endophyte could alter the diversity of live plants, affecting
the soil detritivore assemblage.

We investigated whether a mutualistic endophyte
affects ecosystem processes by examining a widespread
symbiosis between the introduced grass, Lolium arundi-
naceum (tall fescue, Poaceae) and the endophyte Neo-
typhodium  coenophialum  (Clavicipitaceae). Lolium
arundinaceum 1is a persistent and invasive exotic grass in
the US, occurring across more than 15 million ha of the
eastern US alone (Ball et al. 1993; Raloff 2003). Lolium
arundinaceum continues to be widely planted for turf,
forage, and erosion control, has spread into unmanaged
habitats as well, and is typically more successful with its
endophyte than without (Clay and Schardl 2002). More
than 75% of the tall fescue in the US is infected by the
endophyte (Ball et al. 1993). Strong effects of the
mutualism on decomposition are predicted because of
the high levels of nitrogen-rich, anti-fungal and anti-
herbivore alkaloids produced by N. coenophialum (Bush
et al. 1997; Clay and Schardl 2002).

The mechanisms through which invasive species alter
native ecosystems (Levine et al. 2003) may depend on

association of the invaders with microbial mutualists.
Current research suggests that invasive species can
strongly affect ecosystem properties (Mack and
D’Antonio 2003; Ogle et al. 2003). For example, invasive
exotic species can produce litter that decomposes faster
than the litter of co-occurring native species (Ehrenfeld
2003) or alter the environment in which decomposition
occurs (Standish et al. 2004). Little is known about the
extent to which the effects of invaders depend on their
microbial associates. For example, the presence of fun-
gal endophytes in field plots of tall fescue can reduce
microbial biomass and soil respiration by more than
80% (Franzluebbers et al. 1999) and can increase soil
organic carbon and nitrogen as well as extractable
phosphorus compared to plots lacking endophytes
(Franzluebbers et al. 1999; Schomberg et al. 2000). Less
is known about whether fungal endophytes influence
decomposition. In the only other study of which we are
aware, the presence of an endophyte (Neotyphodium sp.)
in the litter of annual ryegrass (Lolium multiflorum)
significantly reduced the rate of decomposition in indoor
and outdoor microcosms when compared with experi-
mentally uninfected plants (Omacini et al. 2004).

Using a combination of field and outdoor pot
experiments, we addressed the following three questions:
(1) Does the mutualistic endophyte, N. coenophialum,
alter the rate of decomposition of leaf litter primarily
consisting of tall fescue (L. arundinaceum)? We used a
reciprocal experimental design to test whether effects
were due to the presence of the endophyte in the litter or
resulted from the unique microenvironment and
decomposer assemblage that develops in the presence
versus absence of the endophyte in the field. Plots of
endophyte-infected or endophyte-free tall fescue were
established 3 years prior to our experiment, which al-
lowed for assemblages of both plants and soil inverte-
brates to develop in association with the endophyte.
Thus, our study could encompass potential direct and
indirect effects of the microbial mutualist. We then
complemented the field experiment with a short-term
outdoor pot experiment that aimed to address: (2) to
what extent is the soil microbial community responsible
for endophyte-mediated differences in decomposition?
Finally, we used pitfall traps in the field to survey Col-
lembola, which can increase rates of decomposition
(Filser 2002; Hopkin 1997; Lussenhop 1992; Rusek
1998) and represent one component of a larger detrital
food web. We asked, (3) does the endophyte alter the
abundance or composition of Collembola?

Materials and methods
Study system

Lolium arundinaceum 1s a common perennial grass
widely planted for pasture and turfgrass and is invasive
in some regions of the US (Clay 2001; Hiebert 1990;
Raloff 2003). The endophyte (N. coenophialum) protects



tall fescue from many consumers by producing alkaloids
that render the plant toxic (Breen 1994; Clay 1996).
Other benefits of the endophyte include enhanced
drought stress tolerance (Elmi and West 1995), increased
phosphorous uptake (Malinowski et al. 2000), and
greater competitive ability (Clay et al. 1993).

