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Abstract

The functional relationship between arbuscular mycorrhizal fungi (AMF) and their hosts is variable on small spatial scales.
Here, we hypothesized that herbivore exclusion changes the AMF community and alters the ability of AMF to enhance
plant tolerance to grazing. We grew the perennial bunchgrass, Themeda triandra Forssk in inoculum from soils collected in
the Kenya Long-term Exclosure Experiment where treatments representing different levels of herbivory have been in place
since 1995. We assessed AMF diversity in the field, using terminal restriction fragment length polymorphism and compared
fungal diversity among treatments. We conducted clipping experiments in the greenhouse and field and assessed regrowth.
Plants inoculated with AMF from areas accessed by wild herbivores and cattle had greater biomass than non-inoculated
controls, while plants inoculated with AMF from where large herbivores were excluded did not benefit from AMF in terms
of biomass production. However, only the inoculation with AMF from areas with wild herbivores and no cattle had a positive
effect on regrowth, relative to clipped plants grown without AMF. Similarly, in the field, regrowth of plants after clipping
in areas with only native herbivores was higher than other treatments. Functional differences in AMF were evident despite
little difference in AMF species richness or community composition. Our findings suggest that differences in large herbivore
communities over nearly two decades has resulted in localized, functional changes in AMF communities. Our results add
to the accumulating evidence that mycorrhizae are locally adapted and that functional differences can evolve within small
geographical areas.

Keywords Below and aboveground interactions - Arbuscular mycorrhizal fungi - Simulated herbivory - Local adaptation -
Kenya Long-term Exclosure Experiment (KLEE)

Introduction

The associations among mycorrhizal fungi and their hosts
are ancient, dating back 400 mya when plants first colonized
land (Remy et al. 1994). The vast majority of land plants
form symbioses with arbuscular mycorrhizal fungi (AMF)
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photosynthetic carbon (Smith and Read 2008), and there is
ample evidence that these symbioses preceded the evolution
of roots and allowed plants to colonize land (Remy et al.
1994; Redecker et al. 2000; Brundrett 2002). Although not
nearly as old, the interactions among plants inhabiting grass-
land savannas and vertebrate herbivores have co-evolved
through the millennia as well (McNaughton 1985; Frank
et al. 2003). These below and aboveground interactions are
expected to interact and alter mycorrhizal function depend-
ing on the context of herbivory (Wardle et al. 2004; Hartley
and Gange 2009; A’Bear et al. 2014).

There is ample evidence that herbivores affect fungal
communities, altering species richness, relative abundance
of different taxa (Eom et al. 2001; Frank et al. 2003; Murray
et al. 2010; van der Heyde et al. 2017), and enhancing infec-
tivity (Petipas and Brody 2014). Yet, how AMF affect plant
resistance to herbivores or tolerance of herbivore damage
has been less well studied and the results have been mixed
(Borowicz 2013). In some cases, inoculation with mycor-
rhizae enhances resistance to herbivores, reducing herbivore
preference and the amount of damage incurred (Borowicz
1997; Gange 2007; Wang et al. 2015), but the effect can go
the other way as well. In a long-term study of prairie plants
in North America, invertebrate herbivores preferred, rather
than avoided, grasses with their native compliment of myc-
orrhizae (Kula and Hartnett 2015).

In the few studies of AMF effects on plant tolerance (here
used to denote equal growth or fitness under conditions of
herbivore damage), AMF increased plants’ ability to tolerate
herbivore damage in some cases (e.g., Frank et al. 2003),
while others showed little or no effect (Borowicz 1997,
Gange et al. 2002; Bennett and Bever 2007; Varga et al.
2009; Aguilar-Chama and Guevara 2012; Gonzalez et al.
2015), and still others showed that AMF reduced tolerance
(Bennett and Bever 2007; Garrido et al. 2010). These mixed
results may be due to one or more of several factors. The
importance of AMF to plant growth and response to dam-
age may be highly species specific (Klironomos 2003), and
dependent on the fungal species (Gange et al. 2005; Bennett
and Bever 2007; Barber et al. 2013) or on the host (Kula
and Hartnett 2015; Tao et al. 2016). In addition, the benefits
provided by AMF may depend on soil conditions, the inten-
sity of herbivore damage, interactions with other organisms
important to plant fitness, and/or abiotic conditions (Laird
and Addicott 2007; Bever et al. 2009; Bever 2015; Ji et al.
2010; Hoeksema et al. 2010; Vega-Frutis and Guevara 2013;
Middleton et al. 2015; van der Putten et al. 2016).

