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ABSTRACT

Human-induced high densities of large wild herbivores may pose a threat to natural ecosystems, modifying biodiversity and eco-
system functioning. Although the negative impacts on individual taxa and processes are well documented, a comprehensive under-
standing of how ecosystem integrity responds to high herbivore densities remains limited. This study addresses this gap through an
extensive herbivore-density manipulation experiment conducted in two Mediterranean woodlands. We established two scenarios of
high red deer (Cervus elaphus) density, representative of some protected areas (~30 individuals-km?) and intensively managed hunting
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estates (~90 individuals-km?). We monitored 38 metrics encompassing a broad spectrum of biodiversity and functional responses to
synthesize the short-term impacts of high herbivore densities. We revealed an overall 13% decline in ecosystem integrity after one year
of exposure to high herbivore densities, with particularly widespread impacts on functional responses and detrimental effects on bio-

diversity components. We detected rapid declines in plant diversity and a positive response of epigeic invertebrate orders. Conversely,

ants (analyzed separately), birds, and small mammals remained mostly unaffected. Functional responses were consistently impaired,

including declines in plant regeneration and physiological performance, simplified pollination networks, degraded soil structure, and

increased disease vectors. These findings show that human-induced high herbivore densities rapidly create conditions that disrupt

ecosystem integrity, reveal early signs of ecological degradation, and underscore the urgent need for population regulation.

1 | Introduction

Large wild herbivores comprise nearly half of the total biomass of
terrestrial mammals worldwide (Greenspoon et al. 2023). They are
key drivers of ecosystem structure and function, influencing vege-
tation, nutrient cycling, and habitat heterogeneity (Coté et al. 2004;
Pringle et al. 2023). Present-day large herbivores are typically
confined to isolated and often disturbed areas due to habitat loss
and fragmentation (Haddad et al. 2015; Ripple et al. 2015). This,
together with the expansion of big-game management and the
loss of top predators, has led to very high population densities in
some areas, especially among wild ungulates such as deer (Carpio
et al. 2021). Thus, across Europe, America, and Oceania, many
herbivore populations have reached unusually high local densities
(Forsyth et al. 2007; Williams et al. 2013; Carpio et al. 2021).

According to Caughley (1981), overabundance occurs when a
species’ population reaches densities that negatively affect other
species, including humans, or ecosystem functioning. This con-
cept aligns directly with ecosystem integrity, commonly defined
as the degree to which an ecosystem retains its species compo-
sition, structure, and processes (Andreasen et al. 2001; but see
Svenning 2026). Thus, under this framework, herbivore densities
become “overabundant” only when they cause negative impacts
on ecosystem integrity. Negative biodiversity responses to such
high densities have been extensively documented (C6té et al. 2004;
Carpio et al. 2021), including plants (Perea et al. 2014; Borowski
et al. 2021; Cuerdo et al. 2025), vertebrates (Allombert et al. 2005;
Crystal-Ornelas et al. 2021), invertebrates (Allombert et al. 2005),
and soil microorganisms (Baraza et al. 2025). A growing body
of evidence also documents negative functional responses (Coté
et al. 2004; Forbes et al. 2019), including effects on plant regener-
ation (Perea et al. 2014; Staver and Bond 2014), pollination (Guy
et al. 2021; Herndndez-Castellano et al. 2025), food web dynam-
ics (Bressette et al. 2012), plant physiology (Capd et al. 2024; Rello
et al. 2025), nutrient cycling (Forbes et al. 2019), and soil structure
(Ibafiez-Alvarez et al. 2022; Baraza et al. 2025). Exceptionally high
herbivore densities can also exacerbate human-health ecosystem
disservices, for instance by increasing the risk of vector-borne
diseases (Gortazar et al. 2006; Carpio et al. 2021). The threats to
biodiversity and ecosystem functions posed by wild herbivore
overabundance have spurred ecological research, yet comprehen-
sive and integrative studies are still lacking.

