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Abstract

Ecologists often assume that demographic rates such as survival and reproduc-

tion vary in concert along abiotic gradients, but growing evidence suggests that

these rates may change in opposition, leading to demographic compensation.

However, it is unclear how biotic interactions such as herbivory may affect the

presence or strength of demographic compensation. Here, we employ a series

of strong tests for demographic compensation for a common forb species in

the presence and absence of large mammalian herbivores. Namely, we test for

demographic compensation in Hibiscus meyeri across a rainfall gradient using

a large-scale exclosure experiment that includes or excludes large mammalian

herbivores of various sizes (i.e., small, meso-, and megaherbivores). We found

that demographic compensation did not occur while all large mammalian her-

bivores were present. By contrast, demographic compensation occurred when

megaherbivores were excluded, and this discrepancy was driven by an excess

of negative correlations between vital rates. Understanding how biotic factors

interact with abiotic gradients to modify demographic processes is crucial for

understanding the drivers of species population dynamics for broader efforts

in conservation and management.
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abiotic gradients, biotic interactions, demographic compensation, herbivory, large
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INTRODUCTION

Demographic rates of plant species, such as survival,
growth, or reproduction, frequently vary across space.
This spatial variation in demographic rates has important

implications for species distribution patterns, as these
rates directly influence population growth rate and, con-
sequently, the overall distribution of a species. Many
studies have examined how abiotic factors induce spatial
variation in demographic rates, but biotic factors
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(e.g., herbivory, predation, and competition) also play a
significant, though lesser studied role in influencing
demographic rates. Biotic drivers’ impacts on demo-
graphic rates can be considerable and often vary spatially
(Kauffman & Maron, 2006; Maron et al., 2014).
Furthermore, biotic and abiotic gradients can interact
with one another, such as when biotic interactions limit
demographic rates, and thus population growth rate,
more strongly in less abiotically stressful environments
(Connell, 1972; Dobzhansky, 1950; Louthan et al., 2018).
Although biotic factors clearly affect demographic pro-
cesses, their relative importance in driving spatial varia-
tion in population growth rates along abiotic gradients
remains uncertain. Here, we explore how herbivory
drives spatial variation in population growth rate by
examining its role in generating demographic compensa-
tion, which occurs when a species’ demographic rates are
negatively correlated across space, resulting in higher
demographic rates at one end of a gradient “compensat-
ing” for low demographic rates that reduce population
growth rate (Doak & Morris, 2010; Villellas et al., 2015).

Previous theory has suggested that demographic rates
should be positively correlated across space (Pironon
et al., 2017). For example, if plant growth is higher at one
end of an abiotic gradient, theory suggests that reproduc-
tion will also be higher, as both demographic rates might
respond similarly to the same favorable abiotic condi-
tions. However, an emerging body of research suggests
that demographic rates are not always positively corre-
lated. This phenomenon can occur when spatial variation
arises from multiple underlying abiotic or biotic gradients
that affect rates differently, or when demographic rates
respond in opposite directions to the same gradient, lead-
ing to demographic compensation. For example, survival
may be high at one end of a gradient while the probabil-
ity of fruiting is low, reducing spatial variation in popu-
lation growth rates. Because demographic compensation
can act to prevent population growth rates from falling
below replacement across a broader range of environ-
ments, it has important implications for species
distributions.

Abiotic drivers are often assumed to be the primary
force behind demographic compensation, and recent stud-
ies have attributed demographic compensation to spatial
variation in abiotic drivers such as precipitation (Doak &
Morris, 2010; García-Camacho et al., 2012; Villellas &
García, 2018) or mean annual temperature (Daco
et al., 2021; Sheth & Angert, 2018). Despite the emphasis
on abiotic drivers, biotic drivers (e.g., herbivores) affect
many demographic rates (Crawley, 1989; Maron &
Crone, 2006), either negatively (Doust & Doust, 1988;
Vergeer & Kunin, 2011) or positively (Pratt et al., 2005;
Trumble et al., 2003). Furthermore, herbivore effects often

vary spatially (Wetzel et al., 2023), either due to changes
in plant and herbivore communities across space (Cyr &
Pace, 1993), or due to responses of plant performance to
underlying abiotic gradients (Louthan et al., 2018).
Because most studies showing demographic compensation
have not quantified the effect of biotic drivers, it remains
unclear whether spatial variation in biotic drivers such as
herbivory (or spatial variation in their effects on plants)
contributes to demographic compensation.

