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Abstract

Consumers play a critical role in mediating plant and ecosystem responses to abi-
otic stress, yet their influence on belowground processes under changing environ-
mental conditions remains underexplored. Insect consumers are vital
components of grassland ecosystems that can shape ecosystem function and sta-
bility by mitigating how plant and microbial communities respond to abiotic
stress, like drought. This study investigates how small-bodied consumers influ-
ence the magnitude and stability of grassland belowground functions across gra-
dients of abiotic stress. We conducted a fully factorial field experiment
manipulating consumer presence and induced drought over a growing season.
Our results reveal that the presence of consumers stabilizes bacterial biomass
and microbial activity across variable soil moisture conditions. Interestingly, this
consumer-induced increase in ecosystem stability was driven by a destabilization
of microbial communities, as indicated by increased variability in bacterial com-
munity composition and abundance. Consumer presence also shifted soil bacte-
rial community composition and richness, while fungal communities were less
affected. Combined, our results highlight another important dimension of ecosys-
tem stability: community responsiveness and rapid adaptability. Additionally, our
findings underscore the critical role of consumers in maintaining belowground
ecosystem stability and highlight the need to consider trophic interactions when
predicting the impacts of global change on grassland ecosystems.

KEYWORDS
above-belowground interactions, carbon use efficiency, drought, grassland, herbivores,
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trophic levels (Estes et al., 2011; Schmitz et al., 2000).
Many consumers, for example, are under threat from

High biodiversity can mitigate the impacts of abiotic
stress, including those driven by climate change, on
ecosystem function (Tilman & Downing, 1994). Yet most
biodiversity research focuses on plant communities
despite biodiversity loss being especially acute at higher

global change (Dirzo et al., 2014) and yet are also critical
to mediating plant responses to abiotic stress (Bakker
et al., 2006; Gruner et al., 2008). It is therefore possible
that reduced consumer abundances or diversity due to
overharvesting or land-use change can impact the stability
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and resilience of ecosystem function to climate change.
Unfortunately, experiments that simulate both abiotic
stress and consumer presence are relatively rare. Given
the drastic reductions in consumer abundances occurring
worldwide (Biggs et al.,, 2008; Dirzo et al., 2014), it is
imperative that we understand how the loss of consumers
from an ecosystem might affect the resilience of ecosystem
function to disturbances (Hautier et al., 2009).

Consumers influence ecosystem processes through
both direct and indirect pathways. While large animals
contribute nutrient-rich waste and carcasses that
enhance soil C and N (Liu et al., 2018; Reed et al., 2025),
small consumers like insects also play critical roles
(Lemoine & Smith, 2019; van de Zande et al., 2024).
Their inputs (e.g., frass, cadavers) provide frequent, spa-
tially distributed additions of bioavailable nutrients
(Lovett et al., 2002; Schowalter, 2022). Indirectly,
small-bodied consumers alter soil chemistry by increas-
ing detrital fall, stimulating root growth, and affecting
the quantity and composition of root exudates (Bardgett
et al., 1998; Belovsky & Slade, 2000; Nat Holland, 1995;
Potthast et al., 2021). These shifts can shape the diversity
and stability of microbial community structure and func-
tion. For example, grasshoppers shifted plant communi-
ties in a coastal prairie soil, which ultimately increased
microbial biomass and oligotrophic (slow-growing,
nutrient-poor adapted) fungal diversity (Lucas, Jonas,
et al., 2021a). Increased microbial biomass and oligotro-
phic diversity often lead to higher carbon use efficiency
and lower metabolic quotients (CUE, Domeignoz-Horta
et al., 2020, qCO,, Ashraf et al., 2022), characteristics
associated with increased drought resistance of below-
ground function (Liu et al., 2024; Malik et al., 2020; Tao
et al., 2023). These mechanisms suggest that small con-
sumers influence both the magnitude and stability of
belowground communities and C-cycling, especially
under abiotic stress—yet their role in shaping these
dynamics under global change remains underexplored.