What remains virtually unknown, however, is how long-
term grazing (or lack thereof) alters mycorrhizal commu-
nities in ways that affect the plant—fungal relationship and
enhance plant tolerance for damage by herbivores. Given
increased grazing pressure by native herbivores whose
habitat is rapidly shrinking, and under abiotic conditions
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that are often suboptimal for plant growth (e.g., drought),
understanding these interactions has become increasingly
important (Ji et al. 2013; van der Putten et al. 2016; Eldridge
et al. 2017). We hypothesized that long-term access by large,
vertebrate herbivores has resulted in locally adapted symbi-
oses that enhance plant tolerance of herbivory. To examine
this hypothesis, we asked the following questions: (1) does
the long-term exclusion of large vertebrate herbivores affect
AMF diversity or root colonization; (2) do AMF isolated
from soils with different histories of herbivory affect plant
tolerance of simulated damage differently, and (3) do pat-
terns of regrowth following clipping in the field follow those
in the greenhouse?

Here, we utilized the Kenya Long-term Exclosure Experi-
ment (KLEE) to examine how the loss of grazers (through
exclusion by fences) over 16 years has resulted in highly
localized and functional changes in the mycorrhizal commu-
nity. In East African savannas, vertebrate herbivores, such as
elephants, zebra and gazelles, are important drivers of plant
productivity and community composition (McNaughton
1985; Hobbs 1996; Frank et al. 1998; Veblen and Young
2010; Pringle et al. 2011; Porensky et al. 2013; Young et al.
2013; Veblen et al. 2016; Charles et al. 2017). KLEE was
established in 1995 at the Mpala Research Centre (MRC) in
central Kenya and consists of treatments that exclude differ-
ent combinations of cattle and large vertebrate herbivores
(Young et al. 1998). The KLEE treatments provide an ideal
experiment to investigate how herbivory (or lack thereof)
affects plant—AMF functional relationships.

Materials and methods

To test our hypotheses, we collected root and rhizosphere
samples from three exclosure treatments that vary in herbi-
vore access in the Kenya Long-term Exclosure Experiment
(KLEE) located at the Mpala Research Centre in central
Kenya. Resident wild mammalian herbivores include many
species of large ungulates, including mega-herbivores (for a
full description, see Young et al. 1998). In addition to large,
wild herbivores, the area is also managed for grazing cat-
tle (Bos taurus indicus L). The exclosures were established
in 1995 and consist of six 200 m? plots that exclude dif-
ferent combinations of large herbivores, replicated in three
blocks (Young et al. 1998). The plots represent a gradient of
herbivore access and provide an ideal experiment to inves-
tigate how herbivory (or lack thereof) affects plant—-AMF
associations.

We collected samples from three exclosures: (1) plots
where wild large herbivores and cattle were allowed (MWC);
(2) plots where only wild large herbivores were allowed
(MW); and (3) plots that excluded all large herbivores (0).
We assessed AMF diversity in field-collected roots from the
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different herbivory treatments, and assessed the influence of
AMF from these exclosures on plant growth and tolerance
to herbivory, by conducting a simulated herbivory experi-
ment in the greenhouse using Themeda triandra Forssk
(hereafter Themeda), a grass abundant throughout the area
(Young et al. 1998). We also complimented the greenhouse
experiment by clipping Themeda in the same exclosures in
the field.

AMF diversity

To examine AMF diversity, we sampled Themeda roots in
June 2012 in each of the three treatment plots at 10-m inter-
vals along 50-m transects. Sampling was replicated in each
block such that 135 root samples were collected (N =45 per
treatment). We used terminal restriction fragment length
polymorphism (T-RFLP) of PCR-amplified large ribosomal
subunit rRNA-gene DNA gene fragments (Verbruggen et al.
2010) to characterize the AMF communities in the roots. To
isolate fungal DNA, we performed a PCR using primer pair
LR1-FLR2, followed by a nested PCR to isolate AMF DNA,
using primer pair FLR3-FLR4 labeled with fluorescent dyes
6-FAM (FLR3) and VIC (FLR4), for visualization in the
fragment analysis step.