The temporal scale is fundamental to understanding the eco-
system impacts of herbivores (Bender et al. 1984). A rapid in-
crease in wild herbivore populations provides a clear example
of a pulse disturbance. Such pulse disturbances are often linked
to human activities that favor particular species of economic or

recreational interest. Big-game ungulates are frequently subject
to management actions (e.g., translocations and supplementary
feeding), which can trigger rapid local increases that reach high
densities (Carpio et al. 2021; Carvalho et al. 2025). Adopting
a short-term perspective is therefore critical for two main rea-
sons. Firstly, it captures the immediate ecological consequences
of sudden population surges and allows the direct effects of
high herbivore densities on both biodiversity and functional
responses to be disentangled. These relationships become diffi-
cult to isolate in long-term studies because indirect and succes-
sional effects accumulate over time. Secondly, the accelerating
pace of global change is making pulse disturbances increasingly
frequent and more challenging to monitor (Senf et al. 2025).
Thus, understanding the vulnerability of ecosystem integrity
to local increases in herbivore density requires an integrative
framework. Such a framework should simultaneously consider
biodiversity and functional responses under comparable distur-
bance impacts, both before and during the disturbance. This
integrated methodological approach, to our knowledge, has not
yet been implemented. Analyses conducted under such stan-
dardized conditions would advance our understanding of herbi-
vore pulse disturbances and provide critical understanding that
guides management decisions.

Density-manipulation experiments represent one of the most
powerful and challenging approaches for assessing the impacts
of large wild herbivores (Bernes et al. 2018; Pringle et al. 2023).
Nevertheless, most current evidence derives from exclusion ex-
periments, which present two key limitations. Firstly, they do
not control herbivore density or identity. Secondly, exclusion
plots are typically far smaller than the spatial scale at which
ecosystem processes operate. For instance, the mean plot size
identified in a recent meta-analysis on herbivore effects on
ecosystems (Trepel et al. 2024) is only 1 m?, whereas Forbes
et al. (2019) adopted a more conservative threshold and consid-
ered only plots >25m?. Such scales may still fall short of rep-
resenting spatial heterogeneity and capturing landscape-scale
effects. To overcome these limitations, Pringle et al. (2023) ad-
vocate for experimental designs involving large plots (hectares),
combined with the manipulation of specific herbivore species at
known densities. When integrated within a BACI (Before-After-
Control-Impact) experimental framework, which involves mea-
suring ecological responses before and after the disturbance, in
both control and manipulated plots, such designs enable isola-
tion of the pure effects of herbivore density from confounding
environmental factors. This combination thus provides a ro-
bust framework for assessing short-term biodiversity and func-
tional responses to high-density scenarios involving large wild
herbivores.
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We present the first hectare-scale experiment manipulating
large herbivore density to assess ecosystem vulnerability. This
study was conducted in two contrasting Mediterranean wood-
lands in the Iberian Peninsula, a region where, despite the
general challenge of establishing natural baselines for large
herbivore densities (Flojgaard et al. 2022), historical evidence
indicates that large herbivore densities over the last millennia
were several orders of magnitude lower than present-day levels
(Morales-Molino et al. 2019). We assessed the effect of red deer
(Cervus elaphus) at two densities (high and hyper-high) that po-
tentially generate overabundance conditions. We analyzed the
independent short-term sensitivity of multiple biodiversity and
functional responses using effect size contrasts. Next, we inte-
grated them via a multilevel meta-analytic approach to provide
a holistic view of how high herbivore densities affect ecosystem
integrity. Finally, we discuss the ecological mechanisms driving
these impacts and outline practical management strategies to
prevent or reduce overabundance conditions. Thus, this study
provides new insights into the exceedance of ecological thresh-
olds under extreme herbivore pressure.