Grasslands are particularly vulnerable to global
change, with increasingly frequent droughts threatening
to shift grasslands from carbon sinks to sources
(Diffenbaugh et al, 2015; Parolari et al., 2012).
Simultaneously, grassland animals are experiencing sig-
nificant global declines. Grassland insects, such as grass-
hoppers, crickets, and katydids, and every orthopteran
species with an IUCN-documented population trend has
declined in abundance by 70%-75% (Dirzo et al., 2014;
Welti et al., 2020). The loss of insect consumers can
impact soil microbial community composition and their
functions (Lucas, Jonas, et al., 2021a). Yet the ultimate
impacts of defaunation on belowground functional
capacity and stability, such as microbial respiration
(i.e., carbon flux) and microbial biomass are poorly

understood. Small consumers can promote ecosystem sta-
bility by enhancing diversity, modulating plant-microbe
interactions, buffering productivity under variable climate
conditions, and maintaining carbon cycling feedbacks
(Post, 2013; Thébault & Loreau, 2005). Their loss may
reduce resistance and resilience to disturbance, amplifying
the destabilizing effects of drought. Investigating the com-
bined effects of drought and the loss of consumers in
grasslands, which cover 31%-43% of terrestrial land area
and store 650-810 Gt of carbon in soils, is critical for deter-
mining how small-bodied consumers shape grassland sta-
bility in current and future climates (Ebel et al., 2022;
Gibson & Newman, 2019; O’Mara, 2012).

In this study, we address two central ecological ques-
tions: (1) Do consumers contribute to the magnitude and
stability of grassland belowground functions under nor-
mal conditions? (2) Does defaunation alter grassland
belowground responses to drought? Using a fully facto-
rial field experiment, we manipulated the presence of
small-bodied consumers (primarily invertebrates) and
drought conditions over a growing season. We hypothe-
sized that consumers stabilize grassland ecosystem func-
tion by mitigating the adverse effects of drought.
Specifically:

H1. Consumer loss destabilizes belowground
function, amplifying the negative effects of
drought on microbial biomass, respiration,
and soil carbon pools.

H2. Consumers stabilize microbial community
composition and function via consistent nutri-
ent inputs and plant-mediated effects, mitigat-
ing drought impacts (H2a). Alternatively,
herbivores could increase temporal turnover of
microbial communities, enhancing adaptive
capacity under abiotic stress (H2b).

By examining these questions, we aim to advance under-
standing of how consumers shape belowground ecosys-
tem function and how defaunation might impact how
belowground communities respond to abiotic stress, con-
tributing to the broader ecological framework of
trophic-level interactions and ecosystem resilience under
global change.

METHODS
Site description

We examined how drought and consumer removal affect
soil function at the University of Wisconsin-Milwaukee
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at Waukesha (UWM-W) field station in Oconomowoc,
Wisconsin. A detailed description of the field site can
be found in Lemoine et al. (2023). Briefly this 40-ha
field station has a mixed composition including oak
savannas, jack pine, maple forests and oak forests,
and tallgrass prairie. The soils are roughly 56% sand,
26% silt, and 18% clay and contain 5% organic matter,
0.22% nitrogen, and 4.75-ppm phosphorus. From
April to September, the average daily temperature is
about 20°C, and the region receives an average of
520 mm of precipitation during this period (Figure 1).
Natural droughts commonly occur between May and
September (Appendix S1: Figure S1). With respect to
consumers, white-tailed deer (Odocoileus virginianus)
are the only large consumer present at the site and do
not forage within the prairie (Lemoine camera trap
observations). Small rodents, such as mice and voles,
are present but only in small numbers (Lemoine per-
sonal observations). Thus, consumers within the
UWM-W prairie are almost exclusively small-bodied
animals, predominantly insects but also including
occasional small vertebrates.

Rainfall reduction and consumer removal
treatments

We simulated drought using the Drought-Net rainout
shelter design (Yahdjian & Sala, 2002) and detailed
descriptions of our drought design can be found in our
Supplementary Methods. Briefly, we created 202 X 2 m
experimental plots assigned as either ‘Ambient’ or
‘Drought’ treatments (n = 10 per treatment). Ambient
plots received normal growing season precipitation,
while Drought plots experienced a 66% reduction in
rainfall through passive rainout shelters. We excluded
consumers using cages constructed of a 0.5 X 0.5 X 1 m
wooden frame (Lemoine & Smith, 2019). In each 2 X 2
experimental plot, we placed two cages (n = 10 per
drought X consumer treatment), ensuring minimal
variation in plant species composition between
cages and avoiding bare ground. One cage in each pair
was randomly assigned to the ‘No Consumers’
treatment and kept fully enclosed. The other, desig-
nated as the ‘Consumers’ treatment, had the bottom
half of its screen removed to allow small animal access
while maintaining similar light reduction to that of the
fully enclosed ‘No Consumers’ cages (following
Lemoine & Smith, 2019). Additionally, we removed
any animals, primarily Hymenoptera, found inside the
“No Consumers” cages over the course of the
experiment.