We established field plots at the Indiana University
Bayles Road Experimental Field (39°13'9” N,
086°3229” W). This site is an old agricultural field
dominated by Ambrosia trifida, Cerastium vulgatum,
Cirsium arvense, Conyza canadensis, L. arundinaceum,
Poa pratensis, Rumex acetosella, Solidago spp., Sorghum
halepense, and Trifolium spp. and previously maintained
by mowing. The field was plowed and disked in the fall
of 2000 and then seeded with endophyte-infected (E+)
or experimentally uninfected (E—) seed at a rate of
45 kg/ha (for details on seed source, germination rates,
and infection status see Clay and Holah 1999). Seeds
used in the experiment were several generations removed
from the original treatment to eliminate the endophyte
via long-term seed storage at room temperature. Other
plant species were allowed to recruit from the seed bank,
vegetative fragments, and nearby vegetation to contrib-
ute to the diversity of the plant community in the plots.
The experiment consisted of 16 field plots (30 mx30 m)
arranged in two rows of eight plots, with endophyte and
endophyte-free treatments alternated in a checkerboard
design.

Does the endophyte affect the rate of leaf litter
decomposition?

We used a time series of litter bag collections to assess
litter decomposition. Three pathways through which the
endophyte may influence decomposition were considered:
(1) the source of the litter (from E+ or E— plots), (2) the
invertebrate detritivore assemblage associated with E +
vs. E— fescue, and (3) the microenvironment associated
with E+ vs. E— plots. To distinguish among these
mechanisms, we used a 2 x 2 x 2 factorial design with a
litter source treatment (leaf litter collected from E+ or
E— plots), a mesoinvertebrate exclusion treatment [litter
bags of large mesh size accessible to micro- and mesoin-
vertebrates or bags of fine mesh size to exclude macro-
and mesoinvertebrates (see also Bradford et al. 2002 and
Curry 1969)], and a microenvironment treatment (litter
placed into field plots with live E+ or E— tall fescue).

Expectations

If the endophyte altered litter quality in a way that af-
fected decomposition, then we expected a main effect of
the litter source. If the presence of live E+ or E— tall
fescue in the plots (or associated changes in the com-
munity associated with these plants) influenced decom-
position, then we expected a main effect of the
microenvironment treatment. If mesodetritivores af-
fected decomposition, then we expected a main effect of
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the exclusion treatment (i.e., mesh type). Although we
could not rule out the possibility that different mesh
types changed the microclimate within bags or posed
different physical barriers for litter loss in the field (e.g.,
greater loss is expected with larger mesh size, Bradford
et al. 2002), we were primarily interested in whether the
effect of litter source or decomposition microenviron-
ment was altered by the mesh type. For example, if
differences between E+ and E— litter sources (or
decomposition environments) were mainly driven by
differences in the associated assemblage of mesodetriti-
vores, then we expected a greater difference in decom-
position rate between E+ and E— for large mesh than
for small mesh (i.e., significant litter source X exclusion
treatment or microenvironment X exclusion treatment
interactions).

Litter source

Freshly senesced (standing dead) leaf litter was collected
on September 26, 2003, from six randomly chosen
1 m x 1 m subplots in each of the 16 field plots. Litter
from the eight plots of each source treatment (E+ or
E—) was homogenized, allowed to air dry for 30 days,
and fluffed every 2-3 days to facilitate drying. Despite a
25% reduction in the species richness of live plants due
to the endophyte (J.A. Rudgers and K. Clay, unpub-
lished data), litter primarily consisted of dead tall fescue
leaves: E— litter was 99.2 £ 0.5% tall fescue by weight
and E+ litter was 99.0 + 0.5% tall fescue, with forbs
and other grasses present in very small amounts.

Exclusion treatment

Litter bags (10 cm x 10 cm) were constructed from large
mesh (1.69 cm? pore size) or small mesh (0.09 mm? pore
size) army-grade green mosquito netting. The small
mesh size was used to reduce access by mesoinverte-
brates, including herbivores, detritivores, and predators
(Bradford et al. 2002; Hunter et al. 2003) and including
the abundant group of diet and habitat generalists, the
Collembola, which range in size from 0.5 mm to 6 mm
in length (Hopkin 1997). The bags were sewn along three
sides with nylon thread and sealed along the fourth side
by doubling over the edge and securing it with three
plastic staples from a tag gun (Ningbo MH Industry,
Ningbo, Zhejiang, China). Each litter bag was filled with
10 g of air-dried litter.

