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Ecological stability in plant communities is shaped by bottom-up processes like

environmental resource fluctuations and top-down controls such as herbivory, each

of which have demonstrated direct effects but may also act indirectly by altering

plant community dynamics. These indirect effects, called biotic stability mechanisms,

have been studied across environmental gradients, but few studies have assessed the

importance of top-down controls on biotic stability mechanisms in conjunction with

bottom-up processes. Here we use a long-term herbivore exclusion experiment in central

Kenya to explore the joint effects of drought and herbivory (bottom-up and top-down

limitation, respectively) on three biotic stability mechanisms: (1) species asynchrony,

in which a decline in one species is compensated for by a rise in another, (2) stable

dominant species driving overall stability, and (3) the portfolio effect, in which a community

property is distributed among multiple species. We calculated the temporal stability of

herbaceous cover and biotic stability mechanisms over a 22-year time series and with a

moving window to examine changes through time. Both drought and herbivory additively

reduced asynchronous dynamics, leading to lower stability during droughts and under

high herbivore pressure. This effect is likely attributed to a reduction in palatable dominant

species under higher herbivory, which creates space for subordinate species to fluctuate

synchronously in response to rainfall variability. Dominant species population stability

promoted community stability, an effect that did not vary with precipitation but depended

on herbivory. The portfolio effect was not important for stability in this system. Our results

demonstrate that this system is naturally dynamic, and a future of increasing drought may
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reduce its stability. However, these effects will in turn be amplified or buffered depending

on changes in herbivore communities and their direct and indirect impacts on plant

community dynamics.

Keywords: biotic stability mechanisms, bottom-up and top-down control, portfolio effect, compensatory

dynamics, population stability, asynchronous dynamics

INTRODUCTION

Ecological stability–the tendency of aggregate community
properties such as primary productivity to be stable through
time–is a key metric for understanding ecosystem dynamics and
predicting responses to a changing environment. Stability can
be shaped by bottom-up processes, for instance when ecosystem
properties like primary productivity and total vegetative cover
directly track environmental resource fluctuations (Power, 1992;
La Pierre et al., 2011; Craine et al., 2012). At the same time,
stability can be structured by top-down processes, such as
when episodic herbivory temporally shifts plant investment in
productivity, or when the effect of herbivory shifts seasonally
(Hairston et al., 1960; Van Langevelde et al., 2003; Porensky
et al., 2013). However, top-down processes remain understudied
relative to environmental variability. Finally, stability can be
influenced by dynamics among species within the community.
Biotic stabilizing mechanisms occur when species dynamics
result in a community that is more stable than predicted by
external variability. The presence of such dynamics complicates
assessment of the impacts of bottom-up and top-down drivers;
beyond their direct impacts on the stability of ecosystem
properties, we must also consider indirect effects via influences
on species composition and community dynamics.

Multiple biotic stability mechanisms can contribute additively
or differentially toward the stability of aggregate community
properties (Lehman and Tilman, 2000). These include: (a)
asynchronous dynamics, also known as compensatory dynamics,
where declines in one species are compensated for by a rise in
another, (b) stable dominant species, where aggregate stability
depends on a few dominant species with high population
stability, or (c) species richness driving portfolio effects, in
which the community property is distributed among multiple
species in a diverse community (especially when asynchronous).
A growing body of work has highlighted that biotic stability
mechanisms depend on the environmental context, with most
studies exploring this in relation to bottom-up resource dynamics
(Grman et al., 2010; Hallett et al., 2014; Xu et al., 2015;
Hautier et al., 2020). Biotic stability mechanisms can shift along
environmental gradients (Hallett et al., 2014), and resource
variability can also cause shifts in mechanisms over time in the
same system. For example, drought can both reduce biomass
(Craine et al., 2012; Aroca, 2013; Grant et al., 2014; Alon
and Sternberg, 2019) and increase variability if production
tracks rainfall fluctuations (La Pierre et al., 2011). Both a
decline in the mean and increase in the (relative) variance
can decrease the stability of primary productivity and alter
the strength of underlying biotic mechanisms (Muraina et al.,
2021).

Top-down effects on community stability are also likely
mediated by biotic stability mechanisms, but few studies have
delineated these mechanistic relationships (Qin et al., 2019;
Fu et al., 2020; Liang et al., 2021; Campana et al., 2022). It
is well-known, however, that top-down pressure can directly
alter both community stability and structure (Sankaran et al.,
2004; Beck et al., 2015; Riginos et al., 2018; Ganjurjav et al.,
2019). Changes in top-down effects, such as herbivore loss or a
reduction of historic herbivory levels, can cause slow, directional
compositional change (Porensky et al., 2016, 2017; Riginos et al.,
2018), potentially shifting the importance of different biotic
mechanisms. For instance, herbivores may reduce asynchronous
dynamics by opening space that allows other species to increase
synchronously (Porensky et al., 2013), or by limiting temporary
pulses of dominant species (Mortensen et al., 2018) that could
have produced asynchronous dynamics. Additionally, herbivores
may preferentially consume abundant species, thereby freeing
resources and space for new species (Hillebrand et al., 2007;
Porensky et al., 2013; Borer et al., 2014; Koerner et al., 2018;
Mortensen et al., 2018); these effects would reduce dominant
species population stability while simultaneously strengthening
diversity-associated portfolio effects. Herbivore abundance and
the functional composition of herbivore communities also likely
influence biotic stability mechanisms, as variation in herbivore
pressure and identity each determine the extent of herbivore
impacts on plant community composition (Augustine and
McNaughton, 1998; Fynn and O’Connor, 2000; Veblen et al.,
2016; Riginos et al., 2018).

Most plant communities are simultaneously subject to both
bottom-up and top-down control, and we must consider how
ecological stability and biotic stability mechanisms respond to
such drivers in tandem. While drought and herbivory may both
limit plant production and enhance the variability of production
through time (Gill, 2007; Craine et al., 2012; Aroca, 2013; Grant
et al., 2014; Muthoni et al., 2014), they do so in different
ways, and thus their effects on biotic stability mechanisms
may sometimes be aligned and sometimes different. Drought
occurs episodically in semi-arid grasslands and savannas and
affects all species simultaneously, while herbivory continually
operates, but may have greater effects on certain plant species
than others due to selective herbivory and the diets of
different herbivore guilds (Augustine and McNaughton, 1998).
We expect both types of disturbance to increase synchrony:
fluctuations in year- to year rainfall can drive synchronous
dynamics (Tredennick et al., 2017), while herbivory may enhance
synchrony by freeing space or resources for less abundant species
to increase simultaneously (Porensky et al., 2013). We also
expect that drought and herbivory will both negatively affect
the population stability of dominant species, as competitive
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dominant species can be especially drought-sensitive (Kardol
et al., 2010), and as herbivores preferentially consume all of the
dominant species in this system (Odadi et al., 2013). While we
expect drought and herbivory will produce similar effects on
synchrony and population stability, we expect that their effects
on species diversity and the portfolio effect will be opposing.
Specifically, selective herbivory of the dominant species may
provide opportunities for subordinate species to thrive and thus
increase richness (Porensky et al., 2013; Koerner et al., 2018;
Bråthen et al., 2021). On the other hand, we expect the reduction
in water availability with drought will reduce species richness
(Adler and Levine, 2007; Harrison et al., 2018). As a result, the
combination of drivers may jointly sum to produce a greater
effect on stability than either alone when they have similar effects
on a biotic mechanism, or they may buffer impacts of the other if
their effects on a particular mechanism differ.