Soil sampling

We took soil cores on 16 June, 14 July, and 11 August
(Figure 1). Specifically, we collected the top 10 cm of soil
using a 1-cm-diameter soil corer. Soil cores were kept on
ice and transported to the lab where they were sieved to
remove roots, rocks, and other plant debris. Sieves were
cleaned using 70% ethanol between samples. The sieved
soils were divided into two batches: one was immediately
processed to measure soil respiration, gravimetric water
content (GWC), and soil organic content (details below),
while the second batch was stored at —70°C for DNA
extraction. DNA was extracted from approximately 0.25 g
of soil from the second batch using DNeasy PowerSoil
Pro kits (Qiagen). The extracted DNA was split into two
aliquots: one for qPCR analysis and the other for 16S
rRNA amplicon sequencing. Both aliquots were stored at
—70°C until further analysis (details below).

Microbial respiration, metabolic quotient,
soil organic matter, carbon and nitrogen
content

We characterized microbial activity throughout the grow-
ing season in all treatments by measuring microbial CO,
respiration using the same incubation method as Lemoine
et al. (2023). Subsequently, the soils were dried at 60°C for
24-48 h, or until a stable mass was reached, to determine
dry mass. After drying, we calculated the GWC of each soil
sample as GWC = (Soily; — Soilpyy)/Soilpy. We calcu-
lated the partial metabolic quotient as the ratio:
qCO, = respiration/bacterial cell copy number, where cell
copy number was derived using qPCR (see below). The
metabolic quotient is a measurement of how effectively
microbes convert carbon into mass versus how much is
lost via respiration (Geyer et al., 2019; Lucas, Sone,
et al., 2021b; Xu et al., 2017). We used 16S copy number to
determine total bacterial biomass as it is often used as an
absolute abundance of bacteria estimate (Bender
et al.,, 2018) and has been shown to be one tightly corre-
lated with microbial biomass in soil (Dandie et al., 2007).
However, we recognize the limitation in this approach as
it is not able to account for fungal biomass. Therefore, our
measurement is a partial metabolic quotient.

We calculated soil organic matter content via
loss-on-ignition. After respiration trials, soils were dried
and weighed to obtain dry masses, and then combusted at
550°C for 4 h and reweighed (Hoogsteen et al., 2015). We
then calculated organic content as the percent of mass loss
during combustion. To determine total C and N content,
soil samples were dried, ground and sieved (2 mm mesh)
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FIGURE 1 Weather, climate, and soil moisture profiles during our experiment. (A) Average daily total precipitation and observed daily
precipitation for our study site at Oconomowoc, WI during the experimental year of 2021. Precipitation data come from a long-term weather
station in Waukesha, WI (USC00478937), and temperature data were obtained from a nearby weather station in Brookfield, WI
(USC00471062). Black points and vertical lines represent the three sampling events. (B) Soil moisture profiles during the course of our
experiment as estimated by field measurements of VWC. Points and bars show means +1 SE, and trend lines were fitted via a Gaussian
Process Model. Black points and vertical lines represent the three sampling events. (C) Soil water potential profiles during the course of our
experiment, as estimated from a soil water release curve using field-based VWC measurements (see Appendix S1: Figure S2). Points and bars
show means +1 SE, and trend lines were fitted via a Gaussian Process Model. Black points and vertical lines represent the three sampling
events. (D) The difference in soil water potential between drought and ambient temperatures as estimated by Gaussian Process Model. Black
points and vertical lines represent the three sampling events. (E) Soil gravimetric water content as measured directly on collected soil
samples. Letters denote statistically significant differences [Pr(Difference) > 0.95].
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for subsequent analysis. Soil organic C and total N con-
tents were determined by a dry combustion method using
a C/N Analyzer (Vario Macro, Elementar, Germany).

Bacterial abundance via qPCR, microbial
sequencing and data processing and
analyses

We estimated bacterial abundance using quantitative
PCR and examined bacterial and fungal communities
through 16S rRNA and ITS gene amplicon sequencing.
Our qPCR protocol was based on Fierer et al. (2005) and
Rousk et al. (2010) and involved amplification of the 16S
rRNA gene using the forward primer Eub338 and reverse
primer Eub518. After qPCR, cycle numbers were
converted to “16S rRNA gene copy numbers per gram of
dry soil”, using the dry mass of the soil from which DNA
was extracted for each sample. For amplicon sequencing
we analyzed bacterial communities by amplifying the V4
region of the 16S rRNA gene using the 515F (GTG
YCAGCMGCCGCGGTAA) - 806R (GGACTACNVGGGT
WTCTAAT) primer set. For fungal communities, we
amplified the internal transcriber spacer (ITS) region
using the ITS1F (CTTGGTCATTTAGAGGAAGTAA) and
ITS2 (GCTGCGTTCTTCATCGATGC) primer  set.
Detailed descriptions of the qPCR and amplicon sequenc-
ing protocols are provided in Appendix S2.