Data were analyzed using Peak Scanner (v1.0, Applied
Biosystems; Foster City, CA), and the T-REX web appli-
cation (Culman et al. 2009). To assess T-RF community
composition, we performed a nonparametric MANOVA
(PERMANOVA), using the ADONIS function in the vegan
package of R (version 3.3.1) (PERMANOVA; Anderson
2001; Oksanen et al. 2011). Data were visualized using
non-metric multidimensional scaling (metaMDS function
in R, version 2.13.1). We used a nested ANOVA with her-
bivory treatment as the main fixed effect, treatment nested
within replication block and transect nested within treatment
and species richness as the response variable. For a more
detailed description of field sampling, sample preparation,
and analyses see Methods Supplement (Online Resource).

Effects of herbivory history on plant growth,
tolerance of clipping, and leaf P

To obtain experimental inoculum from the field, Them-
eda rhizospheres were collected in May 2011 from her-
bivory treatments in the North block of KLEE by placing
a 10 X 10 cm square frame around Themeda plants and
extracting the soil and roots within that frame to a depth
of 15 cm. The rhizospheres of two neighboring plants were
sampled from three different locations selected haphazardly
within each herbivory treatment (six samples per herbivory
treatment). Samples were air-dried and shipped in sealed,
plastic bags to the University of Vermont. To stimulate pro-
duction of viable AMF propagules for use as experimental

inocula, we prepared trap cultures using sorghum-sudan
(Sorghum bicolor var sudanense) as a host (Morton et al.
1995). For a detailed description of trap pot preparation, see
Methods Supplement (Online Resource).

We also collected Themeda seeds from a large area
(~4 ha) adjacent to the KLEE experimental plots, where
plants experience natural levels of herbivory by both wild
herbivores and cattle. Seeds were germinated in a growth
chamber using a 12L:12D photoperiod cycle with tempera-
tures of 30 °C day and 20 °C night. Seedlings were randomly
assigned to one of three inoculum source treatments (MWC,
MW, or O); and one of two AMF treatments consisting of (1)
a 300 mL sterilized sand:clay substrate amended with 10 mL
live inoculum (AMF +) and (2) 300 mL sterilized sand:clay
substrate amended with 10 mL sterilized inoculum (AMF —;
autoclaved at 121 °C for 60 min), and one of two clipping
treatments (clipped or non-clipped), resulting in 12 treat-
ment combinations. Twenty milliliter of microbial filtrate
was added back to pots to control for the effects of non-AMF
soil microbes (Koide and Li 1989). Nineteen plants were
used for each treatment combinations (228 plants).

To simulate herbivory, we clipped plants to 2.5 cm in
height after 7 weeks, and again 10 weeks later. Clipped
material was weighed after drying at 65 °C for 72-84 h.
Because it was impossible to process all plants at once,
plants were harvested over a 2-week period after randomly
assigning harvest date. The total length of the experiment
was thus 22-24 weeks per plant. For each plant, 0.15 g of
roots were collected haphazardly to assess AMF coloniza-
tion, and stored in 70% ethanol at 4 °C until processing.
The remaining roots, as well as aboveground material were
dried (65 °C for 72-84 h) and weighed. The total root dry
weight was calculated by applying the dry:wet ratio of the
oven-dried roots to the roots separated for assessment. Total
accumulated biomass (biomass at harvest combined with
material collected at clipping) and root:shoot ratio at harvest
were then calculated.

We also analyzed leaf phosphorous (P) concentration as
a proxy for nutritional benefit of the AMF symbiosis. For
several clipped plants, we had insufficient leaf material to
conduct the analysis and thus randomly paired plants within
treatments and combined their leaf material, resulting in 7-9
samples per treatment combination. Nutrient analysis was
conducted by the University of Vermont Agriculture and
Environmental Testing Laboratory by nitric acid digestion
and inductively coupled plasma-optical emission spectrom-
etry. For a detailed description of experimental preparation,
see Methods Supplement (Online Resource).