Decomposition microenvironment

During October 26-31, 2003, 24 bags were placed at
randomly chosen locations in each of the 16 plots: six
bags of E— small mesh, six E— large mesh, six E+ large
mesh, and six E+ small mesh. Flags indicating the
location and treatment were placed through the middle
of the litter bags, and the bags were secured in two
opposite corners by “U”-shaped metal hooks.
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Data collection

Bags were collected on three dates: March 11 (135 days),
May 12 (197 days), and July 10, 2004 (256 days). On
each collection date, eight bags (two bags of each
treatment combination) were removed from each of the
16 plots. Upon collection, litter was weighed to deter-
mine wet weight, and then thoroughly rinsed through an
18-mm sieve with approximately 2 | of tap water to re-
move mud and soil. Litter was then dried for a minimum
of 3 days at 60°C, and oven-dry weight of the litter was
obtained.

Data analysis

Dry weight data were analyzed with repeated measures,
mixed model ANOVA (profile analysis, von Ende 2001).
The model included the fixed effects of the litter source
(E+ or E—), the mesoinvertebrate exclusion treatment
(large or small mesh), the microenvironment in which
litter was placed (E+ or E—), and the random effect of
plot (nested within microenvironment) (Proc MIXED,
SAS Institute 2003). All possible interactions were in-
cluded in the model. Kenward and Roger degrees of
freedom calculations were used (ddfm = KR, SAS
Institute 2003). Due to the nested design, the variation
among plots was used in the denominator of the F-test
for the effect of microenvironment. Dry weight was log-
transformed to meet assumptions of normality (Shapiro—
Wilks test) and equality of variances (Levene’s test).
When interactions in the model were significant, post-hoc
Tukey HSD tests were used to determine the significance
of differences among the treatment combinations.

To what extent is the soil microbial community
responsible for endophyte-mediated differences
in decomposition?

We established a pot experiment to determine how the
soil microbial community associated with tall fescue
may affect leaf litter decomposition. We imposed a litter
source treatment (E+ or E— litter) and a soil treatment
(sterilized soil, sterilized soil inoculated with live soil
collected from E+ plots, or sterilized soil inoculated
with live soil from E— plots) in a 2 x 3 factorial design.
We also examined initial differences in the nitrogen
content of E+ vs. E— litter. Although the pot experi-
ment was only short term (60 days) and used somewhat
different methods from the field experiment (bags bur-
ied, only small mesh bags used), we include it here for
comparison with the field results.

Expectations

If the assemblage of microbes and microinvertebrates
associated with the endophyte in the field played an
important role in the rate of decomposition, then we
expected a significant difference in decomposition be-

tween the E+ and E— soil inoculum treatments. If the
presence of the endophyte in litter was important, then
we expected a significant effect of litter source. Finally, if
microbes from a given soil type interacted differently
with E+ vs. E— leaf litter, then we expected a significant
litter source X soil treatment interaction.

Litter source

Litter was collected from four randomly chosen loca-
tions within each of the E+ or E— field plots on May
14, 2004. Litter was homogenized within a plot, but litter
collected from each plot was kept separately. Litter was
fluffed every 2-3 days and allowed to air-dry in the lab
for 14 days. Litter bags were constructed as described
above, but only the small mesh size was used. Each bag
was filled with 10 g air-dried litter.

Soil treatment

We used 240 round plastic greenhouse pots (diame-
ter = 19.4 cm, depth = 17.8 cm) filled with soil to
5 cm from the top of the pot. Eighty pots were filled
exclusively with sterilized field soil that was collected
from a nearby old field in Bloomington, Indiana and
autoclaved for 6 h. An additional 80 pots were filled
two-third with sterilized field soil and topped with one-
third live soil removed from an E+ field plot. Finally, 80
pots were filled two-third with sterilized field soil and
topped with one-third live soil from an E— plot. Each
pot received inoculum that originated only from a single
plot or had sterile soil only. The live soil was removed
directly from eight randomly chosen locations within
each of the eight E+ and eight E— field plots. Soil was
homogenized within a plot, but soil from different plots
was kept separately and placed in the pots on the same
day. To reduce contamination, every tool used to collect
soil was sterilized with antifungal, antiviral, and anti-
bacterial soap (Microcide; National Chemical Labora-
tories, Philadelphia, PA, USA) and bleach after each
exposure to soil.