On the one hand, biotic drivers such as herbivory
could generate demographic compensation in plant spe-
cies whose demographic rates would otherwise be posi-
tively correlated due to shared responses to an
environmental gradient (e.g., rainfall; Figure 1A, top). For
example, if herbivores reduce competition most strongly
in high-rainfall, productive areas, and have a stronger

F I GURE 1 Possible effects of herbivory on demographic

compensation. (A) Herbivory generates demographic

compensation. Without herbivory (− Herbivores), demographic

rates such as the growth probability of medium plants (GrM, orange

line) and the fruiting probability of medium plants (FrM, blue line)

are positively correlated, resulting in substantial change in

population growth rate (λ; black line) with rainfall. With herbivory

(+ Herbivores), demographic rates are negatively correlated,

resulting in a minimal change in population growth rate with

rainfall. Such an effect could arise if herbivores have stronger

effects on certain demographic rates (in this case, growth) in

certain environments. (B) Herbivory disrupts demographic

compensation. Without herbivory, growth and fruiting probabilities

are negatively correlated across a rainfall gradient, resulting in a

minimal change in population growth rate with rainfall. With

herbivory, growth and fruiting probabilities are positively

correlated with one another (i.e., both decrease with increasing

rainfall), resulting in a substantial change in population growth

rate with rainfall. Such an effect could arise if herbivores have

negative effects on multiple demographic rates and these effects

differ along environmental gradients.
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positive effect on certain demographic rates (such as prob-
ability of growth) than on others (such as probability of
fruiting), herbivores may create negative correlations
among demographic rates and reduce spatial variation in
population growth rate (Figure 1A, bottom). On the other
hand, biotic drivers such as herbivory could also disrupt
demographic compensation. In this scenario, in the
absence of herbivory, demographic rates may be negatively
correlated due to differing responses to the same abiotic
driver (Figure 1B, top). If herbivore effects are greater in
high-rainfall, productive areas (Chase et al., 2000;
McNaughton et al., 1989) and strongly reduce multiple
demographic rates, herbivores could generate positively
correlated demographic rates and a loss of demographic
compensation (Figure 1B, bottom). Similar effects could
arise in the absence of spatial variation in herbivore activ-
ity levels; for example, if compensatory responses (as in
Maschinski & Whitham, 1989) occur or if the sensitivity of
population growth rate to herbivory (as in Louthan
et al., 2018) varies across space.

In this study, we examined whether large mammalian
herbivores generated, disrupted, or had no effect on
demographic compensation in Hibiscus meyeri
(Malvaceae), a representative subshrub in sub-Saharan
Africa. We used a long-term herbivore exclusion experi-
ment in which various size guilds of large mammalian
herbivores are excluded from plots across a rainfall gradi-
ent. We estimated the effects of rainfall level and herbi-
vore exclusion treatment on the population growth rate
of H. meyeri, and then tested for demographic compensa-
tion in the presence and absence of a suite of large mam-
malian herbivore guilds. Finally, we quantified the
herbivore-induced changes in demographic rates that
resulted in effects on demographic compensation.

METHODS

Study system

Mpala Conservancy (hereafter, “Mpala”) is a 20,000-ha
conservancy located near the equator in central Kenya
(0�170 N, 37�520 E), composed primarily of semi-arid
savanna and acacia bushland. Mpala houses a large
diversity of large mammalian herbivores. Rainfall is
weakly triannual (Goheen et al., 2013). Mpala is situated
along a rainfall gradient with mean annual 2008–2012
rainfall ranging from ~440 mm/year in the north to
~640 mm/year in the south (Goheen et al., 2013). Soil
characteristics and elevation do not change significantly
across the gradient, allowing a fair comparison of rainfall
effects on plant populations and communities (Goheen
et al., 2013).

The Ungulate Herbivory Under Rainfall Uncertainty
experiment (hereafter, “UHURU”), established in 2008,
includes replicated size-based herbivore exclusion treat-
ments at three rainfall levels spanning the Mpala rainfall
gradient (hereafter, “Mesic,” “Intermediate,” and “Arid”
sites). While there is substantial intra-annual variation in
rainfall, seasonal rainfall is consistently highest at the
Mesic site and lowest at the Arid site. At each rainfall
level, four treatments (complete large mammalian herbi-
vore exclusion, meso- and megaherbivore exclusion,
megaherbivore exclusion, and an open control) are repli-
cated three times in a randomized blocked design.
Complete large mammalian herbivore exclusion (LMH
plots) excludes all herbivore species taller than 50 cm,
allowing access by small herbivores such as hares;
mesoherbivore exclusion (MESO plots) excludes all her-
bivore species taller than 120 cm, allowing access by
dik-dik (Madoqua cavendishi) and warthog
(Phacochoerus africanus); megaherbivore exclusion
(MEGA plots) excludes only megaherbivores such as ele-
phant (Loxodonta africana) and giraffe (Giraffa camelo-
pardalis); and control plots are open to all herbivores
(Goheen et al., 2013).