2 | Material and Methods
2.1 | Study Sites

This study was conducted in two Mediterranean woodlands
in the Iberian Peninsula: Quintos de Mora (QM) and Muela de
Cortes (MC). These sites represent natural Mediterranean eco-
systems where the current vegetation structure and landscape
mosaic are shaped by ongoing natural dynamics (e.g., wildfires,
herbivory, and plant competition). QM is located in Central
Spain and characterized by a continental Mediterranean climate
with mean annual rainfall of ~500-600mm and mean annual
temperature of ~14°C. Vegetation is a mosaic of small oak wood-
lands interspersed with a sclerophyllous shrub layer. MC is lo-
cated in Eastern Spain, with a climate similar to QM. However,
lithology and soils differ (calcareous in MC vs. siliceous in QM),
therefore supporting different plant composition and vegetation
structure (scrublands with pines and oaks), although some spe-
cies are common to both areas. See Appendix S1 for a detailed
description of the study sites.

2.2 | Experimental Setting

A hectare-scale red deer density manipulation experiment was
established at both study sites in 2021. Three contrasting deer
population scenarios were recreated during one year: high den-
sity, hyper-high density, and control (no deer). These densities
were selected because they represent deer densities found in
many natural Mediterranean areas of the Iberian Peninsula
(values commonly exceed 30 ind-km?; Perea et al. 2014) and the
extreme densities often observed in intensively managed game
estates in central and southern Iberia (frequently surpassing 90
ind-km?; Azorit et al. 2012). For the exact number of female deer
maintained in each enclosure, as well as their equivalences to
standard population densities (assuming a 1:1 sex ratio and all
age classes), see Table S2.1 in Appendix S2. Hectare-scale en-
closures (2-m-high wire fences; mean area=7.4ha, range =2.6-
10.8ha) were established in areas with similar habitat

composition among enclosures. It is important to note that the
experimental design was not entirely identical in both sites. In
QM, three enclosures were established: control, high density,
and hyper density. In contrast, in MC, two large enclosures were
established, and each was divided into two sub-enclosures, in-
cluding a treatment (high or hyper-high density) and a paired
control (Figure S1.1). To facilitate wild red deer management,
only subadult (average 21 months old) female individuals were
released into the enclosures. Cervid densities before the exper-
iment were low at both study sites: ~8-10 ind-km? at QM and
~1-2 ind-km? at MC (natural densities that are considered sus-
tainable; Morales-Molino et al. 2019).

Replication was limited to two independent study sites due
to logistical constraints. These included the large size of the
experimental enclosures (mean =7.4ha) and the intensive ef-
fort required to capture, health-test, and translocate wild red
deer. To address this limitation, we focused on contrasts of
mean responses based on a large number of independent sam-
pling units (e.g., quadrats, pitfall traps, transects) distributed
within each enclosure. This high-resolution sampling design
allowed us to capture within-enclosure heterogeneity and to
obtain robust estimates of means and variances for effect size
estimation.

2.3 | Sampling Biodiversity and Functional
Responses

To assess biodiversity and short-term functional responses to
high herbivore densities, two sampling campaigns were con-
ducted: one shortly before the deer introduction (baseline data),
and another one conducted one year after the onset of the exper-
iment. Sampling dates varied slightly among surveys due to lo-
gistical constraints or phenological adjustments (Appendix S3).
Biodiversity responses were measured across several taxonomic
groups, including herbaceous plants, woody plants, ants, epigeic
invertebrates, rodents, and birds (Table 1). We quantified species
richness, abundance, and diversity using the Hill number with
q=2(i.e., the inverse Simpson diversity index, which represents
the effective number of species while giving greater weight to
dominant taxa; Chao et al. 2014). Functional responses included
soil bulk density, decomposition and stabilization of organic
matter, habitat composition, tick abundance (as a proxy for
disease risk), invertebrate trophic efficiency and biomass, and
plant-related variables such as browsing degree, chlorophyll and
anthocyanin concentrations, recruitment, fruit set, and polli-
nation network structure (Table 2). A complete list of variables
measured (and the metrics within variables), associated sample
sizes, and sampling procedures is provided in Tables 1 and 2. See
Appendix S3 for a detailed description of sampling procedures
and sample sizes, and Appendix S4 for each metric's hypothe-
sized change after a pulse of high herbivore densities.