Treatment combinations

Soil treatments were paired with litter treatments in a
reciprocal design. For example, litter collected from plot
1 (E—) was placed in pots with sterilized soil (n=15), pots
with E— soil inoculum from plot 1 (n=15), and pots with
E+ soil inoculum from plot 2 (n=15); plot 3 (E—) was
paired with plot 4 (E+), and so on. This design en-
hanced the independent replication of both the litter
quality and soil inoculum treatments. On May 28, 2004,
filled litter bags were added to the pots by burying them
by hand ~10 cm below the soil surface. To prevent
contamination, a different set of latex gloves were used
for each bag that was buried. All 240 pots were ran-
domly assigned locations within a 16 X 15 pot array in
the Indiana University Bayles Road Experimental Field.



There were no live plants in the pots, and watering was
only from natural rainwater. Litter bags were collected
on July 27, 2004 and processed in the same manner as in
the field experiment to obtain oven-dry weight.

Data analysis

Dry weight was analyzed with a mixed model ANOVA,
including the fixed effects of the litter source and the soil
treatment, and the random effect of block (i.e., the pair
of plots that served as the source for soil inoculum and
litter) (Proc MIXED, SAS Institute 2003). The analysis
met assumptions of normality and equality of variances.

Nitrogen content

In addition, we compared the initial nitrogen composi-
tion of the E+ vs. E— leaf litter sampled from each plot.
Sixteen 10 g samples of litter (one sample per field plot)
were oven-dried at 60°C and ground in a 60 mesh Wiley
Mill. From each ground sample, a 1-g subsample was
removed and sent for analysis by the micro-Kjeldahl
digestion procedure using a Lachat Flow Injection
Analyzer (J. Dahl, Michigan State University Soil and
Plant Nutrient Laboratory). We tested the effect of the
endophyte with one-way ANOVA (Proc GLM, SAS
Institute 2003). The proportion of nitrogen in the sample
was arcsine-square-root transformed to meet assump-
tions of normality and equality of variances.

Does the endophyte alter the abundance
or composition of Collembola?

We assessed whether the endophyte affected the assem-
blage of Collembola in the L. arundinaceum field plots
described above. Although Collembola comprise only
one part of the litter food web, they are important
decomposers that were abundant in the tall fescue sys-
tem. On June 21, 2004, we established four trap loca-
tions in each plot. Each location was flagged at the end
of a diagonal transect, 14.1 m from one of the four
corners of the 30 m x 30 m plot; the four locations
formed a square near the middle of the plot. At each
trap location, we placed four pitfall traps (n=16 traps
per plot). The traps consisted of 50 ml plastic centrifuge
tubes, dug into the ground such that the top of the tube
was flush with the soil. The vertical, slippery sides of the
plastic tubes ensured that trapped invertebrates did not
escape. Using pitfall traps focused sampling efforts on
epigeic species (dwelling at the soil surface or on living
plants); we did not sample endogeic species (dwelling in
the soil) with soil cores because we were most interested
in species that would directly interact with litter. The
traps were collected on June 24, 2004. Once in the lab-
oratory, tubes were filled with a small amount of 70%
ethanol and stored at 4°C. During processing, a 50:50
mixture of sucrose and distilled water was used to float
the Collembola to the surface. Specimens were identified
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to family following Bland and Jacques (1978), Borrer et
al. (1989), and Heyman and Weaver (1997). Morpho-
species were classified in part by color following Soto-
Adames (2002)

Data analysis

Counts of total Collembola, morphospecies richness,
and numbers of individuals in the four most common
families (Entomobryidae, Hypogastruridae, Isotomidae,
and Sminthuridae) were analyzed with mixed model
ANOVA (Proc MIXED, SAS Institute 2003), including
the fixed effect of the endophyte treatment, the row, and
endophyte x row, and the random effect of plot (nested
in endophyte x row). Row was included because Col-
lembola have been shown to be strongly affected by
locations within fields in prior work (Salamon et al.
2004). All data were square-root transformed (Sokal and
Rohlf 1995) to meet assumptions of normality and
equality of variances.