Demographic data collection

H. meyeri, a common water-limited subshrub, occurs at
all rainfall levels in UHURU. H. meyeri is consumed by
multiple herbivore species and exhibits no known physi-
cal or chemical defenses against large mammalian her-
bivory (Louthan et al., 2018). Within the UHURU
experiment, we conducted biannual demographic surveys
between June 2011 and February 2015 to quantify herbi-
vore and rainfall effects on H. meyeri. Our demographic
monitoring methods are described Louthan et al. (2018).
Briefly, we searched exhaustively for H. meyeri individ-
uals at each rainfall level × herbivore exclusion treatment
× block combination in June 2011. We then conducted a
biannual census (after the wet season in July–August and
after the dry season in January–February) to score plants’
survival, measure size (height and basal area, which
together correlate well with biomass; Louthan
et al., 2018), count the number of fruits, and mark new
plants to replace any that died or could not be relocated.
Note that these data were collected biannually, rather
than annually as in Louthan et al. (2018). Further,
fruiting rates are reflective of herbivory (including seed
and flower predation), and thus reflect the demographic
consequences of herbivory rather than only potential out-
put. We also quantified the number of seedlings pro-
duced per fruit (i.e., recruitment) by counting all
seedlings in a 2-m radius around reproductive plants
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following one wet season. Hereafter, we call each of our
seven unique six-month time intervals between subse-
quent censuses a “transition.”

Modeling demographic rates and
population growth rates

We used these data to estimate the effects of rainfall level,
herbivore exclusion treatment, block, and transition iden-
tity on H. meyeri performance. We first synthesized the
data into five metrics of performance for each transition:
survival, probability of producing fruits, the logged num-
ber of fruits per biomass (given fruits were produced),
growth (i.e., size difference between censuses), and vari-
ance in growth.

We then tested for the effects of size, block, and tran-
sition on each rainfall level and herbivore exclusion
treatment-specific performance metric using a model
selection approach to generate a demographic rate func-
tion. We created demographic rate functions for each
rainfall level and herbivore exclusion treatment, where
global models included size in initial census as a fixed
effect, with transition and block as random effects.
Probability of survival and of fruiting were fit using a
binomial error term and all other demographic rate
functions were fit using a normal error term. To assess
which fixed effects best predicted demographic rates, we
used corrected Akaike information criterion (AICc) to
compare all possible subsets of each global model,
including random effects in all models (Hurvich &
Tsai, 1989; Appendix S1, Table S1). If the model fit was
singular, we refit global models with transition and
block as fixed effects, then repeated the model selection
process.

We used the best-fit models for each rainfall level and
herbivore treatment-specific demographic rate function
to construct 60 herbivore exclusion × rainfall
level-specific integral projection model (IPM) kernels
(four herbivore exclusion treatments × three rainfall
levels). If the best-fit model included block or transition
as a random effect, we did not include random effects in
demographic rate predictions. If it included block or tran-
sition as fixed effects, we predicted demographic rates as
the across-block or across-transition average response,
averaging first across timepoint, then block. The parame-
ters included in best-fit demographic rate functions are
shown in Appendix S1: Table S2. We represented recruit-
ment as rainfall level-specific values (as in Louthan
et al., 2018) because recruitment did not vary across her-
bivore exclusion treatments, and we assumed that fruits
transitioned to the smallest size class in the subsequent
time step. We chose to use IPMs rather than traditional

matrix models to increase precision of demographic rate
estimates (Doak et al., 2021; Ramula et al., 2009).
However, given our need to assess correlations among a
limited number of demographic rates, we chose to limit
the number of mesh points to four, selected to generate
three size classes equally spanning the range of sizes
observed in our study (biomass <24.09, 24.09–<48.18,
and 48.18–72.28) in addition to one discrete state (fruits).
Hereafter, we refer to our three size classes as small,
medium, and large (S, M, and L), and refer to growth
rates as transitions between size classes (e.g., M-S regres-
sion indicates shrinkage of medium plants to the small
size class, M-M stasis indicates medium plants remaining
in the medium size class, and M-L growth indicates the
growth of medium plants to the large size class,
and so on).