Here, to investigate how drought and herbivory affect stability
and its underlying mechanisms, we leverage the Kenya Long-
Term Exclosure Experiment (KLEE), which has measured
plant responses to six levels of herbivory from experimental
combinations of domestic and wild large mammalian herbivores
across 22 years, including multiple drought events. Because
drought is a temporal phenomenon, we calculated stability
and biotic mechanisms over a moving window and assessed
stability at different temporal scales. We first hypothesized that
(H1) drought and herbivory would both reduce the stability
of herbaceous cover (Figure 1). Second, we hypothesized that
(H2) the importance of different biotic stability mechanisms
would depend on drought and herbivore pressure (Figure 1).
Specifically, we expected that, (2a) Asynchronous dynamics
would decrease with drought and herbivore pressure, (2b)

drought and herbivory would reduce the population stability of
the palatable, dominant species, and (2c) species richness and
the portfolio effect would decrease with drought but increase
with the intensity of herbivory. Finally, we hypothesized that
(H3) the effects of drought and herbivory on stability would
be mediated by these biotic mechanisms (Figure 1). Consistent
with the broader literature on biotic stability mechanisms, we
hypothesized that (3a) stability would increase with increasing
asynchronous dynamics (Valencia et al., 2020), (3b) stability
would increase with dominant species population stability
(Sasaki and Lauenroth, 2011; Yang et al., 2017), and (3c) stability
would increase with species richness and the portfolio effect
(Thibaut and Connolly, 2013).

MATERIALS AND METHODS

Site and Experiment Description
We analyzed the temporal stability of herbaceous cover in the
Kenya Long-term Exclosure Experiment (KLEE), located on the
Mpala Ranch and Conservancy (0◦17’ N, 36◦52’ E; 1,800m
asl) in Laikipia, Kenya. During our study period (1999–2020),
rainfall at the site averaged 605 ± 39 mm/year (mean ± SE;
range 351–1,009 mm/year). The study site is a semi-arid savanna
ecosystem underlain with nutrient-rich vertisols (black cotton
soils) with >50% clay content and >30% sand content (Young
et al., 1997) and dominated by the tree Acacia drepanolobium

FIGURE 1 | Conceptual figure illustrating the hypothesized relationships

between herbivory, drought, biotic stability mechanisms and temporal stability.

Black arrows indicate positive relationships, while red arrows indicate negative.

Compare to Figure 6. The biotic mechanisms are illustrated as follows:

Synchrony—two individual species’ abundances (thin solid lines) fluctuate in

unison, causing the full community (thick dashed line) to be more variable.

Population Stability–one of the two individual species is dominant compared to

the other (thin solid lines) and the population stability of the dominant species

heavily influences the stability of the overall community (thick dashed line).

Richness—when a community is composed of many species (thin solid lines),

they average out to make the full community (thick dashed line) more stable

than the individual components.

(syn.Vachellia drepanolobium) and five grass species: Pennisetum
mezianum Leeke, P. stramineum Peter,Themeda triandra Forssk.,
Lintonia nutans Stapf., and Brachiaria lachnantha (Hochst.)
Stapf. (Porensky et al., 2013). Mpala supports a diverse variety of
native herbivores and is managed for both livestock production
and wildlife conservation (Young et al., 1997).

The KLEE plots were established in 1995 and use semi-
permeable barriers to create six replicated herbivore exclosure
treatments arranged in three blocks (North, Central, and
South), each with six 200 × 200m plots, for a total of 18
plots with 3 treatment replicates. Treatments are composed of
combinations of three herbivore groups: wild mesoherbivores
(15–1,000 kg, e.g., zebras, gazelles), wild megaherbivores (giraffes
and elephants), and cattle. Treatment combinations and
abbreviations are as follows: O = all large herbivores (>15 kg)
excluded, W = wild mesoherbivores present, C = cattle
present, WC = cattle and wild mesoherbivores present, MW
= megaherbivores and wild mesoherbivores present, MWC =

all herbivores present. Cattle are grazed in C, WC, and MWC
plots in groups of 100–120 for 2 h on each of two to three
consecutive days, typically three to four times per year. At the
moderate cattle stocking rates applied to our experimental plots,
plant community composition corresponds more to herbivory
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intensity than herbivore identity (Veblen et al., 2016; Charles
et al., 2017; Riginos et al., 2018), although this is not the case at
high cattle stocking rates (Wells et al., 2021). Across treatments,
herbivore pressure increases from lowest to highest in the order
of O, W, MW, C, WC, MWC, based on estimates of herbivore
densities and body mass per unit area (from Veblen et al., 2016):
all wild mesoherbivores = 730 kg/km2, all megaherbivores =

880 kg/km2, and cattle = 4,740 kg/km2 (Georgiadis et al., 2007;
Augustine, 2010; Veblen et al., 2016). While the cattle stocking
rate is moderate relative to pastoral areas, which are increasingly
devoid of wildlife, it is high relative to wildlife densities, which
is common. See Young et al. (1997) and Veblen et al. (2016) for
more site and experimental details.

Sampling
Aerial herbaceous vegetation cover data was collected annually
in June following the March–May primary rainy season in the
central hectare of each of the 18 KLEE plots. Each central hectare
is divided into a 10 × 10 grid of 100 sampling stations spaced
10m apart, and at sampling stations aerial plant cover and
composition were assessed by counting the number of pins hit
by each species over a 10-point pin frame, with vertical pins
separated by 5 cm. Only the first hit per pin was recorded for each
species (i.e., a maximum of 10 hits per pin frame per species) to
assess aerial cover. All 100 grid points were sampled from 1999 to
2005. From 2006 to 2020, every fifth grid point was sampled for
the five dominant grasses and alternate grid points (i.e., 50) were
sampled for less common species.

Data Analysis
All analyses were carried out in R version 4.1.2 (R Core Team,
2021). We used herbaceous cover data from 1999 to 2020 in
our analyses. For years 1999 and 2003 where data from surveys
following the March-May primary rainy season were missing, we
used data from September 1999 and February 2003 surveys as the
species composition remained similar between 1999–2000 and
2002–2004 (Riginos et al., 2018). We accounted for subsampling
of dominant species, by expressing all values as the number of
first hits per 500 pins (10 pins x 50 sampling locations). The raw
first hits for the dominant species were multiplied by 2.5 (50/20
sampling locations) for post-2006 data, while first hits of all other
species were left as row values. Pre-2006 data were subsampled
to account for the change in sampling effort. We removed rare
species (<5% cover) and bare ground pin hits (i.e., when no
plants were hit by a pin) (see Veblen et al., 2016; Riginos et al.,
2018 for more details). Total cover was calculated as the sum of
all individual pin hits in a plot, excluding bare ground and rare
species, and could sum to >100% cover.