Results

Does the endophyte affect the rate of leaf litter
decomposition?

Overall, leaf litter with the endophyte decomposed sig-
nificantly more slowly than litter lacking the endophyte
(Fig. 1; Litter source, Table 1). The endophyte had
stronger effects later in the decomposition process, with
no difference early on (135 days), 4.4% greater mass
than E— litter in May (197 days), and 7.9% greater mass
in July (256 days) (Fig. 1).

However, the effect of the endophyte in litter varied
with both the microenvironment and the mesoinverte-
brate exclusion treatment (i.e., a significant litter
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Fig. 1 Effect of the endophyte (Neotyphodium coenophialum)
treatment on the percentage remaining dry mass of litter from
field plots of Lolium arundinaceum over three census dates.
E+ = litter with the endophyte, E— = litter lacking the endo-
phyte. Bars represent means with S.E. Sample sizes are given on
each bar; unequal sample sizes resulted from some bags being lost
or damaged in the field
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Table 1 Analysis of variance
examining the effects of three

treatments—(1) litter source
(litter collected from plots with
or without the endophyte
Neotyphodium coenophialum),
(2) the decomposition
microenvironment, and (3) the
mesoinvertebrate exclusion
treatment (small versus large
mesh litter bag) on the dry
weight of litter collected from
Lolium arundinaceum plots
across three census dates

p-values < 0.05 are presented

Effect df F p
Litter source 1,325 4.04 0.045
Microenvironment 1,14 4.01 0.065
Litter source X microenvironment 1,325 0.01 0.907
Mesoinvertebrate exclusion 1,192 18.73 <0.001
Litter source X exclusion 1,230 0.20 0.653
Microenvironment X exclusion 1,192 5.82 0.017
Litter source X microenvironment X exclusion 1,230 4.12 0.044
Census date 2,102 193.16 <0.001
Census X litter source 2,312 1.65 0.194
Census X microenvironment 2,102 2.14 0.123
Census X litter source X microenvironment 2,312 0.50 0.607
Census x exclusion 2,143 2.59 0.078
Census X litter source X exclusion 2,269 0.41 0.663
Census X microenvironment X exclusion 2,143 1.52 0.222
Census X litter source X microenvironment X exclusion 2,269 0.74 0.480
Planned contrast small mesh: E+ vs. E— microenvironment 1,30 0.08 0.775
Planned contrast large mesh: E+ vs. E— microenvironment 1,30 9.23 0.005

in boldface

source X microenvironment X exclusion interaction,
Table 1). The effect of the litter source was strongest in
bags of small mesh placed in a microenvironment with
the endophyte (Fig. 2a, c¢), where litter with the endo-
phyte decomposed on average 12% more slowly than
litter lacking the endophyte. Litter source differences

were not observed in the large mesh bags that permitted
access by mesoinvertebrates, suggesting that mesoin-
vertebrates may homogenize differences between litter
with or without the endophyte (Fig. 2b, d). Further-
more, in large mesh bags, litter with the endophyte
decomposed on average 9.5% faster in plots with the

rig. 2 Effect of the 80 - Mesh = small ) Mesh = large
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with (E+) or without (E—) the 70 LA a B
endophyte Neotyphodium ab ab a ap
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large = 1.69 cm? mesh on the c 40+ 3
percentage remaining dry o)
weight of litter. Graphs a, b = 30
show data averaged over the a i |
three census dates, and c, d © VEL 48 45 |V 46 I 48 T
show data from the final census & 20
only. Bars represent means with 5
S.El.1 iample sizesl are gi}/en_on @ 80 -
each bar; unequal sample sizes o r :
resulted from some bags being ) c D B E+ !ltter
lost or damaged in the field. % 70 - L [ E- litter
Different letters indicate )
significant differences among 5
means within a graph as o 60 - o
demonstrated by a Tukey HSD a ab ab a gp
test 50 b B
b p