2.4 | Data Analysis

Sampling completeness was assessed using incidence-based
rarefaction and extrapolation in the iNEXT R package (Hsieh
et al. 2015). Richness estimates were computed via interpola-
tion and extrapolation to evaluate asymptotic behavior, and
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TABLE1 | Biodiversity response variables and metrics measured.

Biodiversity variables Metric

Sampling procedure

Herbaceous vegetation (QM & MC) Richness

@ Diversity
Abundance

Woody vegetation (QM & MC) Richness

Diversity
Abundance

Ants (QM & MC) Richness

Diversity
Abundance

Epigeic-invertebrates (QM & MC) Richness

@ Diversity

Abundance
Small mammals (QM & MC) Abundance
Birds (QM) Richness
9 Diversity

Abundance

Quadrats (50x 50 cm) along fixed transects where the ground
cover (%) of each plant species was recorded. n=357; S=201

Intersection transects (30 m) where the cover of each
species intersected was recorded. n=120; S=55

Pitfall traps (50% propylene glycol) along transects. The captured
ants were counted and identified to species rank. n=204; S=49

Pitfall traps (50% propylene glycol) along transects.
The captured invertebrates were counted and
identified to order rank. n=204; Order S=36

Live traps along the transects were checked daily for three
consecutive nights; presence of small mammals: Apodemus

sylvaticus and Crocidura russula. n=561; S=2

Transect (200 m) censuses considering the
individuals seen or heard. n=35; S=34

Note: The study sites (QM = Quintos de Mora; MC = Muela de Cortes), main sampling methodology, sample sizes (n) representing the total pool of independent
measurements, and the number of species registered (S) are provided in the table. See Table S3.1 for a detailed description of sampling units across sites, treatments

and time periods.

95% confidence intervals were derived from 100 bootstrap rep-
licates. Ratio of Means effect size measurements (InRR; Hedges
et al. 1999) were used to quantify biodiversity and functional re-
sponses to high herbivore densities. For InRR estimation, the re-
lation between mean values in deer-treatment (X¢) and control
enclosures (Xc¢) was calculated separately for each metric, in the
two sites, both before and after deer introduction. This effect size
measurement is deemed appropriate given the heterogeneity of
variables, their variances, and differences in sample sizes. Mean
values and variances were calculated from the total pool of in-
dependent measurements (n) taken within each enclosure (e.g.,
quadrats, pitfalls, transects, etc.). Next, a delta (AInRR) between
response ratios before and after deer introduction was calculated
(Equation 1) to produce a standardized measure of change attrib-
utable to high herbivore density effects, thereby fully exploiting the
robustness of the Before-After Control-Impact (BACI) design.

Y +After 5 +Before
AInRR = ln<)_(t ) - 1n<§t > o
X cAfter X ¢Before

Effect sizes (InRR) were computed by the escalc function in the
metafor R package (Viechtbauer 2010). Variance estimates and
sample size were incorporated to compute 95% confidence in-
tervals for each InRR, allowing the determination of whether
observed effect sizes were significantly positive, negative, or
non-significant. For intuitive interpretation of AInRR: values
around 0 indicate no change, values above indicate an increase,
and values below indicate a decrease. Changes are considered
statistically significant if the 95% confidence interval does not

include 0. Relative (multiplicative) changes are obtained by ex-
ponentiating the AInRR values. For example, a AInRR value of
+0.23 indicates a relative change of 26% (exp [0.23] =1.26).

To evaluate the robustness of our analyses to the choice of ef-
fect size metric, we calculated effect sizes using both the Ratio
of Means (InRR) and the Standardized Mean Difference. We
found a strong correlation between InRR and SMD effect sizes
(InRRy . VS- SMDy . Kendall's 7=0.82, p<0.01;InRR ;.. VS.
SMD, ;.. Kendall's 7=0.78, p<0.01), indicating that our results
are robust and do not vary depending on the effect size metric
(Appendix S5).