Calculating Stability and Biotic Mechanisms Over the

Full Timeseries
We used herbaceous cover data to calculate the temporal stability
of the aggregate community (Sc) as Sc =

µ
σ

(the inverse of
the coefficient of variation), where µ is the temporal mean of
total cover, divided by the standard deviation, σ (codyn package;
Hallett et al., 2016). To characterize the three biotic stability
mechanisms, we used the following metrics: (1) the variance ratio

as a measure of asynchronous dynamics, (2) the mean population
stability of five dominant species as ameasure of dominant species
population stability, and (3) species richness as a measure of the
portfolio effect.

Asynchronous dynamics: We used the classic variance ratio
(VR) to measure asynchronous dynamics, which compares the
variance of the aggregate community (C) to the variance expected
with independent species population fluctuations (Pi) (Peterson,
1975; Schluter, 1984).

VR =
var (C)

∑n
i=1 var(Pi)

where

var (C) =

[

n
∑

i=1

var(Pi)

]

+ 2





n
∑

i=1

n
∑

j=1

cov(PiPj)



 .

A variance ratio >1 indicates synchronous dynamics, and <1
indicates asynchronous (or compensatory) dynamics (Schluter,
1984). We calculated the variance ratio for all species in the
community and additionally for the five most abundant species,
hereafter the dominant species. Dominant species (B. lachnantha,
P. stramineum, L. nutans, T. triandra, and P. mezianum) were
identified from Porensky et al. (2013) as the species composing
85% of herbaceous cover. To investigate the effects of timescale
on asynchrony, we used the timescale specific variance ratio
which decomposes the classic variance ratio into timescales of
distinct contributions (Zhao et al., 2020).

Dominant species population stability: We calculated
population temporal stability (Sp) as Sp =

µ
σ
, where µ is

the temporal mean of a species’ cover divided by the standard
deviation, σ, for each of the five dominant species individually.
We then used the average of all five dominant species’ population
stability values in analyses.

Portfolio Effect: We calculated species richness as the number
of unique species present at all sample points in the 1-hectare
sampling area. To verify that species richness enhanced the
portfolio effect in this system, we used Taylor’s power law, σ 2 =

cµz , where σ 2 is the variance in species abundance, µ is the
mean species abundance, and c and z are constants (Taylor,
1961). The portfolio effect is enhanced by species richness when
the variances in species abundances increase more steeply than
their mean abundances, or when z > 1 (Doak et al., 1998;
Tilman, 1999). At our site, z = 1.95, so we used species richness
as a measure of the portfolio effect in analyses. The fit was
slightly sublinear for this model (Supplementary Figure S1),
suggesting that dominant species are more stable than expected
from a classic Taylor’s power law and underscoring the potential
importance of dominant stability for overall stability.

Moving Window Calculations
While we expected that aggregating across the full time series
would provide the most complete picture for comparisons
among herbivore treatments, analyzing the influence of drought
required a time-varying approach and careful attention to the
choice of time scale. To explore whether stability and the
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stabilizing effect of different biotic mechanisms varied over time
in relation to drought events, we calculated stability, biotic
mechanisms, and a drought score over a moving window.
Moving window analyses entail taking a subset (window) of the
data of a particular number of years and calculating a given
metric over this window. The starting point of the window is then
shifted one time point until the whole data set has been covered.
To assess sensitivity to the choice of time scale, we repeated
our analyses with different sized windows (ranging from 5 to 21
years) to assess variation in stability and biotic mechanisms over
the temporal scale of calculation (Supplementary Figure S2).
We compared the relationship between stability and biotic
mechanisms at 5-, 10-, and 15-year window sizes because
these correspond to approximately a quarter, half, and three-
quarters of our time series, similar to the approach in Bueno
de Mesquita et al. (2021). The window sizes included enough
years in the window to calculate all metrics, had enough
windows to examine trends over the 22-year time series, and
allowed us to visualize shorter term fluctuations in stability and
mechanisms vs. longer term trends. The responses of stability
and its underlying mechanisms to herbivore treatments were
consistent across timescales, indicating that the patterns we
see are robust to timescale (Supplementary Figure S2). Further,
relationships between stability and synchrony, population
stability, and richness were similar over the different timescales
(Supplementary Figure S3). Thus, we chose to retain only the
10-year window size for further analyses as this balanced
capturing variability through time with reducing the noise from
the shorter time windows. We also include results from the full
time series for comparisons of herbivore treatments alone, but
any analyses involving drought (examining the effects of drought
alone, or in combination with herbivore treatments in a multiple
regression or structural equation modeling approach) use 10-
year moving-window metrics because drought effects had to be
examined in a time-varying way.

Calculating Drought and the Drought Score
We calculated rainfall on an annual basis using the total rainfall
over 12 months starting in July of the previous year through June
of the sampling year (e.g., July 2005–June 2006 for the sampling
that took place in June 2006). The timeframe was adjusted
for years 1999 and 2003 to cover the 12 months before each
respective (non-June) sampling period. The total rainfall varied
from 211 to 1,082mm in these defined periods and drought
was classified as a rainfall value in the first quartile (≤494mm
rain). We identified droughts as those preceding the 2000
(350mm), 2006 (373mm), 2008 (458mm), 2009 (484mm), 2014
(490mm), and 2017 (211mm) sampling periods (Figure 2A).
These drought years align with droughts identified by season
in Riginos et al. (2018) and match periods where there was
compositional change in the plant community (Riginos et al.,
2018).

Our timeseries contained multiple drought events occurring
at variable intervals, making it difficult to parse the effects of
individual droughts on stability. As such, we chose to define
a metric of drought impact for any given period of years.
Our metric addresses three considerations: (1) the number of

droughts in the period of time, assuming that a greater number
of droughts would have a greater impact on the time window, (2)
how severe each drought was relative to others, assuming that
more severe droughts produce greater impacts, and finally (3)
that droughts have lagged effects on the ecosystem (Dudney et al.,
2017; Ye et al., 2020).

(1) Calculating the number of droughts: In each time window
we assigned years with drought as 1 and all others as 0.
Therefore, the number of droughts, Nd, in a window of n
years can be written as:

Nd =

n
∑

i=1

{

1, if drought
0, if otherwise

.

(2) Defining drought severity: To approximate the severity of
each drought in a window, we calculated the percentile
of precipitation values in the first quartile (Q1). In order
to bound the severity metric between 0 and 1 and make
it inversely proportional to the precipitation amount, we
defined drought severity as:

S = 1−
p− 1

d

where p is the precipitation percentile, and d is the number
of divisions in the first quartile (here 25 as we chose to use
percentiles). Finally,

(3) accounting for lagged effects: We considered lagged effects
(L) only in the year after a drought and set the magnitude
as half that of a drought year. We scored years by whether
there was a drought in the previous year and if so, multiplied
severity (S) by ½ assuming that the effect will not be as large
as the year in which the drought occurred, such that:

L =

n
∑

i=1

{

1
2 , if after drought
0, if otherwise

.