40 =

30 - L

20 16 13 13 13

E+ E- E+ E-

Microenvironment of plot



endophyte than in plots without the endophyte (Fig. 2b,
litter source X microenvironment X exclusion, Table 1).
In large mesh bags, endophyte-free litter also decom-
posed faster in plots with the endophyte than in plots
lacking the endophyte, although this difference was not
significant according to a post-hoc Tukey HSD test
(»p=0.11, Fig. 2b, d). The strong interaction between
microenvironment and mesoinvertebrate exclusion sug-
gests that mesoinvertebrates were responsible for the
difference in decomposition between endophyte-infected
versus endophyte-free microenvironments; differences
between microenvironments were not observed in bags
of small mesh size (Fig.2a, c¢; microenviron-
ment X exclusion, Table 1).

To what extent is the soil microbial community
responsible for endophyte-mediated differences
in decomposition?

The soil microbial/microinvertebrate community asso-
ciated with endophyte versus endophyte-free plots did
not affect the rate of decomposition in pots, at least
during the short term (60 days) (Fig. 3). Surprisingly,
litter decomposed significantly more quickly (12%) in
the sterilized soil treatment than in soil inoculated with
live soil from either endophyte-infected or endophyte-
free field plots (Fig. 3; soil treatment, Table 2).

The presence of the endophyte in litter did not affect
the rate of decomposition in the pot experiment (litter
source, Table 2). This result contrasts with the finding
from the field experiment, where the litter with the
endophyte decomposed more slowly than endophyte-
free litter. The presence of the endophyte in litter also
had no effect on initial total nitrogen content
(F1.14=0.73, p=0.41; mean (S.E.): E+ = 1.04% (0.04),
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Does the endophyte alter the abundance
or composition of Collembola?

Collembola comprise one component among many in
the decomposer food web of old field communities. The
total abundance of Collembola did not significantly
differ between plots with versus without the endophyte
(Fig. 4, Table 3). However, the composition of collem-
bolan families significantly differed between endophyte-
infected and endophyte-free plots (Fig. 4, Table 3).
Specifically, the abundance of Hypogastruridae was
significantly greater in endophyte-infected plots than in
endophyte-free plots (Endophyte, Table 3). In contrast,
the abundance of Isotomidae was greater in endophyte-
free plots than in endophyte-infected plots (Endophyte,
Table 3). We found no significant effect of the endo-
phyte on morphospecies richness of Collembola
(Endophyte, Table 3, mean (S.E.): E+ = 3.80 (0.42),
E— = 3.14 (0.43), n=8 plots).

Discussion

Most importantly, the presence of the endophyte in leaf
litter slowed decomposition by nearly 8% across all
other treatments, demonstrating that the effect of
introduced tall fescue on the ecosystem can depend on
the presence of a microbial mutualist. A similar effect
was found due to a Neotyphodium endophyte in L.
multiflorum in Argentina (Omacini et al. 2004), where
litter decomposition was 17% slower with the endo-
phyte. This earlier study used microcosms placed out-
doors. Thus, to our knowledge, our work is among the
first to show that a fungal endophyte can affect
decomposition processes under field conditions.

The reduced rate of decomposition may result from a

E— = 1.12% (0.08)). direct or indirect effect of the endophyte. Direct effects
may arise if endophyte alkaloids are toxic to decom-
o 50 posers and detritivores in the same way they are toxic to
c herbivores and pathogens (Breen 1994; Clay 1996; Clay
£ 45} et al. 1989; Gwinn and Gavin 1992). However, the ef-
] . R
c fects of the endophyte in litter were weakened by mes-
o a0k a oinvertebrates, because effects were strongest in the
@ a small mesh bags that excluded mesoinvertebrates but
© T b
g€ 35 Table 2 Analysis of variance examining the effects of (1) litter
‘S source (litter collected from plots with or without the endophyte
o Neotyphodium coenophialum), (2) the soil inoculation treatment
(o)) 30 (live soil from plots with the endophyte, live soil from plots without
8 the endophyte, or sterilized soil from a nearby old field), and (3) the
GC) 25 block on the dry weight of litter in pots
[&]
o 80 Effect df MS F »
Q20
E+ E- Sterile Litter source 1 0.24 0.06 0.612
Soil treatment 2 5.80 6.22 0.002
Fig. 3 Pot experiment: effect of the soil inoculation treatment [live  Litter source 2 0.06 0.07 0.934
soil from plots with the endophyte (E+), live soil from plots X soil treatment
without the endophyte (E—) or sterilized soil from a nearby old Block 1 25.29 27.12 <0.001
field (sterile)] on the percentage remaining dry mass of litter Error 233 0.93