Our statistical approach involved a combination of a pri-
ori LS Means Contrasts conducted within ANCOVA frame-
works, designed to compare the effect of AMF inoculation
within herbivory treatments (AMF 4+ vs AMF —), and a pos-
teriori (post hoc) Tukey’s HSD tests to evaluate differences
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in treatment means for effects found to be significant, but
not the object of our study, and so for which we had no spe-
cific hypotheses. We evaluated the influence of AMF from
areas of differing herbivory histories on plant total accumu-
lated biomass, leaf P, and root:shoot ratio using three-way
ANCOVAs with inoculum source (MWC, MW, O), AMF
treatment (AMF +and AMF —), clipping (non-clipped and
clipped), and their interactions as effects. Harvest date was
included as a covariate in biomass analyses but not in leaf
P as plants from different harvest dates had been combined.
To evaluate the effect of AMF on plant growth and response
to clipping, differences in AMF+and AMF — treatment
means within each inoculum source were evaluated by a
priori LS Means Contrasts for both non-clipped and clipped
plants separately. For leaf P, the clipping effect was not sig-
nificant and did not interact with inoculum source, and so
we conducted the LS Means Contrasts inclusive of non-
clipped and clipped plants together, and compared leaf P
among inoculum sources (MWC, MW, O) by conducting
a post hoc Tukey’s HSD (main effect of inoculum source)
within the three-way ANCOVA framework. Total biomass
and leaf P data fit assumptions of normality of residuals and
homogeneity of variance reasonably well and no transforma-
tion improved assumptions, so raw values were used in the
analysis. Root:shoot values were square root transformed to
improve assumptions.

Effects of herbivory history on mycorrhizal
colonization of roots

To assess AMF colonization, roots were stained using 5%
ink and vinegar solution (v/v) (Sheaffer Skrip Bottled Ink,
black, product SHF94231, Sheaffer Pen, Shelton, CT, USA;
methods in Vierheilig et al. 1998). The percentage of root
length colonized was quantified using the gridline intersect
method (Giovannetti and Mosse 1980), examining over 100
intersections per plant. Percent root length colonization
(PRLC) was calculated as the percentage of intersections
containing any apparent mycorrhizal structure (referred
to as non-negative intersections). Arbuscules were rarely
observed in Themeda roots; therefore, arbuscules, arbuscu-
late coils, and coiled hyphae were tabulated together and
referred to as percent “nutrient exchange site colonization”
(NEXC), calculated as the percentage of non-negative inter-
sections containing these structures. Spherical and oblong
vesicle-like structures observed within roots were likewise
tabulated together as percent vesicle colonization (VC). We
evaluated mycorrhizal colonization (PRLC, NEXC, VC)
using separate two-way ANCOVAs, with inoculum source
MWC, MW, 0), clipping (non-clipped and clipped), and
their interaction as effects, and harvest date as a covariate.
The inoculum source by clipping interaction was not signifi-
cant for any response; we thus compared inoculum sources
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(MWC, MW, O) using post hoc Tukey’s HSD (main effect of
inoculum source). PRLC was logit transformed to improve
normality. All analyses were performed in JIMP® Pro version
11.2.0 (SAS Institute Inc, 2013).

Field clipping experiment

To examine the response of Themeda to simulated her-
bivory in the field, we clipped plants on June 4th, 2011 in
the aforementioned herbivory treatments in the North and
South blocks. Three different locations were selected hap-
hazardly within each plot and at each location we randomly
selected eight plants. We clipped half of the plants to 3 cm
(N=24, per treatment), leaving the remainder as controls.
Plant height was measured prior to clipping and 10 days
post-clipping. Ten days provided sufficient time for plants
to regrow, but avoided confounding results of clipping with
natural herbivory. Relative growth rate (RGR) was calcu-
lated as: In(H,) — In(H,)/(t, — t,), where H, and H, are the
plant height at time ¢, and t,, with #; being the start of the
experiment and ¢, the end of the experiment (10 days later).
Many of the non-clipped controls did not grow appreciably
over a 10-day period (i.e., zero growth rate), and thus our
data did not fit the assumptions to perform an ANOVA. We
therefore analyzed the results using a hurdle model compart-
mentalized into a logistic regression and a generalized lin-
ear model. To perform the logistic regression, we re-coded
our data as O if the plant grew less than 0.001 cm per day
and as a 1 if the plant grew more than 0.001. We used a
model selection process to evaluate the effects of clipping
and herbivory on whether the plant grew (1) or not (0). The
interaction term (clipping X herbivory) was not tested for
lack of sufficient zero values in all categories. In the second
stage of the hurdle model, we analyzed only plants that grew
during our experimental period using a generalized linear
model. In the GLM model, we evaluated the effects of clip-
ping and herbivory and the interaction between clipping and
herbivory. In both models we treated clipping, herbivory,
and KLEE block as fixed effects. To avoid pseudoreplica-
tion, sampling location was treated as a random effect nested
within herbivory treatment and location. Analyses were
performed in R version 3.3.1 (R Development Core Team
2016) using packages Ime4 (Bates et al. 2014) for the logis-
tic regression and nlme (Pinheiro et al. 2017) for the GLM.