Drought score (Ds) is comprised of these three functions (divided
by n years to normalize the function):

Ds=

∑n
i=1















1 x
(

1− p−1
d

)

, if drought

1
2 x

(

1− p−1
d

)

, if after drought

0 , if otherwise

n
.

When calculated over each 10-year window used in the main
moving window analyses, the drought score ranged from 0.076
(less severe drought) to 0.216 (more severe drought).

Linear Mixed Effects Models
We analyzed whether overall stability and component biotic
mechanisms were affected by drought and herbivore treatment,
using linear mixed effects models due to repeated sampling
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FIGURE 2 | Precipitation (mm) calculated over the 12-months before the annual June sampling period (A), mean total cover (B) and species richness (C) at each

sampling point (annually in June) from 1999-2020 colored by herbivore treatment. Herbivore treatments (ordered by total herbivore biomass) are: O, No herbivores; W,

Wild mesoherbivores; MW, Wild megaherbivores and wild mesoherbivores; C, Cattle; WC, Wild mesoherbivores and cattle; MWC, Wild megaherbivores, wild

mesoherbivores, and cattle. Dashed lines indicate low rainfall (<the 25th percentile, defined here as a drought) in the 12 months preceding the sampling point.

of plots through time (lme4 package; Bates et al., 2015). We
used metrics calculated over the full time series to separately
model (1) stability, (2) the classic variance ratio, (3) dominant
species average population stability, and (4) species richness as
functions of three herbivore groups: cattle, mesoherbivores, and
megaherbivores, with block as a random effect. Similarly, we
analyzed whether stability and component biotic mechanisms
were related to the drought score and herbivore treatment,
using data from the 10-year moving window calculations in
sets of linear mixed effects models. We separately modeled
(1) stability, (2) the classic variance ratio, (3) dominant
species average population stability, and (4) species richness
as functions of drought score and the three herbivore groups:
cattle, mesoherbivores, and megaherbivores, with block and plot
as separate random effects. To select models with the best
predictors, we compared the Akaike Information Criterion with
correction for small sample sizes (AICc) values between models
with all factorial combinations of predictors and a null model.We
evaluated whether our data fit the assumptions of this analysis by
plotting the residuals vs. fitted values and checking the normality
of residuals using a q-q plot.

To investigate which biotic mechanisms were the strongest
drivers of temporal stability, we used a set of linear mixed effects
models analyzing stability as a function of the classic variance
ratio, dominant species average population stability, and species
richness, with block as a random effect and no interactions
between predictors. Before including predictors, we compared
the correlation between all pairs of the three variables using
Pearson’s correlation test. No significant correlations were found
(Pearson r values from −0.21 to 0.25), so we retained all three
mechanisms as predictors. We selected the best set of predictor
variables by comparing AICc values of models with all possible
subset combinations of predictors.

Structural Equation Modeling
We examined our a priori hypothesized causal pathways
between drought, herbivory, biotic mechanisms, and stability
(Figure 1) using a piecewise structural equation model (SEM)
(package piecewiseSEM, Lefcheck, 2016). We investigated
Pearson’s correlation coefficients (Supplementary Figure S4)
and checked for multicollinearity using variance inflation
factors (VIFs). There was minimal concern over
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multicollinearity as the greatest VIF in all three structural
equation models was 1.79 (Supplementary Table S1) and
generally, VIFs >5 indicate multicollinearity (James et al.,
2013).

We modeled each of the three herbivore groups
(mesoherbivores, megaherbivores, and cattle) in separate
structural equation models so that herbivory could be coded
numerically as a binary presence (1) or absence (0) of a particular
herbivore group, as models with a categorical variable of
more than two levels prohibit simple interpretation. With
the piecewiseSEM package, we combined a series of multiple
regressions predicting stability and the three biotic stability
mechanisms, each fitted using lme4 with block as a random
effect. For the regression model predicting stability, we removed
the random effect of block as it did not explain any extra
variance and caused singularity issues. All variables used in
models were calculated over the 10-year moving window. The
overall model fit was determined by testing the significance of
pathways that were not included, where a well-supported model
has a high Goodness-of-Fit p-value. Among our unincluded
pathways, we identified significant relationships (test of directed
separation, p < 0.05) between population stability and the
variance ratio in the Cattle and Megaherbivore SEMs. Although
this was identified as a missing pathway in two of our models,
we did not change our structural equation models to include
them as there was not a strong a priori hypothesized reason
for doing so and it is likely a result of a small but significant
correlation between the variance ratio and population stability,
r = −0.159 (Supplementary Figure S4). Model coefficients can
still be interpreted.

Standardized coefficients were calculated for each
pathway using scale standardized coefficients (b), where
the unstandardized coefficient (β) was scaled by the ratio of
the standard deviation of x over the standard deviation of y,

b = β∗( sdx
sdy

). For the herbivory, the coefficients represent the

change in y as x changes from state “0”–particular herbivore
group not present, to the other state “1”–herbivore group
present. We calculated indirect effects, by multiplying
the standardized coefficients of significant paths along an
effect. Marginal and conditional R2 values represent the
variance explained by fixed effects alone and the variance
explained by both fixed and random effects (Nakagawa et al.,
2017).

RESULTS

Total cover fluctuated through time after an initial recovery from
pre-treatment levels (Figure 2B). Treatment differences in total
cover remained mostly consistent through time, and treatments
followed the same fluctuations, with sharp drops in total cover
during droughts, even in plots with few (W) or no (O) large
herbivores (non-excluded herbivores included rodents, hares,
and small<15kg ungulates). Species richness also varied through
time (Figure 2C). It was not consistently ordered by herbivore
pressure, although when richness sharply increased after dry

periods, treatments that included wildlife had the greatest plant
species richness (Figure 2C).

Bottom-Up and Top-Down Control of
Stability
Consistent with H1, the temporal stability of total herbaceous
cover declined with both drought and increasing herbivore
pressure (Figure 3). Stability was negatively associated
with greater drought score values (periods with more
frequent or severe droughts) when calculated over the 10-
year moving window (β = −7.28, Figure 3A, Table 1).
The mean total cover (Supplementary Figure S5A) and
variance (Supplementary Figure S5B) also declined with
drought. Declines in stability (10-year) were associated
most strongly with the presence of cattle (β = −1.62) and
mesoherbivores (β = −0.91) judged by inclusion in the top
model (Supplementary Tables S2, S3). The other highly ranked
models (within 2 1 AICc of the lowest AICc model) included
megaherbivores, indicating some support for the hypothesis that
all herbivore groups impact stability (Supplementary Tables S2,
S3). Stability over the full time series also declined with herbivory
(Figure 3B, Table 1) and had three models (37.5% of all models)
within 2 1 AICc. The preferred model (simplest model within
2 1 AICc of the lowest AICc model) included only cattle (β
= −0.92), but other top ranked models included mesoherbivores
and megaherbivores also (Supplementary Tables S2, S3). The
mean total cover (Supplementary Figure S6A) and variance
(Supplementary Figure S6B) also declined with herbivore
pressure, with the highest values in the herbivore exclusion
treatment to lowest in the mesoherbivores + cattle treatment.
Although treatments with greater herbivory did not vary as much
in terms of absolute magnitude over time (had lower variance in
herbaceous cover), this was outweighed by reductions in mean
cover that led to lower relative stability overall.