collected from field plots of Lolium arundinaceum. Bars represent
means with S.E.; sample sizes are given on each bar

p-values < 0.05 are presented in boldface
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Fig. 4 Effect of the presence of the endophyte (Neotyphodium
coenophialum) in field plots of Lolium arundinaceum on the number
of Collembola per pitfall trap, including total number, and the
number of the four most commonly observed families (Entomo-
bryidae, Hypogastruridae, Isotomidae, and Sminthuridae). Within

allowed microinvertebrates. These results suggest that
microbial decomposers and microinvertebrates may be
more important than larger invertebrates in driving
differences in the rate of decomposition between litter
sources. Results are consistent with a previous study that
found reduced microbial biomass (> 80% lower) in field
plots of endophyte-infected versus endophyte-free tall
fescue (Franzeluebbers et al. 1999). In addition, the ef-
fects of microbial decomposers may accumulate over
time, because litter source did not affect mass loss in the
60 day pot experiment, and source differences grew
stronger in the field over 256 days.

A slowing of decomposition may also result as an
indirect effect of reduced plant diversity in plots with the
endophyte. Effects of litter diversity on the rate of
decomposition have been documented in other studies
(reviewed by Gartner and Cardon 2004), suggesting a
strong potential for indirect effects of the endophyte
through changes in litter diversity. For example,
increasing the species richness of a plant community
resulted in up to 37% more mass loss than predicted
from single species treatments (Hector et al. 2000), and a
recent review showed that mass loss can be up to 65%
greater in mixtures of litter than predicted from single
species litters (Gartner and Cardon 2004). Although we

Table 3 Analysis of variance examining the effects of the presence
of the endophyte in field plots (endophyte), the block (row), and the
plot (nested in the endophyte treatment and row) on the abundance
and morphospecies richness of Collembola, including the total

Entomobyridae Hypogastruridae

Isotomidae Sminthuridae

a family, different letters indicate a significant difference between
endophyte-infected (E+) vs. endophyte-free (E—) plots (see
Table 3). Bars represent means with S.E. Sample size was eight
plots per endophyte treatment

did not record the species richness of the litter, in the
same experimental plots, the species richness of living
plants was reduced by 25% due to the presence of the
endophyte, with no change in total aboveground bio-
mass (J.A. Rudgers and K. Clay, unpublished data; see
also Clay and Holah 1999 for a different experiment
with a similar result). However, in our study litter was
composed of "99% tall fescue leaves, suggesting that an
endophyte-mediated shift in the species composition of
litter was unlikely to be driving differences in decom-
position. This does not rule out the possibility that
changes in the composition of living plants could have
strong effects on the soil invertebrate community in ways
that alter decomposition.

The presence of the endophyte in leaf litter affected
decomposition in the field experiment, but not in the pot
experiment. There are several possible explanations for
this result. First, in the field we found stronger effects of
the presence of the endophyte later in the decomposition
process, and the pot experiment was run for only
60 days. We suspect this explanation is unlikely because
similar amounts of decomposition occurred in both
experiments, regardless of the duration. Second, due to
logistical constraints, the experiments were run at dif-
ferent times of the year, which could indicate seasonal

number of Collembola, the morphospecies richness, and the
abundance of the four most commonly observed families (Ento-
mobryidae, Hypogastruridae, Isotomidae, and Sminthuridae)