To understand whether our treatments shifted soils
along the fast-growing, copiotrophic to slow-growing, oli-
gotrophic spectrum, we calculated the mean ribosomal
copy number for each sample. Bacterial taxa with higher
16S copy numbers are considered to be faster reproducing
and therefore more copiotrophic (Roller et al., 2016),
whereas lower copy number represents higher oligotrophy.
We used the RDP database (Stoddard et al., 2015) to assign
the average 16S operon count to each bacterial amplicon
sequence variant (ASV), and then averaged these values to
create a community mean copy number per sample
(Kearns & Shade, 2018). We report this metric as our
“degree of copiotrophy”, with higher values representing
more copiotrophic organisms and lower values
representing more oligotrophy.

Decomposition

We estimated decomposition rates of both labile and
refractory material using green and red tea bags follow-
ing the method of Keuskamp et al. (2013). On July
16, 2021, one green tea bag and one red tea bag were bur-
ied at the center of each plot (n =10 per treatment)
10 cm below the soil surface. On September 11, 2021, the

tea bags were retrieved. We removed large soil particles
from the outside of the bags and small roots that had
grown on or through the bags. The tea was then
extracted, dried, and weighed, and we calculated decom-
position rates as the percentage of mass loss for each

tea type.

Statistical analyses
Rainout shelter effects

Time series for soil moisture, soil water potential, and
treatment effects on soil water potential were analyzed
using Gaussian process models (GPMs). These models
are well suited for time series analyses because they
inherently account for temporal autocorrelation and can
capture nonlinear trends (Roberts et al., 2013). A key
advantage of GPMs is their Bayesian framework, which
smooths out outliers, reducing the risk of overfitting and
misinterpreting noise as a signal (Lemoine, 2019). Prior
to analysis, both the response variables and the predictor
variable (week of the experiment) were standardized to N
(0,1). Soil GWC was analyzed using a Bayesian three-way
ANOVA (details below).

Partial metabolic quotient and ecosystem-level
responses

Partial gCO,, respiration, soil %C, soil %N, 16S copy num-
ber, and degree of copiotrophy-oligotrophy were initially
analyzed using Bayesian three-way ANOVAs. These
ANOVAs incorporated month, drought treatment, and con-
sumer treatment as fully interacting categorical predictors.
Analyses were conducted within a hierarchical Bayesian
framework, applying weakly informative priors on
hyperparameters to constrain effect sizes in cases of small
sample sizes (Lemoine, 2019). This approach effectively
biases against detecting spurious effects from small sample
sizes, acting as a conservative measure akin to a post hoc
correction for multiple comparisons (Gelman et al., 2012).
Significance was evaluated by calculating the probability of
a contrast being positive or negative, where Pr >0.90 indi-
cated a moderately significant effect, and Pr >0.95 indicated
statistical significance (Lemoine et al., 2023; Lemoine &
Budny, 2022; Rode et al., 2017). Contrasts were conducted
only within months; no across-month comparisons were
made. To explore further relationships between partial
qCO,, respiration, and 16S copy number, these variables
were analyzed using an analysis of covariance (ANCOVA)
design. The ANCOVA included soil GWC, consumer treat-
ment, and their interaction as predictor variables.
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Stability was calculated as 1/CV for each plot across
the growing season. Specifically, we calculated temporal
stability for each plot as p/c, where p is the mean of a
plot over the growing season and o is the standard devia-
tion of the plot (n = 20 plots total). A two-way Bayesian
ANOVA using the above framework was then applied to
analyze stability, with drought and herbivory treatments
as interacting factors. We also analyzed decomposition
rates using a Bayesian two-way ANOVA as described.