We used the IPMs to estimate deterministic popula-
tion growth rate (λ) for each herbivore exclusion treat-
ment × rainfall level combination using standard
methods (Morris & Doak, 2002). To generate CIs on these
estimates that incorporate parameter uncertainty, we
sampled from the multivariate normal distribution of the
fixed-effect parameter estimates of best-fit demographic
rate functions and recalculated λ, repeating this process
10,000 times. We used these estimates to generate 95%
CIs on population growth rate.

Testing for demographic compensation

We used these IPM kernels and demographic rates to test
for demographic compensation (Appendix S1), focusing
on 15 size-specific demographic rates: survival of S, M,
and L; fruiting rate (probability of fruiting × number of
fruits produced given fruiting) of S, M, and L; and transi-
tions among all size classes (i.e., S to S, M, or L). No
plants were observed to grow from S to L size class, so we
excluded that rate from our analyses (Appendix S1:
Table S2).

This test involved two steps. First, we calculated Life
Table Response Experiment (LTRE) contribution values
for each demographic rate at each rainfall level × herbi-
vore exclusion treatment. These values, describing the
contribution of each rate to differences in population
growth rate across rainfall levels within an herbivore
exclusion treatment, are estimated as:

Cr,h ¼ vr,h − vr,h
� �

× Sr,h, ð1Þ

Here, vr,h represents the demographic rate v at rainfall
level r and herbivore exclusion treatment h, vr,h indicates
the across-rainfall level mean value of demographic rate
v at herbivore exclusion treatment h, and Sr,h corresponds
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to the sensitivity of λ to the across-rainfall level mean
value of demographic rate v for herbivore exclusion treat-
ment h. Thus, Cr,h describes the contribution of a given
demographic rate to differences in population growth
rate across rainfall levels, calculated separately for each
herbivore exclusion treatment.

To obtain LTRE contributions, we first estimated the
sensitivity of population growth to changes in
the across-rainfall level mean demographic rates
(Appendix S1: Table S3). For each herbivore enclosure
treatment, we estimated these sensitivities using a pertur-
bation approach, perturbing an IPM kernel constructed
using the across-rainfall level mean values for each
demographic rate (Morris & Doak, 2002). These sensitiv-
ity values were multiplied by the difference between the
across-rainfall level mean demographic rate and
the rainfall-level specific value of a demographic rate for
each herbivore exclusion treatment to obtain the LTRE
contribution.

Next, we used the LTRE contributions to test for evi-
dence of demographic compensation within each herbi-
vore exclusion treatment (Appendix S2). First, we
calculated the Pearson product moment correlations
between all pairwise combinations of Cr,h values for each
herbivore exclusion treatment to obtain “observed” pro-
portions of positive and negative correlations between
LTRE contributions of demographic rates (Appendix S2:
Figure S1A). We highlight that because our data included
data from only three sites, each of these correlations was
represented by only three data points. Because such cor-
relations are unstable, we emphasize that our results
should be interpreted with caution (Appendix S2:
Figure S3). However, these data come from a multi-year
demographic study with replication across rainfall and
herbivore exclusion treatments, and therefore likely cap-
ture underlying demographic patterns well. After gener-
ating observed proportions of positive and negative
correlations, following Villellas et al. (2015), we used a
randomization approach to generate null distributions
for the proportions of positive and negative correlations
between LTRE contributions of demographic rates across
the rainfall gradient. For each demographic rate, we ran-
domized Cr,h values across rainfall levels and recalculated
Pearson correlations among randomized contributions
(Appendix S2: Figure S1B). We repeated this process
10,000 times to generate null distributions for the propor-
tions of positive and negative correlations. We then com-
pared the observed proportions of positive (Pobs,+) and
negative (Pobs,−) correlations for each herbivore exclusion
treatment to their respective null distributions. We
assumed that having either more negative correlations
than expected by chance (i.e., Pobs,− was greater than or
equal to the 95th percentile of the null distribution of

negative correlations) or fewer positive correlations than
expected by chance (i.e., Pobs,+ was less than or equal to
the 5th percentile of the null distribution of positive cor-
relations) indicated evidence for demographic compensa-
tion (Villellas et al., 2015). We quantified the mechanism
of large mammalian herbivore effects on demographic
compensation by comparing correlations among pairs of
demographic rates in each herbivore exclusion treatment
(Appendix S2: Figure S1C).