Bottom-Up and Top-Down Control of Biotic
Stability Mechanisms
Asynchronous dynamics (i.e., patterns of synchrony) were altered
by both top-down and bottom-up drivers. Periods with a higher
drought score (indicating more frequent or severe droughts)
were generally associated with greater synchrony (variance ratio
> 1; β = 3.48), supporting H2a that drought would increase
synchrony (Figure 4A, Table 2, Supplementary Table S4). On
average, the variance ratio of the full community increased
from weak asynchronous dynamics in the herbivore exclusion
treatment to synchronous dynamics in the higher herbivory
treatments, also consistent with H2a that herbivory would
increase synchrony (Figure 4B). Specifically, cattle (β = 0.61)
and megaherbivores (β = 0.52) had a positive relationship
with synchrony when calculated over the full time series
(Table 3), while cattle (β = 0.61) and mesoherbivores (β =

0.46) had a positive relationship with synchrony over the 10-
year moving windows (Table 2). The variance ratios of just the
five dominant species showed similar responses to herbivore
treatment (Figure 4B) but were on average less synchronous than
the full community and four of six treatments (O, W, MW,
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FIGURE 3 | Temporal stability (µ/σ) of herbaceous cover as a function of the drought score (A) and herbivore treatment (B). Stability is calculated over a 10-year

moving window in (A) in order to compare to the corresponding drought score of each time window. Higher drought score values indicate more severe drought. The

black regression line in (A) is plotted as the predictor was included in the top model. In (B) stability is calculated over the full time series and points are colored by

herbivore treatment. Herbivory patterns are consistent on a 10-year scale (Supplementary Figure S2A). Figures are based on raw data, but statistical models

include random effects to account for spatial and temporal autocorrelation. See Table 1 for model details. Herbivore treatments (ordered by total herbivore biomass)

are: O, No herbivores; W, Wild mesoherbivores; MW, Wild megaherbivores and wild mesoherbivores; C, Cattle; WC, Wild mesoherbivores and cattle; MWC, Wild

megaherbivores, wild mesoherbivores, and cattle.

TABLE 1 | Model outputs from linear mixed effects models predicting stability and selected for the lowest AICc value.

Model Variable Coeff. Std. Error t

Stability (10 year) ∼ drought score + cattle + mesoherbivores Main effects

Intercept 7.25 0.31 23.20

Drought score −7.28 0.89 −8.16

Cattle −1.62 0.25 −6.56

Mesoherbivores −0.91 0.26 −3.49

Stability ∼ cattle Main effects

Intercept 4.14 0.16 26.24

Cattle −0.92 0.18 −5.23

The first model includes only herbivore groups as predictors of stability over the full time series, with block as a random effect. The second model includes drought score and herbivore

groups as additive predictors of stability calculated over a moving window of 10 years, with block and plot as random effects. Both models had several models within 2 1 AICc. We

report the most parsimonious here, other equivalent models can be found in Supplementary Table S8. See Supplementary Table S1 for model selection and 1 AICc values. Models

correspond to Figures 3A,B, respectively.

and C) showed asynchronous dynamics (variance ratio < 1,
Figure 4B).

Synchronous and compensatory dynamics varied by timescale
in all herbivore treatments. At short timescales (< 4 years),
synchrony dominated in all treatments (O = 1.66 to WC
& MWC = 3.19, Supplementary Figure S7). Long timescales
(> 4 years) ubiquitously had lower variance ratios than short
timescales, where there were weak compensatory dynamics in
the lowest grazing treatments (O = 0.854, W = 0.763), and
all other herbivore treatments showed synchronous dynamics
(Supplementary Figure S7). The timescale specific variance
ratio followed the same pattern as the classic variance ratio,
where increased herbivory was associated with increased
synchronous dynamics.

The mean population stability of dominant species
did not vary significantly between herbivore treatments
when averaged across the time series (Figure 4D, Table 3,
Supplementary Table S5). However, over a 10-year window,
cattle negatively affected stability (β = −0.47), providing
mixed support for H2b and suggesting that the influence of
herbivory on population stability may depend on the timescale
of calculation (Figure 4C, Table 2, Supplementary Table S4).
The preferred model (simplest model within 2 AICc of the
lowest AICc model) included only cattle, but other highly
ranked models included mesoherbivores and the drought score,
indicating some support for the hypothesis that these factors also
impact dominant species stability (Supplementary Tables S3,
S4).
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FIGURE 4 | The relationship between the variance ratio (A), dominant species population stability (C), species richness (E) and drought, all calculated over a 10-year

moving window in order to compare to the corresponding drought score of each time window. The effects of herbivore treatment on the variance ratio (B), dominant

species population stability (D), and species richness (F) calculated as an average over the full timeseries. A variance ratio less than one indicates asynchronous

dynamics, and greater than one indicates synchronous dynamics. Shape indicates whether the biotic mechanism is calculated using all species in the community

(circles) or only the five dominant species (squares). Bars are one standard error. Black regression lines in (A,E) are plotted when the predictor was included in the top

model and the gray regression line in (C) indicates that this predictor did not have an effect. Figures are based on raw data, but statistical models include random

effects to account for spatial and temporal autocorrelation. See Tables 2, 3 for model details. Herbivore treatments (ordered by total herbivore biomass) are: O, No

herbivores; W, Wild mesoherbivores; MW, Wild megaherbivores and wild mesoherbivores; C, Cattle; WC, Wild mesoherbivores and cattle; MWC, Wild

megaherbivores, wild mesoherbivores, and cattle.

Species richness was significantly negatively associated
with drought score (β = −6.73; Figure 4E, Table 2,
Supplementary Table S4) and positively associated with
mesoherbivores (β = 1.32; Table 3, Supplementary Table S5),
generally supporting H2c that richness would decline with

drought and increase with herbivore intensity, but with different
responses to specific herbivore treatments than were predicted.
Species richness did not vary linearly along the gradient of
herbivore pressure but did vary more predictably with herbivore
diversity. Treatments with the lowest herbivore species richness
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TABLE 2 | Model outputs from linear mixed effects models with herbivore treatment and drought score as predictors of biotic stability mechanisms, with block and plot as

random effects.