Effect Total Morphospecies Number of Number of Number of Number of

number richness Entomobryi-  Hypogastr- Isotomidae Sminthuri-

dae uridae dae
df F p F p F p F p F p F P

Endophyte 1,12 .34 0.269 1.43 0.255 2.18 0.166 585 0.032 547 0.037 126 0.283
Row 1,12 835 0.014 2448 <0.001 341 0.090 983 0.009 17.76 0.001 5.14 0.043
Endophyte x row 1,12 0.00 0959 0.34 0.573 0.10 0.759 346 0.088 0.02 0.903  0.57 0.465
Plot 12,239 2.33  0.008 0.68 0.774 278 0.002 1.61 0.090 1.33 0.201  0.81  0.642

(endophyte x row)

p-values < 0.05 are presented in boldface



variation in effects of the endophyte. Third, the absence
of vegetation cover in the pots as well as the burial of
bags may have influenced the microbial decomposer and
microinvertebrate assemblage differently than in the
field. Finally, important decomposers, the mesoinverte-
brates, were absent from the pot experiment, although
we did not find that mesoinvertebrates caused differ-
ences in decomposition of endophyte-infected versus
endophyte-free litter in the field.

In addition to differences in litter sources, the decom-
position microenvironment in the field (endophyte-in-
fected versus endophyte-free plots) altered the rate of
decomposition. Endophyte-infected litter decomposed up
to 10% faster when placed in plots with the endophyte
than when placed in endophyte-free plots. Importantly,
the decomposition microenvironment only affected litter
in bags of large mesh size that permitted access by meso-
invertebrates. This result, combined with a lack of a dif-
ference in decomposition for endophyte-infected versus
endophyte-free soil inoculum from the pot experiment,
suggests that mesoinvertebrates may be primarily
responsible for the effects of the microenvironment on the
rate of decomposition. Why was decomposition faster in
endophyte-infected versus endophyte-free plots? One
possibility is that plots with the endophyte cultivate an
assemblage of mesoinvertebrate detritivores that are
particularly effective at decomposing L. arundinaceum
litter due to the enhanced biomass of tall fescue when it
hosts the endophyte (e.g., Clay and Holah 1999). Similar
effects are known from other systems, where plants pro-
mote assemblages of microinvertebrates that increase the
rate of decomposition of their litter (Hansen 1999; Olo-
fsson and Oksanen 2002).

Changes in the composition of Collembola support the
hypothesis that endophyte and endophyte-free plots may
cultivate different detritivore assemblages, although a
broader examination of the decomposer food web beyond
just a single census of Collembola is needed. Collembola
are known to play an important role in decomposition by
redistributing plant material, directly consuming litter,
and stimulating microbial activity (Lussenhop 1992;
Hopkin 1997; Rusek 1998; Filser 2002). Furthermore,
changes in Collembola composition can alter ecosystem
processes, such as nitrogen turnover (Mebes and Filser
1998). In our experiment, the composition, but not total
abundance, of Collembola depended on the presence of
the endophyte in field plots. Hypogastruridae were more
abundant in plots with the endophyte than in plots
lacking the endophyte. The opposite was found for the
family Isotomidae, with a greater abundance in plots
without the endophyte. These results are consistent with
other studies that demonstrate Hypogastruridae tolerate
toxic environments (e.g., waste dumps and heavy metal
sites) better than other families of Collembola (reviewed
by Hopkin 1997). In addition, effects on Hypogastruridae
may result indirectly from experimental increases in the
functional group richness of living plants in the plots, as
has been found in Switzerland (Salamon et al. 2004). In
contrast, the increase in Isotomidae in the absence of the
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endophyte may reflect a sensitivity of this family to toxins,
such as alkaloids. For example, the species Folsomia
candida (Isotomidae) is among the most sensitive species
of Collembola to toxins and is commonly used in eco-
toxicology studies (Fountain and Hopkin 2005). Clearly,
the exact mechanisms underlying the shift in the relative
abundance of collembolan families (e.g., competitive
interactions, relative tolerance thresholds, plant diversity,
etc.) remain unresolved.

This research expands current knowledge on how
plant-microbial mutualisms affect ecosystem processes.
Here we show that the presence of a mutualistic endo-
phyte affects the rate of leaf litter decomposition and the
composition of associated decomposers. Our results on
decomposition further demonstrate a role for endo-
phyte—plant mutualisms in ecosystem processes under
field conditions.
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