RESULTS

Effects of drivers on demographic rates and
population growth rates

Demographic rate functions for survival, growth and
probability of fruiting almost always included size (40/48;
Appendix S1: Table S1), whereas functions for number of
fruits per biomass usually did not (2/12). M and L sur-
vival rates increased from the Arid to the Mesic site,
whereas S survival rates remained relatively similar
across the gradient, and survival rates were similar on
average across herbivore exclusion treatments
(Appendix S1: Table S2, Figure S1). S, M, and L fruiting
rates showed no consistent response to rainfall and were
similar on average across herbivore exclusion treatments.
Growth rates varied considerably across the rainfall gra-
dient. Stasis of M and L plants increased toward the
Mesic site for most herbivore exclusion treatments except
for LMH plots, which declined slightly. Stasis of S plants
increased toward the Mesic site for all herbivore exclu-
sion treatments except for the control plots, which indi-
cated no change in S stasis across the gradient. The
growth of S to M also declined toward the Mesic site,
whereas the growth of M to L varied little across the gra-
dient; these patterns were consistent across herbivore
exclusion treatments. The growth of S to L was consis-
tently zero across the gradient. The regression of L to M
increased toward the Mesic site for LMH plots but
declined for the control, MEGA, and MESO plots.
Conversely, the regression of L to S declined toward the
Mesic site for MEGA, MESO, and the control plots, but
increased for the LMH plots. The regression of M to S
declined toward the Mesic site for LMH, MEGA, MESO,
and control plots. Recruitment of fruits declined toward
the Mesic site for all herbivore exclusion treatments
(Appendix S1: Table S2, Figure S1).

Population growth rate was higher on average in the
LMH, MEGA, and MESO plots compared to the control
plots; however, overlapping CIs for site-specific estimates
indicate that these differences were not significant overall
(Table 1). The only exception to this was at the Mesic site,
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where population growth was lower within the MEGA
treatment compared to the LMH treatment. In all herbivore
exclusion treatments, population growth rate was generally
higher at the Mesic site compared to the Intermediate and
Arid sites, although those differences were only significant
within the LMH and control treatments.

Results of test for demographic
compensation

The presence of large mammalian herbivores often led
to weaker correlations between demographic rates
(Appendix S2: Figure S3). As a result, we found strong
evidence for demographic compensation only when large
mammalian herbivores were excluded (Appendix S3:
Table S1). Namely, we found evidence for demographic
compensation generated by more negative correlations
than expected by chance in the LMH (Figure 2B), MESO
(Figure 2D), and MEGA (Figure 2F) plots, but not the
control plots (Figure 2H). In particular, the LMH plots
exhibited the greatest number of significant negative cor-
relations (21 significant negative correlations; Figure 3A),
followed by the MESO and MEGA plots (10 significant
negative correlations; Figure 3B,C). Only four pairs of
demographic rates in the control plots were significantly
negatively correlated (Figure 3D). Negative correlations
frequently appeared between either growth or regression
versus stasis within a size class, likely reflecting probabi-
listic constraints on transitioning to a different size class
versus stasis in the same size class (Figure 3). The extent
and significance of negative correlations varied by
treatment, and the LMH plots in particular had many sig-
nificant negative correlations between fruiting and
regression rates, suggesting that the complete absence of
large mammalian herbivores might exacerbate trade-offs

in the role of reproduction versus shrinkage between
environments.

The proportion of observed positive correlations was
never significantly lower than we would expect by chance
for all herbivore exclusion treatments (Figure 2A,C,E,G;
Appendix S3: Table S1). Across all herbivore treatments,
we frequently observed significant positive correlations
between similar demographic processes, such as between
survival, stasis, regression, or fruiting rates of differing size
classes (Figure 3). Additionally, fruiting rate often
exhibited positive correlations with stasis, reflecting a link
between increased reproductive output and reduced prob-
ability of growth. Positive correlations were more common
in the LMH (16 significant positive correlations; Figure 3),
MESO (12 significant positive correlations), and MEGA
plots (11 significant positive correlations) treatments com-
pared to the control plots (6 significant positive correla-
tions), suggesting that the exclusion of larger herbivores
reduces positive correlations between demographic rates.