Microbial community analyses

We compared microbial community composition and
taxonomic changes using Primer (Ver. 7.0.13) and R
(package vegan). We square-root-transformed the
microbial community data before calculating
Bray-Curtis dissimilarity. We used community dis-
tance matrices to generate ordinations (non-metric
multidimensional scaling or NMDS) for bacteria and
fungi and used GGPLOT to visualize differences. We
used permutational multivariate analysis of variance
(PERMANOVA) to compare community composition
and used PERMDISP tests to compare beta diversity
(Anderson & Walsh, 2013) across consumer treat-
ments, moisture conditions and months, and their
interactions, with plot as a random factor (Anderson &
Santana-Garcon, 2015). To quantify microbiome stabil-
ity over time, we calculated Bray-Curtis and Jaccard
dissimilarity matrices for each site using ASV-level
data. For each plot, we extracted the pairwise dissimi-
larity values for the three possible time point compari-
sons: June-July, June-August, and July-August. We
then calculated temporal similarity as (1 — distance)
for each pairwise comparison, such that values closer
to 1 indicate higher community similarity between
time points, and thus greater temporal stability. We
averaged the three similarity values within each plot to
yield a single plot-level stability score. This approach is
based on methods from Byrd et al. (2021) and
Revel-Muroz et al. (2023) and allows for a standardized
comparison of microbiome stability across treatments.
We calculated Shannon’s H, Chaol and the number of
Observed ASVs using the command estimate_richess in
the package Phyloseq (Mcmurdie & Holmes, 2013).
These community stability and diversity metrics and
their variance were analyzed in the same manner as
microbial respiration and biomass, and degree of
copiotrophy. We then analyzed the relationship
between the stability of gCO, and the stability of
microbial communities (16S Bray-Curtis stability, 16S
Jaccard stability, Copiotrophy stability) using gamma
regression.

RESULTS

Rainout shelters reduced soil water
potential

The growing season of our experiment was abnormally
dry. Whereas average years maintain a volumetric water
content (VWC) of 15%-20% (Lemoine et al., 2023), VWC
in ambient soils was generally near 10% throughout
much of summer (Figure 1A,B). Yet, for most of the
growing season, soil water potential in “Drought” plots
was significantly lower than in “Ambient” plots
(Figure 1D). See supplementary results for more details
regarding our rainout shelter effects.

Consumers stabilized partial metabolic
quotient and ecosystem-level responses

Although microbial partial gCO, varied throughout the
season, the presence of consumers stabilized respiration
and bacterial biomass in the face of seasonal changes in
rainfall and temperature. In both June and July, drought
decreased partial gCO, by approximately 50% regardless
of consumer presence [Pr(Drt.> Amb.)> 0.96 for all
comparisons, Figure 2A]. In August, the role of con-
sumers switched to suppressing partial gCO,. The heavy
rainfall event increased partial gCO, in all plots, but par-
tial gCO, remained 33% lower in plots with consumers
than in plots without [Pr(Cons. > No Cons.) > 0.99 for
both Amb. and Drt. Treatments, Figure 2A].

Interestingly, the switch in consumer effects was
driven by a decoupling of the partial gCO,-GWC relation-
ship. Without consumers, high soil water content
increased partial gCO, to 500% of its value in drier
soils (Figure 2B). With consumers present, the partial
gCO,-GWC relationship was significantly flatter
[Pr(H x GWC) = 1.00, Figure 2B], which led to less sea-
sonal variation in partial gCO,. Indeed, drought reduced
the stability of partial gCO, by nearly 50% without con-
sumers [Pr(Drt. > Amb.|No Cons.) = 0.95], but had no
significant impact on gCO, stability when consumers
were present [Pr(Drt. > Amb.|Cons.) = 0.88, Figure 2C].
Interestingly, consumers had a positive effect on gqCO,
stability under both ambient and drought conditions [Pr
(Drt. > Amb.|Cons.) > 0.95, Figure 2C]. Thus, it is less
likely that the role of consumers changed from inhibitory
to stimulatory over the growing season and more likely
that consumers act as a stabilizing force on partial gCO,
that mitigates the effects of seasonal variation in soil
moisture.

The stabilizing effect of consumers on partial gCO,
derives in part from a stabilizing effect of consumers on
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FIGURE 2 The effects of drought and herbivores on the magnitude and stability of belowground ecosystem function. (A, D, G)
Barplots showing microbial gCO,, respiration, or 16S copy number in the factorial combination of drought and herbivore removals. Letters
denote statistically significant differences [Pr(Difference) > 0.95]. (B, E, H) The relationship between qgCO,, respiration, or 16S copy number
and gravimetric water content in both herbivore present and removal plots. Lines show the mean trend +1 S.E (shaded region) from a linear
regression. (C, F, I) Barplots showing phenological stability of microbial gCO,, respiration, or 16S copy number in the factorial combination
of drought and herbivore removals. Letters denote statistically significant differences [Pr(Difference) > 0.95].