Model Variable Coeff. Std. Error t

Variance ratio (10 year) ∼ drought score + cattle + mesoherbivores Main effects

Intercept 0.62 0.20 3.12

Drought score 3.48 0.73 4.79

Cattle 0.61 0.14 4.38

Mesoherbivores 0.46 0.15 3.11

Population stability (10 year) ∼ cattle Main effects

Intercept 2.70 0.10 27.80

Cattle −0.47 0.13 −3.65

Richness (10 year) ∼ drought score + mesoherbivores Main effects

Intercept 20.60 0.55 37.62

Drought score −6.73 1.24 −5.41

Mesoherbivores 1.51 0.60 2.50

The population stability model had three models within 2 1 AICc. We report the most parsimonious here, other equivalent models can be found in Supplementary Table S8. See

Supplementary Table S3 for model selection and 1 AICc values. Models correspond to Figures 4B,D,F, respectively.

TABLE 3 | Model outputs from linear mixed effects models with herbivore treatment as a predictor of biotic stability mechanisms, with block as a random effect.

Model Variable Coeff. Std. Error t

Variance ratio ∼ cattle + megaherbivores Main effects

Intercept 0.95 0.10 9.67

Cattle 0.61 0.11 5.57

Megaherbivores 0.52 0.12 4.43

Population stability ∼ 1 Main effects

Intercept 1.94 0.08 25.45

Richness ∼ mesoherbivores Main effects

Intercept 19.24 0.45 42.57

Mesoherbivores 1.32 0.55 2.38

The model of species richness is a linear model with no random effects as incorporating random effects did not explain additional variance and caused singularity issues with the model.

See Supplementary Table S2 for model selection and 1 AICc values. Models correspond to Figures 4A,C,E, respectively.

(O and C) also had the lowest plant species richness (O = 19.2
and C = 19.3), while the most diverse herbivore treatment had
the greatest plant species richness (MWC= 21.0; Figure 4F).

Biotic Stability Mechanisms as Predictors
of Overall Stability
As hypothesized in H3a and H3b, temporal stability was
negatively associated with synchrony (β = −1.11; Figure 5A)
and positively associated with the mean population stability
of dominant species (β = 0.92; Figure 5B). Synchrony and
population stability together predicted temporal stability better
than either mechanism on its own (Table 4). In contrast with
H3c, richness did not predict stability (Figure 5C); instead, the
variance ratio and dominant species population stability together
were the best predictors (Table 4, Supplementary Table S6).

Timescale
To assess the sensitivity of our findings to the choice of timescale,
we evaluated metrics of stability and biotic mechanisms across
timescales ranging from 5-year moving windows to the full
22-year time series (Supplementary Figure S2), and examined

all bivariate relationships for 5-year, 10-year, and 15-year
windows (Supplementary Figures S3, S8, S9). The responses
of stability and biotic mechanisms to herbivore treatments
were consistent across timescales (Supplementary Figure S2).
Stability, synchrony, and population stability values declined
as they were calculated over larger window sizes, but the
relative ordering of these response variables with respect to
herbivore treatment was consistent regardless of window size
(Supplementary Figure S2). The relationship between drought
and stability was negative across all three window sizes
(Supplementary Figure S8). The 15-year moving window had
the weakest relationship likely because the window was large
enough to average over trends (Supplementary Figure S8C). The
total herbivore exclusion treatment was decoupled from this
trend in the 5-year window analysis; at high drought score
values it also had high stability (Supplementary Figure S8A),
which may be due to one instance where it exhibited high
resistance to drought (Figure 2B−2017). The relationship
between synchrony (variance ratio) and the drought score were
positive at all timescales, although the slope flattened slightly
as the timescale increased (Supplementary Figures S9A–C).
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FIGURE 5 | The relationship between stability and the variance ratio (A), dominant species population stability (B), and species richness (C), all calculated over the full

timeseries. A variance ratio less than one indicates asynchronous dynamics, and greater than one indicates synchronous dynamics. Black regression lines in (A) and

(B) are plotted when the predictor was included in the top model. Figures are based on raw data, but statistical models include random effects to account for spatial

and temporal autocorrelation. See Table 4 and Supplementary Table S6 for statistical model details. Herbivore treatments (ordered by total herbivore biomass) are:

O, No herbivores; W, Wild mesoherbivores; MW, Wild megaherbivores and wild mesoherbivores; C, Cattle; WC, Wild mesoherbivores and cattle; MWC, Wild

megaherbivores, wild mesoherbivores, and cattle.

TABLE 4 | Model output from the linear mixed effect model predicting stability as a function of biotic mechanisms.

Model Variable Coefficient Std. Error t

Stability ∼ variance ratio + population stability Main effects

Intercept 3.49 0.47 7.39

Variance ratio −1.11 0.11 −10.22

Population stability 0.92 0.22 4.21

The model shown had the lowest delta AICc value. See Supplementary Tables S4, S5 for model selection and 1 AICc values. Model corresponds to Figure 5.

There was no relationship between drought and population
stability at any timescale (Supplementary Figures S9D–F), and
richness had a negative relationship with drought at all
timescales (Supplementary Figures S9G–I). The relationships
between stability and biotic mechanisms remained the same at
all timescales (Supplementary Figure S3).

Relative Importance of All Drivers
To quantify the relative importance of top-down and bottom-
up drivers as well as their indirect effects, we generated
a piecewise structural equation model for each herbivore
group: mesoherbivores (Figure 6A, Supplementary Table S7),
megaherbivores (Figure 6B, Supplementary Table S8), and
cattle (Figure 6C, Supplementary Table S9). These models
explained 82 to 84% of the variation in community stability. They
confirmed the direct negative effects of drought (standardized
coefficient range:−0.134 to−0.116) and herbivory (standardized
coefficient range: −0.165 to −0.002). However, the magnitude
of direct effects of synchrony (standardized coefficient range:
−0.593 to −0.523) and population stability (standardized
coefficient range: 0.498 to 0.575), were always greater than the
magnitude of direct drought and herbivory effects. The direct
effect of species richness on stability remained nonsignificant
except for a small positive effect on stability in the megaherbivore

model (standardized coefficient= 0.075). Given the strong direct
effects of the plant community on stability, the indirect effects of
drought and herbivory asmediated through the plant community
were important in determining stability. The indirect effects of
drought (standardized coefficient range:−0.148 to−0.130) were
similar in magnitude to its direct effects and always mediated
through synchrony (Table 5). In the megaherbivore model, the
indirect effects of drought were also mediated through richness.
Cattle and mesoherbivore herbivory produced large indirect
effects (standardized coefficients: −0.502 and −0.380) relative
to their direct effects, mediated through both synchrony and
population stability (Table 5). Megaherbivore herbivory on
the other hand, had direct and indirect effects (standardized
coefficients: −0.087 and 0.129) that were similar in magnitude
and mediated through synchrony and species richness (Table 5).