To assess the effects of high herbivore densities on ecosystem
integrity, we used multilevel meta-analytic models. Rather
than relying on effect sizes from the literature, as in traditional
meta-analyses, we used our own previously calculated effect
sizes (AInRR) for each metric, treatment, and site. Several
levels of non-independence were considered in all the mod-
els: multiple effect sizes derived from (i) the same variable, (ii)
the same study site, and (iii) observation-level random effect.
Firstly, a multilevel intercept-only model was fitted to test the
overall effect of high herbivore densities on ecosystem integ-
rity, along with its uncertainty and heterogeneity. Secondly,
we fitted our meta-regression models considering the follow-
ing moderators: the type of variable (biodiversity or functional
responses), the density scenario (high vs. hyper-high) and
the response variable. All meta-regressions corresponded to
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uni-moderator meta-regressions and were computed to assess
whether the effect magnitude varied across different levels.
Additionally, we incorporated the standard error of each met-
ric as a moderator to account for potential artifacts related to
sampling precision, analogous to the small-study effects de-
scribed by Nakagawa et al. (2022). For all meta-regressions,
we estimated Rzmarginal’ representing the proportion of het-
erogeneity explained by the moderators (Nakagawa and

TABLE 2 | Functional response variables and metrics measured.

Schielzeth 2013). Following the pluralistic approach proposed
by Yang et al. (2025), we estimated absolute heterogeneity (o2,
representing the total variation not attributable to sampling
error), its sources (relative heterogeneity I2), as well as mean-
standardized heterogeneity (CVH?) and variance-mean-
standardized heterogeneity (M?). Asymmetry in effect sizes
was evaluated using a funnel plot exploration (Figure S6.1).
We implemented the analyses using the rma.mv function for

Functional variables

Metric

Sampling procedure

Soil density (QM & MC)

Soil organic matter (QM & MC)

®

Habitat composition (QM & MC)

Q

Browsing (QM)

Invertebrate structure and function

(QM & MC)

o

Regeneration (QM & MC)

Q

Plant stress ecophysiological
responses (QM & MC)

e

Fruit production (QM)

Superficial apparent density

Stabilization (S)

Decomposition (K)

Bare ground and litter cover

Vegetation (understory)
layer height

CWM,

Invertebrate trophic efficiency

Invertebrate biomass

Richness
Diversity
Abundance
Chlorophyll

Anthocyanin

Fruit set for an unpalatable
scrub species

Fruit set for a palatable
scrub species

Bulk density proxies following
Deru et al. (2018). n=200

Un-decomposed fraction of buried organic
material, estimated from mass loss of rooibos
tea bags (Keuskamp et al. 2013). n=255

Initial decomposition rate of labile organic matter,
calculated from mass loss of ~90days buried
tea bags (Keuskamp et al. 2013). n=212

Intersection transects (30 m length) where
the intersected covers of litter and bare
ground were recorded. n=120

Five points on each transect where vegetation
height was measured. n=600

Average browsing degree for the entire plant
community estimated by a community weighted mean
(Grime 1974) of a qualitative herbivory score ranging
from 0 to 5 presented by Perea et al. (2015). n=60

Using the Lambda, based on the slope of the
linear regression of the body size spectrum of
all individuals sampled in pitfall traps, as an
indicator of the Ecosystem Trophic Efficiency
(Andersen 2019; Guiet et al. 2016). n =200

Using the Kc coefficient equivalent to the Intercept of
the linear regression of the body size spectrum of all
individuals sampled in pitfall traps, as an indicator
of the Ecosystem Carrying Capacity. n=204

Linear transects (30 m long, 4 m wide) where
the number of regenerated individuals of each
species was quantified. n=96; S=25

Chlorophyll and anthocyanin concentration
(mg/cm?) in new leaves of a highly palatable
tree (Quercus ilex) recorded using a DUALEX
Scientific sensor (Dobrota et al. 2015). n =246

Monitoring of marked flowers of Cistus ladanifer
(unpalatable) and Cistus populifolius (palatable)
and until fruit maturation. Fruit set represents the
proportion of flowers developing into mature fruits
(combined effects of pollination success and red
deer florivory). n. , danifer= 7005 e outiforius = 361