DISCUSSION

Herbivores can profoundly affect plant population
dynamics through their influence on demographic rates.
In our study, we found that large mammalian herbivores
modified correlations among demographic rates. Namely,
the presence of all large mammalian herbivore size guilds
nullified demographic compensation (as in Figure 1B).
Demographic compensation, which occurred only in her-
bivore exclusion treatments, was driven by negative corre-
lations between LTRE contributions of demographic rates
(Figure 2). While the absence of any large mammalian
herbivore size guild generated demographic compensation,
the effect of megaherbivore exclusion alone was strong
enough to generate demographic compensation. The fol-
lowing paragraphs place these findings in the context of
previous literature and explore their broader implications.

Large mammalian herbivores had strong effects on
demographic rates of H. meyeri. This result is consistent
with previous work, which has shown that large herbi-
vores strongly affect plant population dynamics, though
the direction of these effects can vary across space
(Koerner et al., 2014, 2018; Maron & Crone, 2006). In
some cases, herbivores largely affect plants through
reductions in growth, with minimal impacts on survival
(Townsend & Meyer, 2002; Van Der Wal et al., 2000),
whereas in others, herbivores can greatly reduce adult
(Pisanu et al., 2012) and seedling (Opedal et al., 2021)
survival. Similarly, while herbivores sometimes nega-
tively affect reproduction via consumption (Anderson
et al., 2001), they can also reduce competition from
neighboring plants, thereby increasing the probability of

TAB L E 1 Population growth rate (λ) of Hibiscus meyeri for all

herbivore exclusion treatments.

Herbivore
exclusion
treatment

Rainfall level

Arid Intermediate Mesic

LMH 1.12 [1.02, 1.26] 1.02 [0.98, 1.07] 1.58 [1.30, 1.97]

MESO 1.16 [1.08, 1.25] 1.07 [1.01, 1.11] 1.31 [1.17, 1.47]

MEGA 1.10 [1.04, 1.18] 1.03 [0.98, 1.08] 1.12 [1.02, 1.26]

Control 1.03 [0.995, 1.06] 1.02 [0.97, 1.08] 1.34 [1.13, 1.66]

Note: Deterministic λ predicted by rainfall level- and treatment-specific
integral projection model kernels, with the 95% CIs (which incorporate

parameter uncertainty) in brackets are shown. Herbivore exclusion
treatments are the complete absence of large mammalian herbivores (LMH),
absence of meso- and megaherbivores (MESO), absence of megaherbivores
(MEGA), and presence of all large mammalian herbivores (control).
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reproduction for the remaining individuals (Allcock &
Hik, 2004). In our study, large mammalian herbivores
reduced rates such as fruiting, survival, and the stasis of

large plants, and had weak negative effects on population
growth rate overall (i.e., population growth rate was on
average lower in the control plots compared to other

F I GURE 2 Results of tests for demographic compensation. We show null distributions of the proportion of significant (A, C, E, G)

positive and (B, D, F, H) negative correlations between Life Table Response experiment contributions for four herbivore exclusion

treatments, large mammalian herbivores (LMH), meso- and megaherbivores (MESO), megaherbivores (MEGA), and Control. Null

distributions were obtained via randomization following Villellas et al. (2015). In (A), (C), (E), and (G), red dashed lines indicate the 5th

percentile of the null distribution of significant positive correlations (P5,+) and solid black lines indicate the observed proportion of

significant positive correlations (Pobs,+) in a given herbivore exclusion treatment. If Pobs,+ ≤ P5,+ (A, C, E, G), there is evidence for

demographic compensation in that herbivore exclusion treatment because there are fewer positive correlations between demographic rates

than expected by chance. In (B), (D), (F), and (G), blue dashed lines indicate the 95th percentile of the null distribution of significant

negative correlations (P95,−) and solid black lines indicate the observed proportion of significant negative correlations (Pobs,−) for an

herbivore exclusion treatment. If Pobs,− > P95,−, there is evidence for demographic compensation in that treatment because there are more

negative correlations between demographic rates than expected by chance. Herbivore exclusion treatments are the complete absence of

LMH, absence of MESO, absence of MEGA, and presence of all large mammalian herbivores (control).
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treatments, though these differences were largely
non-significant; Table 1).