DISCUSSION

Unraveling the determinants of ecological stability is a core
theoretical and empirical pursuit in ecology with important
implications for land management and conservation in a
changing world. Here, we explored the effects of herbivory and
episodic drought on stability directly and as mediated through
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TABLE 5 | Direct, indirect, and net effects of drought and herbivory on stability.
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Drought −0.116 −0.130 NA NA NA −0.130 −0.246

Mesoherbivores NA −0.197 NA −0.183 NA −0.380 −0.380

Drought −0.118 −0.135 −0.013 NA NA −0.148 −0.266

Megaherbivores −0.087 −0.148 0.019 NA NA −0.129 −0.216

Drought −0.134 −0.130 NA NA 0.014 −0.116 −0.250

Cattle −0.165 −0.243 NA −0.259 NA −0.502 −0.667

Effect sizes are standardized effects from structural equation models, see Figure 6 for pathway diagram. Indirect effect sizes were calculated as the product of standardized effect sizes

along a pathway. Herbivory is modeled as the presence or absence of a particular herbivore group and there is a separate structural equation model for each herbivore group. Indirect

effect is abbreviated as IE. IE: synchrony means an indirect path of a driver (drought or herbivory) on stability mediated through synchrony. When a relationship was not significant in the

SEM, we did not calculate an indirect effect size for the pathways that included that relationship.

biotic stability mechanisms, using a 22-year time series of
herbaceous cover data from an herbivore exclusion experiment
in a semi-arid savanna. We analyzed stability and biotic
mechanisms over a moving window, allowing us to incorporate
the effects of periodic drought into temporal stability analyses
and understand the top-down and bottom-up drivers of stability
through time. Drought and herbivory both directly decreased the
temporal stability of herbaceous cover (Figure 3) but varied in
their effects on mediating biotic mechanisms. Both drought and
herbivory increased synchrony (a destabilizing dynamic) while
herbivory, but not drought, reduced the population stability
of dominant species (Figure 4). Although both drivers affected
species richness, and in contrasting ways (Figures 4E,F), richness
was not significantly associated with overall stability (Figure 5).
Overall, the direct effects of drought and herbivory on stability
were smaller in magnitude than their indirect effects mediated
through biotic stability mechanisms (Figure 6).

Grasslands and savannas are disturbance-dependent systems
that are frequently described by non-equilibrium dynamics
(Higgins et al., 2000; Fuhlendorf and Engle, 2001; Bond,
2008; Riginos et al., 2018) and our findings highlight the
dynamic nature of this savanna rangeland system. Here we
found that the direct effects of both bottom-up and top-
down drivers structured stability. Specifically, drought and
herbivory reduced the temporal stability of total herbaceous
cover in an additive fashion, supporting H1 (Figure 3). The
relationship between herbivory and stability was particularly
strong, and treatments appeared to pair into groups of O
and W, MW and C, WC and MWC (Figure 3B). Overall, the
reductions in stability were largely driven by a reduction in
the mean cover (Supplementary Figures S5A, S6A). Although
both drivers also reduced the variance in absolute terms
(Supplementary Figures S5B, S6B), the relative variance
increased because we defined stability as the mean total cover
divided by the standard deviation. Drought reduces the total
amount of biomass as water stress limits production (Craine
et al., 2012; Aroca, 2013; Grant et al., 2014), and also introduces
greater variability to the system when production tracks rainfall

fluctuations through time (La Pierre et al., 2011). At the same
time, temporal variation in herbivore behavior and population
dynamics may either buffer or enhance variability in vegetative
cover (Augustine and McNaughton, 1998; Fynn and O’Connor,
2000; Abraham et al., 2019; Staver et al., 2019). Herbivores
limit mean total cover by removing plant tissue (Gill, 2007;
Muthoni et al., 2014), and may either suppress production
by reducing photosynthetic potential and removing nutrients
(Sitters et al., 2020) or stimulate productivity when plants
compensate for herbivore damage by increasing growth rates
(Strauss and Agrawal, 1999; Agrawal, 2000; Knapp et al., 2012).
While there is evidence that herbivores increase productivity in
this system (Charles et al., 2017), the effect of this on stability
was outweighed by tissue removal. Herbivore identity and
stocking rate also mattered: cattle and mesoherbivores were
the only groups that significantly reduced stability, and cattle
had a stronger effect likely because they were stocked at higher
biomass densities (4,740 vs. 730 kg/km2). This is consistent
with previous findings that total herbivore pressure is a stronger
predictor of productivity and shifts in community composition
than herbivore identity, but individual herbivore types are more
likely to drive variation in productivity across space and time
and changes in individual species (Veblen et al., 2016; Charles
et al., 2017; Wells et al., 2021).

Although asynchronous dynamics are commonly observed
in terrestrial systems (Zhao et al., 2020; but see Houlahan
et al., 2007) and are often a key stabilizing mechanism
(Valencia et al., 2020), we observed instead varying levels of
synchronous dynamics (defined as variance ratio >1) which
appeared to drive the dynamic nature of vegetative cover in
this system (Figures 4A,B). In other words, under no conditions
did species asynchrony stabilize herbaceous cover per se, but
there was variation in the degree to which synchrony was a
destabilizing dynamic, associated with drought and herbivory.
Both drought and herbivory indirectly reduced stability by
increasing synchrony (Figures 4A,B): synchronous dynamics
increased during time periods with more frequent or severe
droughts and in communities experiencing more herbivory,
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FIGURE 6 | Structural equation models for each herbivore group:

mesoherbivores (A), megaherbivores (B), and cattle (C) to determine the

relative strength of direct vs. indirect effects of drought and herbivory. All

variables in the model were calculated over a 10-year moving window in order

to compare to the corresponding drought score of each time window.

Goodness of Fit values were: for mesoherbivores C = 4.00, p = 0.406, df = 4

(A), for megaherbivores C = 8.86, p = 0.065, df = 4 (B), and for cattle C =

13.79, p = 0.008, df = 4 (C). Values next to arrows (direct effects) are scale

standardized estimates of coefficients and arrow width is scaled to their

(Continued)

FIGURE 6 | magnitude. Black arrows denote positive effects, red arrows show

negative effects, and gray, dashed arrows show non-significant effects. Model

coefficients and outputs can be found in Supplementary Tables S7–S9. The

R2
m of each response variable provides the variance explained by fixed effect(s)

alone and R2
c is the variance explained by both the fixed and random effects

(Block = random). No R2
c value is present for stability as we removed random

effects from the model because they did not explain any variance and caused

singularity issues. See Table 5 for indirect effects.

supporting H2a. Further, these indirect effects were similar to
or greater in magnitude than the direct effect of either driver
(Figure 6, Table 5). The finding with respect to drought does
contrast with other findings across precipitation gradients (a
spatial comparison rather than a temporal one), which find that
asynchronous (compensatory) dynamics are strongest in places
with high precipitation variability–implying that precipitation
fluctuations can decrease synchrony rather than increasing it
as we found here (Hallett et al., 2014). Dominant species
were on average less synchronous than the full community
(Figure 4B), indicating that subordinate species also substantially
contribute to community synchrony. This effect is likely
attributed to a reduction in palatable dominant species under
higher herbivory, which creates space for subordinate species
to fluctuate synchronously in response to rainfall variability
(Porensky et al., 2013).