Results
Effect of herbivory history on AMF diversity
The history of herbivory had no significant effect on

AMF T-RF community composition (PERMANOVA:
F(5,4/=0.68 P=0.86, Supp Fig. S1a, Online Resource).
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Likewise, in all three treatments, we found approximately
equal T-RF richness (approximately 13 T-RFs per treatment;
ANOVA: F( 113y=0.17, P=0.85, Supp Fig. S1b, Online
Resource) (Fig. 1).

AMF effects on plant growth

The main effects of herbivory history (inoculum source)
and AMF inoculation (AMF treatment) were significant for
all responses. For ease of interpretation, we report here sig-
nificant higher order interactive effects, as well as results
of LS Means Contrasts, and main effects where interac-
tions were not significant. The table of full statistical
results can be found in Supp Table S1, Online Resource).
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Fig. 1 Mycorrhizal colonization. AMF from areas of different graz-
ing histories exhibited different patterns of plant root colonization in
both the extent (PRLC) and composition (NEXC and VC) of coloni-
zation. Two-way ANCOVA, main effect of inoculum source: PRLC:
Fo10n=22.14, P<0.0001; NEXC: F,9;,=19.42, P<0.0001; VC:
F.101y=34.59, P<0.0001. Treatments not sharing same letter are
significantly different (Tukey’s HSD within two-way ANOVA frame-
work). Bars represent LS means + 1 SE

The effect of AMF on total accumulated biomass depended
upon herbivory history (three-way ANCOVA, inoculum
source X AMF interaction, F; j97y=6.31, P=0.002).
Among plants in the non-clipped treatment, plants grown
with AMF + inoculum from MWC produced more total
biomass than plants grown in sterilized, AMF —, inoculum
(Fig. 2a, LS Means Contrasts, F(1’197) =12.54, P=0.0005).
However, the differences in non-clipped plant biomass
between the AMF + or AMF — treatments for MW or O
plots were not significant (Fig. 2a, LS Means Contrasts,
MW: F(; 197,=0.28, P=0.60), O: F(; 197)=0.44, P=0.51).
The effect of AMF on root:shoot ratio at harvest also
depended on herbivory history (three-way ANCOVA,
inoculum source X AMF interaction F; j97)=7.23,
P =0.0009). Among plants in the non-clipped treat-
ment, plants grown with AMF +inoculum from MW
had higher root:shoot ratios than plants grown in steri-
lized, AMF —, MW inoculum (Fig. 2b, LS Means Con-
trasts, F(l,197)=27.10, P <0.0001), whereas root:shoot
ratios of plants grown in MWC and O inoculum were not
affected by AMF (Fig. 2b, LS Means Contrasts, MWC:
F(197y=1.63, P=0.20), O: F(; 197)=1.26, P=0.26).

AMF effects on plant response to clipping

Clipped plants accumulated less total biomass than non-
clipped plants (three-way ANCOVA, main effect of clip-
ping, F(y 197y=51.14, P<0.0001), regardless of herbivory
history (KLEE X clipping interaction, F( 97)=1.42,
P =0.24) or AMF inoculation (AMF treatment X clipping
interaction, F(l,197)=0.57, P =0.45). However, among
clipped plants, plants grown with AMF + inoculum from
MW produced more total biomass than plants grown in
sterilized, AMF —, MW inoculum (Fig. 2¢, LS Means
Contrasts, F(; 197y=4.18, P=0.042), whereas total bio-
mass accumulation did not differ between the AMF + or
AMF — treatments for MWC or O plots (Fig. 2a, LS
Means Contrasts, MWC: F( j47=1.30, P=0.25), O:
F(197y=2.50, P=0.12).

Root:shoot ratios were also affected by clipping
(F1.107=91.51, P<0.0001), and were dependent on
both herbivory history and AMF inoculation (significant
three-way interaction of inoculum source X AMF treat-
ment X clipping: F, 197,=35.18, P <0.006). Among clipped
plants, plants grown with AMF + inoculum from MWC
and MW had higher root:shoot ratios than plants grown
in sterilized, AMF —, MWC and MW inoculum (Fig. 2d,
LS Means Contrasts, F( j47)=26.66, P <0.0001 and
F(4197y=9.12, P <0.003, respectively), whereas root:shoot
ratio was not affected by AMF in the O plot (Fig. 2d, LS
Means Contrasts, F(; 197)=0.09, P=0.76).
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Effects of herbivory history on leaf phosphorous
accumulation