microbial respiration throughout the growing season. In
June and July, microbial respiration in Ambient plots
was near the seasonal norm of 40 pg CO, h™ g dw™!
(Figure 2D). Also in both months, drought reduced
microbial respiration by roughly 50% [Pr(Amb. > Drt.)
> 0.94 for both Cons. and No Cons. treatments in June
and July, Figure 2D]. In August, the heavy rainfall event
stimulated microbial respiration in all plots, but did so
more when consumers were absent given that consumers
suppressed microbial respiration by 22% during August
[Pr(No Cons. > Cons.|August) = 0.99 for both Amb. and
Drt. treatments. Figure 2D]. As with partial gCO,, it is
unlikely that the role of consumers changed throughout

the growing season but rather that consumers again
weakened the dependence of microbial activity on soil
GWC [Pr(H x GWC) = 1.00, Figure 2E]. The weakening
of this relationship again resulted in consumers minimiz-
ing within-season variability in microbial activity, espe-
cially under drought conditions (Figure 2F).

Small-bodied consumers destabilized
microbial communities

The stabilizing effect of small consumers on microbial
partial gCO, and respiration was only weakly explained
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by the effect of consumers on bacterial abundance. In
general, bacterial abundance was fairly stable across the
growing season, although there was a slight decline from
June to August (Figure 2G). The decline in bacterial
abundance was largely driven by changes in the ambient
“No Consumers” treatment. In June, No Consumers soils
contained 16% more bacterial 16S copy numbers than
Consumers treatments in Ambient plots [Pr(No Cons. >
Cons.|JAmb.) = 0.98, Figure 2G], while Drought plots
contained ~2.2 X 10° 16S copies regardless of consumer
presence [Pr(No. Herb > Herb.|Drt.) = 0.80, Figure 2G].
By July, there were no differences in 16S copy number
in any treatment, and in August, the impact of con-
sumer loss on 16S copy number had switched from pos-
itive to slightly negative. Consumer removal did not
significantly affect 16S copy number in ambient plots
[Pr(Cons. > No. Cons.|JAmb.) = 0.84], and marginally
increased 16S copies by 15+ 11 in drought plots
[Pr(Cons. > No. Cons.|Drt.) = 0.94, Figure 2G]. Yet the
general trend over the course of the growing season
was a complete decoupling of 16S copy numbers from
soil GWC when small consumers were present
[Pr(C x GWC) = 0.97, Figure 2H], leading to a significant
stabilizing effect (42% increase) of consumers in ambient
conditions [Pr(Cons. < No. Cons.|Amb.) = 0.97], and a
moderately significant increase in stability (23%) in

drought conditions [Pr(Cons. < No. Cons.|Amb.) = 0.92,
Figure 2I].

In contrast to ecosystem function, the presence of
small consumers decreased the stability of bacterial
communities across summer growing season (Figure 3).
In both ambient [Pr(Cons. > No. Cons.|Amb.) = 0.95]
and drought [Pr(Cons. > No. Cons.|Amb.) = 0.96] con-
ditions, the consumers destabilized the relative abun-
dances of bacterial communities, although the effect
was only a 6% reduction in stability (Figure 3A).
Likewise, presence-absence stability was also reduced
by 3% when consumers were present in both ambient
[Pr(Cons. > No. Cons.]JAmb.) =0.96] and drought
[Pr(Cons. > No. Cons.[Amb.)=0.97] treatments
(Figure 3B). Consumers had no effect on the temporal
stability of fungal communities (Pr <0.69 for all com-
parisons, Figure 3C). The community responses were
accompanied by large reductions in functional group
stability in ambient (53%) and drought (50%) treat-
ments where consumers were present [Pr(Cons. > No
Cons.|Amb.) = 0.99, Pr(Cons. > No Cons.|Drt.) = 1.00,
Figure 3D]. In general, plots with consumers had a
lower abundance of copiotrophic organisms (i.e., 4%
lower CWM,¢s) in June, but not in July or August
(Figure 3E). In June, consumers significantly decreased
CWM,4s in ambient conditions [Pr(No Cons. > Cons.|
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FIGURE 3 Herbivores destabilized belowground bacterial communities. Barplots showing phenological stability of (A) bacterial

relative abundances, (B) bacterial presence/absences, (C) fungal relative abundances, and (D) degree of copiotrophy. Letters denote
statistically significant differences [Pr(Difference) > 0.95]. (E) Barplots showing the degree of copiotrophy in the factorial combination of
drought and herbivore removals. Letters denote statistically significant differences [Pr(Difference) > 0.95].
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Amb.) = 0.95] but had only weak effects on CWM;¢;
in drought plots [Pr(No Cons. > Cons.|Amb.) = 0.88].
Consumer removal did not affect CWM;4 in either
ambient or drought plots in July or August (Pr(Cons.
Effect) < 0.77 for all comparisons). Similarly, drought
treatments did not influence the stability of bacterial
communities, and there was no drought and consumer
interaction (Pr <0.78 for all comparisons).