Counter to the effects of synchrony, dominant species
population stability promoted community stability, especially at
low levels of herbivory (Figures 5B, 6). Herbivores commonly
influence community structure by preferentially consuming
dominant species (Hillebrand et al., 2007; Porensky et al., 2013;
Borer et al., 2014; Koerner et al., 2018; Mortensen et al., 2018).
We found that the population stability of dominant species
declined with increased herbivory, particularly when cattle or
mesoherbivores were present. In this system, herbivores consume
all of the dominant species, particularly B. lachnantha and T.
triandra (Odadi et al., 2013), likely contributing to the reduction
in average population stability. In particular, B. lachnantha
showed large increases when released from herbivore pressure
(Veblen et al., 2016). Contrary to expectations, the population
stability of dominant species as a whole did not respond to
drought. However, total herbaceous cover and stability did
decline during drought periods even as the stability of dominant
species did not, implying that drought-related reductions in
stability result more from the response of the community as a
whole than from the sensitivity of dominant species. Overall,
the stability of total herbaceous cover correlated well with the
population stability of dominant species, consistent with previous
findings (Grman et al., 2010; Liang et al., 2021).

Although the portfolio effect is often noted as important
in determining stability, where more diverse communities have
more stable ecosystem properties overall (Yachi and Loreau,
1999; Hautier et al., 2015; Isbell et al., 2015; Loreau et al., 2021),
we did not find evidence for this here (Figures 4E,F), contrary
to H3c that species richness would be positively correlated with
temporal stability. Indeed, an increasing number of studies find
that asynchrony and dominant species stability have a greater
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influence on stability than richness (Hallett et al., 2014; Valencia
et al., 2020; Muraina et al., 2021). The portfolio effect predicts
that aggregate ecosystem properties will vary less in diverse
communities due to some form of compensatory dynamics
and thus, species richness should reduce synchrony (Valencia
et al., 2020; Loreau et al., 2021). We included this relationship
in our structural equation models but when this pathway was
significant (only in themodel including cattle herbivory) richness
increased synchrony and thus had a small negative indirect effect
on stability (Figure 6C). This phenomenon is likely explained
by richness fluctuations in response to the combination of
bottom-up and top-down drivers. Species richness declined
with drought, a signal that was weakly detected over a 10-year
moving window (Figure 4E) but apparent in the time series
(Figure 2C), and increased transiently when rain followed after
drought (Figure 2C), especially where herbivory opened space
for rarer species (Porensky et al., 2013). These transient increases
in richness (of rarer species) may contribute to some of the
observed synchrony patterns, especially as dominant species
were on average less synchronous than the full community
(Figure 4B).

Drivers of stability fluctuate through time, which may
produce timescale dependent effects on stability (Zelnik et al.,
2018; Clark et al., 2021; Ross et al., 2021). To address the
potential effects of timescale on our analyses, we considered
stability and its underlying mechanisms at three timescales
of 5-, 10-, and 15-year moving windows. In particular,
synchronous dynamics are timescale dependent phenomena
and our results show that synchrony dominated at shorter
timescales (Supplementary Figures S2B, S7), consistent with
evidence in grasslands that synchrony is stronger at short
timescales, while asynchronous dynamics often dominate at
longer timescales (Zhao et al., 2020; Shoemaker et al., 2022).
Despite this, stability declined when calculated over longer
timescales, likely reflecting the intuitive outcome that including
more years in the calculation leads to a higher chance of
including more variation. Even the effects of drought, an
inherently temporal phenomenon, did not change substantially
with timescale (Supplementary Figure S8). The relationship
between stability and synchrony remained unchanged by
timescale (Supplementary Figures S3A–C). We similarly
found no difference in the relationships between population
stability or richness and stability at different timescales
(Supplementary Figures S3D–I), showing that although
temporal variation in precipitation amounts as well as herbivore
abundance, types, or intensity could alter the importance of
biotic stability mechanisms depending on the timescale of
observation, they did not here. Therefore, while synchrony was
timescale dependent and the timescale of calculation influenced
the magnitude of stability values, timescale did alter the effects
of herbivore treatments or drought events on stability and
biotic mechanisms.

Delving into the role of both bottom-up and top-
down processes in structuring stability is critical to
understanding the full picture, but the majority of
theoretical and empirical work on this topic has
focused on variation across bottom-up gradients only

(Grman et al., 2010; Hallett et al., 2014; Xu et al., 2015;
Hautier et al., 2020). In examining an herbaceous community
subject to strong bottom-up (drought) and top-down (herbivory)
limitation, we found that these stressors affect biotic mechanisms
of stability in sometimes similar and sometimes contrasting
ways. Drought and herbivory both reduced the stability of total
herbaceous cover by increasing species synchrony, suggesting
a commonality of mechanism. In both cases, the more stressed
a community was, whether by water limitation or herbivore
consumption, the less capacity there was for species to differ
asynchronously in their responses to variability. On the other
hand, drought and herbivory differed in how they affected
two other potential mediators of stability: herbivory reduced
dominant species population stability while drought had
little effect, and herbivory increased average species richness
while drought decreased it. In an applied context, this means
considering that the stability of plant biomass for livestock
or other consumers is a function not only of how much
production the abiotic environment can support, but also
how grazing feeds back to influence stability both directly
and indirectly.

Climate change is expected to lead to more extreme and
variable precipitation patterns (Allan and Soden, 2008; Trenberth
et al., 2014; Funk et al., 2021; IPCC, 2021), and at the same
time, in savanna ecosystems such as the one studied here,
large herbivores are being lost from some areas (Ripple et al.,
2015) and restored (Seddon et al., 2014; Stalmans et al., 2019)
or replaced by increased livestock in others (Du Toit and
Cumming, 1999). Understanding how bottom-up and top-down
drivers alter stability and stabilizing community dynamics will
provide more ability to predict and adapt to these changing
landscapes. In particular, in a future of increasing drought,
we may expect to see an increase in synchronous dynamics
in plant communities and a decrease in temporal stability as
observed here, but these effects will in turn be mediated by
changes in herbivore communities and their direct and indirect
impacts on plant community dynamics. Livestock replacement
of wildlife is generally at higher stocking densities than the wild
herbivores lost, particularly in semi-arid parts of the African
continent (Hempson et al., 2017). An increase in total herbivore
pressure will likely amplify the effects of drought, although
wild meso- and megaherbivores are likely to have smaller
effects on stability than cattle. In considering the applications of
ecological stability, it is important to note that there are many
facets of stability. We measured the invariability of herbaceous
cover here, which reflects aggregate patterns over time and can
incorporate but not directly measure other facets of stability
such as resistance to perturbations or the rate of recovery to
initial conditions, i.e., resilience (Donohue et al., 2016). How
“stability” itself aligns with management goals will depend on
the values applied to a particular system; the constancy of total
herbaceous cover, for example, may be a desirable quality for
forage availability and erosion control (Fynn and O’Connor,
2000), while temporal variability and heterogeneity support
other key ecosystem functions and dimensions of biodiversity
(Fuhlendorf and Engle, 2001; Porensky et al., 2013; Bråthen
et al., 2021). Overall, our ability to understand the sources
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of variation and stability in dynamic systems will be essential
to predicting future patterns of stability and navigating a
changing world.
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