We found that herbivore effects on population
dynamics were sufficient to disrupt demographic com-
pensation, highlighting the importance of considering
both biotic and abiotic drivers of demographic compensa-
tion. Previous work has assumed that spatial variation in
abiotic drivers such as temperature and precipitation
(Sheth & Angert, 2018; Villellas & García, 2018; Yang
et al., 2022), length of snow-free periods (Doak &
Morris, 2010), and soil nutrients (Daco et al., 2021) are
the primary drivers of demographic compensation.
However, studies examining the effects of abiotic drivers

often overlook how biotic drivers might influence these
results. While previous work on demographic compensa-
tion has been conducted in relatively depauperate ecosys-
tems without large herbivores, it may be that this
phenomenon was less prevalent when they were still pre-
sent. Further, smaller herbivores or other biotic interac-
tions may be limiting the extent of demographic
compensation, suggesting that excluding biotic factors
could lead to an overestimation of its prevalence.
Consistent with this suggestion, our work suggests that
only partial herbivore exclusion is necessary to allow
compensation to emerge; the removal of just one large
mammalian herbivore guild (i.e., MEGA, which excluded

F I GURE 3 Correlations between Life Table Response Experiment (LTRE) contributions of size-specific demographic rates for large

mammalian herbivore exclusion treatments. Here, we show across-rainfall gradient Pearson product moment correlations between pairwise

combinations of LTRE contributions for demographic rates in four exclosure treatments: (A) the complete exclusion of large mammalian herbivores

(LMH), (B) the exclusion of meso- and megaherbivores (MESO), which includes smaller herbivores such as dik-dik, (C) the exclusion of

megaherbivores (MEGA), which includes smaller herbivores and mesoherbivores such as gazelle, and (D) the presence of all large mammalian

herbivores (control), which include mesoherbivores, smaller herbivores, and megaherbivores such as elephants. S indicates small plants, M

indicates medium plants, and L indicates large plants; thus, for transitions among size classes (stasis, growth, and regression), we show transitions

from the first size class to the second (e.g., S-M growth indicates transition probability from small to medium). Color indicates the strength and sign

of correlations, and white asterisks (*) indicate significance (p ≤ 0.05). Demographic rates that did not vary across rainfall levels are excluded.
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megaherbivores) was sufficient to generate demographic
compensation.

In our study, demographic compensation when large
mammalian herbivores were excluded was driven largely
by negative correlations between LTRE contributions of
demographic rates along the rainfall gradient. Different
abiotic conditions can cause plants to exhibit trade-offs
in physiological and life history traits, as traits that are
advantageous in some environments may reduce perfor-
mance in others (Dudley, 1996; Schlichting, 1986). For
example, a plant species that invests heavily in vegetative
growth under greater growing-season precipitation may
instead invest in rapid and high flowering rates under
reduced growing-season precipitation, as this trait may
allow escape from drought stress occurring later in the
growing season (van Kleunen, 2007). Thus, abiotic gradi-
ents can elicit demographic compensation through nega-
tive correlations, as demographic rates and the sensitivity
of population growth rates to different demographic rates
may shift along these gradients as plants alter life history
strategies across abiotic contexts. Herbivory may be
uniquely poised to affect demographic compensation
because it can interact with abiotic gradients to affect
plant performance and competitive dynamics (Callaway
et al., 2002; Hambäck & Beckerman, 2003; Van Der Wal
et al., 2000). As herbivores remove biomass and trample
plants (Heggenes et al., 2017; Pascual et al., 2017), they
may directly increase or decrease growth and the proba-
bility of reproduction. Further, changes in competitive
dynamics across abiotic conditions (e.g., the stress gradi-
ent hypothesis) may be disrupted in the presence of her-
bivores, which strongly modify competitive dynamics
(Hambäck & Beckerman, 2003). Consistent with this pre-
diction, we found that in the herbivore exclusion treat-
ments, negative correlations frequently occurred between
LTRE contributions for demographic rates associated
with conservative strategies (shrinkage/stasis) and those
linked to non-conservative strategies (growth/fruiting;
Figure 3; Appendix S2: Figures S2 and S3). These nega-
tive correlations became less frequent in the presence of
all large mammalian herbivores (i.e., control plots),
suggesting that trade-offs between conservative and
non-conservative strategies may become less pronounced
with greater herbivore presence (Figure 3; Appendix S2:
Figure S3), in turn leading to a disruption of demo-
graphic compensation. At the same time, we observed
fewer positive correlations between demographic rates
in the presence of all large mammalian herbivores,
disrupting the expectation that demographic rates
responding similarly to abiotic gradients should covary
positively. Together, these results indicate that large
mammalian herbivores affect the degree of spatial vari-
ability in vital rates, reducing both negative and positive

correlations among demographic rates, the former lead-
ing to weaker demographic compensation (consistent
with Figure 1B; Appendix S2: Figure S3), and the latter
reflecting altered responses to abiotic conditions without
direct consequences for demographic compensation.