Plants grown in inoculum from areas where all large herbi-
vores were excluded (O), accumulated less leaf P than plants
grown in inoculum from areas where large herbivores were
allowed (main effect of inoculum source, F, ¢4 =22.41,
P <0.0001; Tukey’s HSD). Regardless of inoculum source,
plants grown with AMF had higher concentrations of
leaf P at harvest than plants grown without AMF (Fig. 3,
F (1 84y=103.57; P=0.0001, and LS Means Contrasts: MWC:
F (1 84y=42.87, P<0.0001), MW: F|; ¢,y=43.23, P<0.0001),
O: F(; 34y=19.98, P<0.0001). The effect of clipping on leaf
P was dependent on AMF inoculation (clipping X AMF
treatment interaction: F; g4y=13.36; P=0.0004); when
grown without AMF, clipped plants had less leaf P rela-
tive to non-clipped plants, whereas when grown with AMF,
clipped plants did not differ from non-clipped plants in leaf
P concentration.

Effects of herbivory history on mycorrhizal
colonization of roots

AMEF from areas of different herbivory histories exhibited

different patterns of plant root colonization in both the extent
(PRLC) and composition (NEXC and VC) of colonization in
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Fig.3 Leaf phosphorous concentration. Asterisks indicate differ-
ence in AMF +vs AMF — means within KLEE treatment (LS Means
Contrasts conducted within three-way ANOVA framework, P <0.05).
Inoculum source groupings not sharing same letter are significantly
different (Tukey’s HSD). Bars represent LS means + 1 SE

the clipping experiment (Fig. 1, Two-way ANCOVA, with
main effects of inoculum source: PRLC: F, 1o,)=22.14,
P <0.0001; NEXC: F(,;,=19.42, P<0.0001; VC:
F(5.101y=34.59, P<0.0001). Root colonization intensity
differed among the three inoculum sources (Tukey’s HSD,
Fig. 1a); with AMF from MWC having the greatest extent
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of percent of root length colonized, and MW the lowest. The
composition of colonization (NEXC and VC) was similar for
AMF from MWC and O, but MW had a significantly higher
percentage of nutrient exchange sites (Fig. 1b), and fewer
vesicles (Fig. 1¢) compared to MWC and O (Tukey’s HSDs).
Mycorrhizal colonization of roots was also effected by clip-
ping, in that clipped plants had more nutrient exchange sites
than non-clipped plants (Fig. 1b, inset, two-way ANCOVA,
main effect of clipping, F{; 19;,=10.77, P=0.0014).

Field clipping experiment

Results from our field clipping experiments were in line
with those found in the greenhouse. Clipping significantly
enhanced growth rate of plants across all treatments (logis-
tic regression, main effect of clipping, X> (1)=68.73,
P <0.0001). Furthermore, clipped plants growing in areas
with only wild herbivores (MW) had significantly higher
growth rates than clipped plants growing in areas with wild
herbivores plus cattle (MWC) and in areas with no herbi-
vores (O) (Fig. 4, GLM, clipping X herbivory interaction,
Fg1y=14.30, P<0.0001).

Discussion

The outcome of the association between arbuscular myc-
orrhizal fungi and their hosts is dynamic, with the qual-
ity, quantity, and timing of resource exchange linked to
environmental context (Klironomos 2002, 2003; War-
dle et al. 2004; Ji et al. 2010, 2013; Johnson et al. 2010;
Bever 2015). Recent evidence suggests that adaptation
on a highly localized scale can alter the AMF-plant
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Fig.4 Re-growth of plants subsequent to clipping in the field.
Clipped plants growing in MW had significantly higher growth
rates than clipped plants growing in MWC and O (GLM, clip-
ping X herbivory interaction, F,g;,=14.30, P<0.0001). Points are
means=+ 1 SE

relationship in ways that benefit both partners (Johnson
et al. 2010; Ji et al. 2013; Petipas et al. 2017).

Our objective was to determine whether herbivory by
large, vertebrate herbivores has resulted in locally adapted
symbioses that enhance plant tolerance of herbivore dam-
age and whether removal or a reduction of herbivory
results in a response by the AMF community. We predicted
that AMF diversity and/or functionality would be altered
by long-term differences in vertebrate herbivory in ways
that would affect plant tolerance to herbivore damage.
Although we did not detect differences in AMF species
diversity among herbivory treatments in field collections,
our findings suggest that, indeed, different levels and/or
types of grazing has resulted in functional changes in AMF
communities that affect plant growth, investment in roots
versus shoots, P accumulation, and response to herbivory,
although in ways not fully aligned with our expectations.
These results are consistent with earlier work that demon-
strated that species richness between fenced and unfenced
areas was similar, but AMF infectivity was higher in areas
with herbivore access (Petipas and Brody 2014).