Importantly, the decreased stability of bacterial com-
munities caused by consumer presence actually increased
the stability of microbial partial gCO, (Figure 4). There
was a moderately significant negative relationship
between partial gCO, stability and 16S Bray—Curtis sta-
bility [Pr(Slope <0) = 0.89, Figure 4A] and 16S Jaccard
stability [Pr(Slope <0) = 0.89, Figure 4B]. However, there
was a much stronger negative relationship between par-
tial gCO, stability and the stability of copiotrophy [Pr
(Slope <0) = 0.93], suggesting that dynamic microbial
communities help to stabilize overall ecosystem function
(Figure 4C).

Consumer presence also led to shifts in the soil bacterial
community composition across the duration of our experi-
ment (PERMANOVA Consumer X Month: Pseudo-F =
1.71,p < 0.001, June: t = 1.49, df = 1,38, p = 0.003, July:
t =1.33,df = 1,38, p = 0.007, August: ¢t = 1.30, df = 1,38,
p = 0.011, Appendix S1: Figure S3). The presence of con-
sumers reduced bacterial ASV richness, Shannon diver-
sity, and Chaol Richness, although the effect was weaker
in August than in other months (Appendix S3: Table S2;
Figure 5). There were negligible impacts of consumers on
Simpson diversity and Simpson dominance, and neither
consumers nor drought affected the variability of these
metrics.

Consumer presence, drought and their interaction
influenced fungal community composition (Consumer X
Drought: Pseudo-F =1.31, p =0.001) and there was
no interaction with month (Consumer X Month:

Pseudo-F = 0.97, p =0.73; Drought X Month: Pseudo-F =
0.94; p =0.86, Appendix S1: Figure S3). However, we did
not see any effect of consumers, drought, or their interac-
tion on the stability of the fungal communities (Pr <0.64
for all comparisons). We also did not see an effect of con-
sumers or drought on any measured alpha diversity metric
(Pr <0.87 for all treatment comparisons across all months
and metrics; Figure 5; Appendix S3: Table S3).

DISCUSSION

Small-bodied consumers, particularly herbivorous
orthopterans, are the most diverse and abundant animal
group in grasslands, yet we know little about how they
impact important belowground ecosystem functions.
Here, we hypothesized that consumer loss would destabi-
lize soil carbon use efficiency and microbial activity by
altering soil microbial community composition. We con-
firmed that defaunation reduced ecosystem functional
stability, but surprisingly, did so by limiting variability
within microbial communities. These results showcase
that ecosystem stability can occur with, and may require,
unstable and adaptable microbial communities. These
findings provide new insights into the resilience of eco-
systems, emphasizing the complex and sometimes para-
doxical roles of biotic interactions in maintaining
ecosystem function amidst environmental variability.
Consistent with our first hypothesis (H1), we found
that the removal of small-bodied consumers significantly
destabilized belowground ecosystem function. In particu-
lar, microbial respiration, microbial biomass, and partial
gCO, were all more variable in plots where consumers
were excluded. Given that lower qCO, generally enhan-
ces soil organic C stocks and stability (Tao et al., 2023;
Wang et al., 2021), our results suggest that aboveground
consumers may play important roles in maintaining soil
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FIGURE 5 Herbivores altered bacterial community diversity. Barplots showing (A) bacterial ASV richness, (B) bacterial ASV Shannon
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Chaol richness, and (H) fungal ASV dominance. Letters denote statistically significant differences [Pr(Difference) > 0.95]. Contrasts can be

found in Appendix S3: Tables S1 (bacteria) and S2 (fungi).

organic C pools. Our findings also align with prior studies
demonstrating that small-bodied consumers promote
nutrient cycling and maintain microbial activity
(Lemoine & Smith, 2019). In fact, the influence of small
consumers on belowground function is comparable to
that of large mammal herbivores, as both consumer
guilds promote ecosystem functional stability (Chen
et al., 2022). Aboveground small consumers are therefore
critical components of our grassland ecosystems and
global C stocks, potentially regulating soil CO, flux into
the atmosphere.