We saw that excluding multiple large mammalian
herbivore sizes did not always lead to a greater number
of negative correlations between demographic rates
(Figure 2). Previous work has shown that herbivores of
different sizes can have disparate effects on plant popula-
tion dynamics. For example, in grassland systems, larger
herbivores (>30 kg) can have stronger effects on plant
community composition compared to small herbivores
(Bakker et al., 2006). Alternatively, in savanna systems,
large versus small herbivore effects can be
context-dependent, with either group exerting a stronger
influence depending on the environmental conditions
(Burkepile et al., 2017). We saw that the exclusion of
megaherbivores such as elephants and giraffes alone
(i.e., the MEGA exclusion plots) was enough to elicit
demographic compensation (Figure 2F). This result is
consistent with previous work, which shows that
megaherbivores have considerable impacts on plant pro-
ductivity and biomass, particularly in savannah ecosys-
tems (Davies & Asner, 2019; Hyvarinen et al., 2021;
Pellegrini et al., 2017). The combined exclusion of
megaherbivores, mesoherbivores such as zebra and
gazelle, and of smaller large mammalian herbivores such
as dik-dik and warthogs, (i.e., the LMH exclusion plots)
led to the greatest number of negative correlations,
suggesting that the combined exclusion of these size
guilds can have similar, additive effects on demographic
compensation. However, when only mega- and
mesoherbivores were excluded and smaller herbivores
were included (i.e., MESO exclusion plots), we saw the
same number of negative correlations as when only
megaherbivores were excluded. These findings suggest
that the exclusion of one large mammalian herbivore size
guild modifies the effect of others, perhaps because of
ecological interactions among guilds.

Several caveats apply to our study. First, many con-
temporary ecosystems lack large mammalian herbivores,
particularly mega- and mesoherbivores, due to human
interference, limiting the applicability of our findings to
other systems. Even in cases where large mammalian
herbivores have persisted or been reintroduced, they are
often not as abundant as they once were historically,
meaning their densities may not be high enough to elicit
demographic compensation. Second, the statistical power
of our test for demographic compensation is limited by
the number of populations (three) included in our study
(Appendix S2: Figure S3). Most other studies of demo-
graphic compensation contain at least six populations
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(Villellas et al., 2015), though we note that these studies
do not have replicated herbivore exclusion treatments such
as ours. Thus, our results should be thought of as prelimi-
nary evidence that mammals may influence demographic
compensation. We suggest that studies measuring plant
demographic rate response to herbivores across a broader
array of populations consider conducting a test for demo-
graphic compensation to test the generality of our findings.

Conclusion

Our study demonstrates that for H. meyeri, large mamma-
lian herbivores play a significant role in shaping population
dynamics through affecting spatial variability in vital rates
and disrupting demographic compensation. When large
herbivores were excluded, H. meyeri exhibited strong demo-
graphic compensation; conversely, when all large herbivore
size guilds were present, demographic compensation was
disrupted (Figure 1B). However, rather than disrupting
demographic compensation by turning negative correla-
tions between rates to positive (as in Figure 1B), large mam-
malian herbivores disrupt compensation through reducing
variability in LTRE contributions (i.e., diminishing differ-
ences in how individual demographic rates influenced pop-
ulation growth across the rainfall gradient; Appendix S2:
Figure S3), leading to multiple rates becoming uncorrelated.
While this disruption does not significantly alter spatial var-
iation in population growth rate (Appendix S3: Figure S1),
at least at the 20-km range over which we conducted our
study, it suggests that large mammalian herbivores may
exert negative effects on woody plants such as H. meyeri not
by directly reducing population growth, but rather by elimi-
nating demographic compensation. Our findings emphasize
the need to consider both biotic and abiotic drivers when
studying demographic compensation. Although large mam-
malian herbivores non-significantly reduced population
growth in our system, herbivores in other contexts may
have positive or neutral effects on plant populations by
reducing competition (Dyer et al., 2010; Koerner
et al., 2018) or inducing overcompensation (Garcia &
Eubanks, 2019). Ultimately, understanding the complexity
of plant–herbivore interactions is key to predicting popula-
tion dynamics and species distributions in changing land-
scapes. Incorporating these insights into conservation
planning will be vital for ensuring the long-term persistence
of diverse plant communities.
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