In the current study, we found that AMF root coloniza-
tion, biomass production, root:shoot ratios, leaf P uptake,
and plant response to clipping were all affected by AMF
from soils with different levels of herbivory. These func-
tional differences may be attributable to rapid diversifica-
tion or plasticity among fungal genotypes in response to
the different environmental conditions within the exclo-
sures. Such rapid genetic change has been demonstrated
and may underlie the ubiquity and tremendous success of
AMF in responding to environmental change (Angelard
et al. 2014). Thus, our assessment of genetic diversity
may have been too coarse to elucidate functional diversity
which can occur within species or even among nucleotypes
of the same AMF clone (Koch et al. 2004, 2006; Johnson
et al. 2012).

We further predicted that AMF from areas in which
large herbivores have access, would enhance tolerance to
herbivory, whereas AMF from areas protected from large
herbivores would not. Unexpectedly, the addition of cat-
tle appears to have a different effect on the functioning of
AMF than that of the wild herbivores alone, differing in
every response measured in our study from those of plots
grazed by only wild herbivores. Plants inoculated with AMF
from areas where cattle graze along with wild herbivores
(MWC), had a lower proportion of nutrient exchange sites
with their fungal partners and a greater proportion of fungal
vesicles—characteristics that are generally interpreted as
less beneficial to plant hosts (Johnson 1993; Johnson et al.
1997; Nijjer et al. 2010; Verbruggen and Kiers 2010; Kiers
et al. 2011; Knegt et al. 2016). Despite this, plants grown
with AMF from MWC clearly benefited from the symbiosis
in the production of more total biomass and increased leaf
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P uptake. However, these benefits did not translate into a
commensurate response to clipping.

In contrast, plants inoculated with AMF from areas where
only wild herbivores have access (MW), had higher propor-
tions of nutrient exchange sites, and the lowest proportion
of vesicles, suggesting a more beneficial association for the
plant. While no benefit of the association was evident in
terms of biomass production in non-clipped plants, plants
inoculated with AMF from MW had greater overall bio-
mass when clipped, relative to plants grown without AMF.
Interestingly, these plants had consistently higher root:shoot
ratios regardless of clipping status; an effect also observed
in clipped plants of the MWC treatment, but not in plants
grown with AMF from areas protected from large herbi-
vores. Plasticity in plant resource partitioning may enable
plants to mediate nutrient limitation (Weiner 2004), and thus
infection by AM fungi could lead to decreased allocation
of resources to root growth (e.g., reduced root/shoot ratio).
However, the influence of AMF on plant resource parti-
tioning depends on many factors, including the species of
plant and AM fungi, and the surrounding biotic and abiotic
environment (Veresoglou et al. 2012), and is thus context
dependent. Here we found that AM fungi from areas where
ungulates graze cause increases in root/shoot ratios, whereas
AM fungi without historical exposure to herbivory do not
affect root/shoot ratio. This result is important because
roots can be a source of nutrients for remobilization dur-
ing regrowth (Ourry et al. 1988; Oyarzabal and Oesterheld
2009), and thus enhance plant regrowth following herbivory.
Our results suggest that this strategy may be mediated by
grazing-adapted mycorrhizal fungi. Despite not having an
increase in overall biomass when mycorrhizal, AMF asso-
ciations in MW may be facilitating compensation by pos-
turing the plant to withstand herbivory prior to clipping by
enhancing root/shoot ratios and increasing P accumulation.

The addition of cattle to areas in which large wild her-
bivores are present appears to have a different effect on the
functioning of AMF than that of the wild herbivores alone.
While these differences cannot be explained by dung depo-
sition (Kimuyu et al. 2017), or soil pH or nutrient status
(unpublished data), they may be driven by differences in
grazing pressure among treatments (Veblen et al. 2016) and/
or by changes in the plant host community. Cattle grazing
can enhance plant species diversity and aggregation (Poren-
sky et al. 2013), and reduce grass and forb cover (Young
et al. 2005; Kimuyu et al. 2017); suggesting that Themeda
may be involved in different plant—plant competitive interac-
tions under different herbivore regimes. Themeda triandra
is a weak competitor which thrives in areas of reduced com-
petition. In those areas it may rely less on its fungal symbi-
onts for access to resources. Alternatively, enhanced graz-
ing pressure by cattle could increase soil compaction and/or
carbon dynamics via the amount of plant material removed
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at each grazing bout, which could affect AM functionality
(Entry et al. 2002; Wearn and Gange 2007).