Interestingly, our data suggest that the influence of
small-bodied consumers on belowground processes is
particularly strong under drought conditions. While
drought alone increased microbial partial gCO, by reduc-
ing microbial activity, this effect was dampened by con-
sumers, highlighting how aboveground consumers can
buffer belowground processes against extreme abiotic
stress. In contrast, drought magnified the impact of large
mammalian herbivores on aboveground plant composi-
tional turnover and biomass production (Riginos
et al, 2018). We hypothesize that small consumer
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buffering capacity likely arises from the fact that
small-bodied consumers generally disturb plants less
(i.e., less trampling, only partial leaf consumption) than
larger mammalian herbivores. Thus, while large mam-
malian herbivores might disrupt plant-soil feedbacks by
removing plants and trampling soils, small consumers
like insect herbivores, might promote plant-soil feed-
backs by increasing root growth and exudate production
even under water-limited conditions (Hallett et al., 2014,
Irob et al., 2023). Consequently, microbial communities
in consumer-present plots were better equipped to main-
tain activity and biomass, facilitating nutrient cycling
and carbon sequestration during drought.

The ability of microbial communities to maintain
function under drought seemed to rely, somewhat
counterintuitively, on decreased stability of microbial
community composition when consumers were pre-
sent. Consumers increased microbial community turn-
over throughout summer growing season and created
more variability in the relative amount of copiotrophic
organisms. While mammalian herbivores often reduce
plant community turnover throughout the growing
season (Riginos et al., 2018), they tend to have a lim-
ited influence on grassland soil communities (Sveen
et al., 2021). It is likely that small, mostly insect con-
sumers in our study induced microhabitat heterogene-
ity via nutrient inputs or by stimulating patchy root
exudation and detrital inputs (Badri & Vivanco, 2009),
thereby enhancing microbial community heterogene-
ity. Nutrient inputs by frass and root exudates might
also stimulate the proliferation of copiotrophic,
high-nutrient specialist bacteria. Thus, while con-
sumers effectively preserved key functional metrics of
the ecosystem, they did so by seemingly destabilizing
microbial communities.

Community stability might therefore not be a consis-
tent predictor of ecosystem stability. Multiple studies
have highlighted the diversity-stability relationship,
emphasizing the value of diverse communities in buffer-
ing ecosystems against perturbations (Craven et al., 2018;
Hooper et al., 2005; Tilman & Downing, 1994). Our study
highlights another important dimension of ecosystem sta-
bility: community responsiveness and rapid adaptability.
Microbial communities are capable of completing multi-
ple generations over the course of a summer growing sea-
son (Panikov, 1999). This allows the community to
rapidly shift to changing abiotic and biotic pressures.
Here, we highlight that consumers can aid in this rapid
adaptive response likely through direct and indirect path-
ways (e.g., frass inputs, plant community shifts, root exu-
dates). Understanding these dynamics could redefine our
approach to ecosystem management, highlighting the
need for strategies that account for not just diversity but

also the adaptive capacity of communities in an
ever-changing environment.

Our study provides valuable insights into the roles of
small consumers in grassland ecosystems under changing
environmental conditions. Preserving consumer popula-
tions is crucial for maintaining the stability and resilience
of grassland ecosystems, especially in the face of increas-
ing drought frequency and severity due to climate
change. Management practices that support consumer
biodiversity, such as reducing pesticide use and
maintaining habitat heterogeneity, could help sustain
essential ecosystem functions (Dianzinga et al., 2020;
Isenring, 2010; Tews et al., 2004; Tscharntke et al., 2021).
Additionally, our results highlight the need for integrated
approaches that consider both biotic and abiotic factors
when assessing ecosystem health and function (Maestre
et al., 2006; Wang et al., 2021). One limitation of our
study was that we were unable to track the specific iden-
tity of all small mammals present in our consumer cages.
Prior research has shown that consumer functional iden-
tity and behavior can have varying effects on above and
belowground processes (Belovsky & Slade, 2000; Lucas,
Jonas, et al., 2021a; Prather et al., 2017; Prather &
Laws, 2018). Future research should continue to explore
the complex interactions between consumer identity,
plant communities, and soil microbial processes to
develop more comprehensive strategies for ecosystem
management.

In conclusion, our study highlights the vital role of
consumers in stabilizing grassland belowground func-
tions and mitigating the effects of drought. By mitigating
the adverse effects of drought on microbial activity and
carbon cycling, consumers help preserve the ecological
integrity and carbon sequestration potential of grass-
lands. These findings emphasize the need to protect and
manage consumer populations as part of broader efforts
to sustain and restore these critical ecosystems in the face
of global change.
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