Our prediction that T triandra grown in inoculum with
AMF from areas where vertebrate herbivores were excluded
would show a lower tolerance of herbivory than those from
the other treatments was largely supported. Not only did
these plants show a lack of tolerance to clipping, they also
showed less beneficial composition of AMF colonization
(lower nutrient exchange sites, and higher proportion of
vesicles), and were unresponsive to AMF colonization in
terms of biomass production or plant resource partition-
ing. Although they displayed the general increase in leaf
P accumulation associated with AMF that was observed in
all treatments, the plants in O had lower overall leaf P than
plants in either MWC or MW.

Surprisingly, plants inoculated with non-AMF microbes
(as a microbial wash) from areas where herbivores have been
excluded consistently grew the largest regardless of AMF
inoculation status. As plants grown with AMF from this area
had lower numbers of nutrient exchange sites, we speculate
that they may have been released from the resource costs
of AMF association, and instead may interact with benefi-
cial non-AMF microbes, resulting in enhanced plant growth
in the competitive environment. In our study, we sought to
uncover how grazing history has influenced plant—-AMF
associations; however, it is likely that the gradient of grazing
intensity established in the KLEE plots has affected other
non-AMF microbial associations with plants as well. For
example, Eldridge et al. (2017) recently showed that grazing
affects both the bacterial and fungal communities, favoring
some taxa over others and altering community composition.
Eldridge et al. (2017) found that the diversity of soil bac-
terial communities increased while the diversity of fungal
communities decreased with increased grazing intensity in
semi-arid woodlands of eastern Australia. Further, dark sep-
tate root endophytes may increase (Saravesi et al. 2014) or
decrease (Piippo et al. 2011; Ruotsalainen and Eskelinen
2011) with herbivory. However, to date there is limited infor-
mation on how dark septate endophytes limit or enhance
plant response to herbivory. While information regarding
the non-AMF microbial contingent would have undoubt-
edly been informative, assessment of non-AMF microbial
diversity was outside the scope of this study, and is currently
being investigated by other researchers in this system (Kelly
Gravuer and Grace Charles, pers. comm.). The specificity
and functional outcome of changes in these communities
under different grazing pressure will be exciting areas for
future work.

In summary, our findings suggest that differences in large
herbivore grazing for nearly two decades has resulted in
functional changes in AMF communities that feedback to
plant growth, P accumulation, and response to herbivory.
There is growing evidence for ecological history giving rise
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to locally adapted plant—AMF associations (Johnson et al.
2010; Ji et al. 2013). There is independent evidence that both
plants and fungi can mediate nutrient and carbon allocations
(Bever et al. 2009; Kiers et al. 2011; Fellbaum et al. 2012),
and that the trade between AMF and hosts is influenced by
the environmental context (Verbruggen et al. 2012; Zheng
et al. 2015; Klironomos 2002, 2003; Ji et al. 2010, 2013;
Johnson et al. 2010; Bever 2015). Thus, the ability of plants
to select for mycorrhizal partners that enhance growth or
tolerance to stress such as chronic and repeated herbivory,
may allow AMF associations to become optimized to local
conditions (Read 2002; Klironomos 2003; Friesen et al.
2011; Revillini et al. 2016).

Our results and those of others suggest that changes in
the herbivore community and its cascading effects on plant
communities and carbon and nutrient status, all influence
the strength and direction of feedbacks between plants and
their mycorrhizal partners (Bardgett and Wardle 2003; Kula
and Hartnett 2015; Eldridge et al. 2017). Our work also
underscores that of others in demonstrating the importance
of grazing history in affecting AMF functional associations
and suggests ecological specificity among them (Read 2002;
Johnson et al. 2010; Antunes et al. 2011; Ruotsalainen and
Eskelinen 2011). Furthering our understanding of how long-
term, rapid evolutionary changes affect interactions in below
and aboveground communities, is an important frontier that
will allow us to predict community response to change (van
der Putten et al. 2013; Eldridge et al. 2017; Smith-Ramesh
and Reynolds 2017). Future work that investigates the influ-
ence of microbial communities, and AMF in particular, on
plant responses to herbivores will be well-served by consid-
ering the long-term, ecological context of the interactions.
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