(Continues)
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TABLE 2 | (Continued)

Functional variables Metric

Sampling procedure

Pollination (QM)

Pollinator richness

Interaction richness

Network interaction evenness

Network connectance

Network modularity

Vector encounter risk (MC)

©

Flowering species richness

Ticks abundance

Number of different flowering species
with at least one pollinator visit detected
in linear transects. n=18; S=25

Number of different pollinator species
interacting with flowering plants detected
in linear transects. n=18; S=228

Number of different pairwise interactions
in pollination networks recorded in
linear transects. n=18; S=530

The Shannon's evenness for the link weights in
pollination networks recorded in linear transects

Linkage density divided by number
of species in pollination networks
recorded in linear transects. n=18

The LPAwb+ algorithm, to detect densely
connected groups of nodes in pollination
networks recorded in linear transects

Tick sampling through a standardized dragging
along 10 strip transects of 250 m across vegetation.
The total number of ticks (Rhipicephalus
bursa) per transect was recorded. n=74

Note: The study sites (QM =Quintos de Mora; MC =Muela de Cortes), main sampling methodology, and sample sizes (n) representing the total pool of independent
measurements are provided in the table. See Table S3.1 for a detailed description of sampling units across sites, treatments and time periods.

the metafor R package, applying the REML method and the
t-test for moderator significance and confidence interval esti-
mation. Some effect sizes were reversed in sign to facilitate the
interpretation of the meta-analysis in terms of the detrimen-
tal (negative) versus beneficial (positive) effects on the eco-
system. This adjustment was only necessary for metrics for
which an increase is known to represent a negative impact on
the ecosystem (e.g., soil bulk density or the degree of browsing
at plant community level). We excluded from the analysis the
variables with the least taxonomic resolution (the order diver-
sity and richness for epigeic invertebrates) and the least robust
effect size estimates (vector encounter risk and fruit set of the
palatable plant Cistus populifolius; see Figure S6.2). The data
and R code used in this study are in Isla et al. (2026).

3 | Results

Our ecosystem-level sampling yielded 44,196 independent
biodiversity records (individuals detected). Plants accounted
for 14.2% of the total (201 herbaceous and 55 woody species),
ants contributed 20.8% (49 species), epigeic invertebrates com-
prised 58.3% (34 orders), birds represented 0.7% (30 species) and
small mammals 0.6% (two species). Functional response sam-
pling recorded 2962 regenerating plants (25 species) and 13,783
pollination interactions (530 unique interactions) between 25
flowering species and 228 pollinator species. Detailed species
richness data before and after deer introduction across sites and
treatments are provided in Table S6.1 in Appendix S6. Sample

coverage was high across all taxonomic groups (range: 85-100;
mean =96.58%), as estimated from the observed incidence fre-
quencies (Chao and Jost 2012). Moreover, the rarefaction and
extrapolation curves of each group approached an asymptote,
confirming that sampling effort was sufficient (Figure S6.3).

3.1 | Biodiversity Responses to High Herbivore
Densities

3.1.1 | Plant Responses

Woody and herbaceous plant communities were significantly
sensitive to high herbivore densities (Figure 1). The herbaceous
community was negatively affected across the three measured
dimensions (richness, diversity, and abundance), with abundance
being the most affected component. Herbaceous abundance (cover)
consistently dropped by about half under hyper-high-density con-
ditions (—45% in QM and —43% in MC). In the case of the woody
community, statistically significant effects were only detected in
MC, where species richness decreased under both high- and hyper-
high-density scenarios (by —32% and —23%, respectively), while di-
versity decreased by —35% only under the high-density scenario.

3.1.2 | Animal Responses

Epigeic invertebrates showed positive responses to the pulse
of high herbivore densities in QM (Figure 1). Order richness
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FIGURE1 | Polar plot showing the effect sizes (AInRR) of biodiversity metrics in response to high (~30 ind-km?) and hyper-high (~90 ind-km?)
deer densities (in clockwise order): Herbaceous vegetation, woody vegetation, small mammals, ants, birds, and epigeic invertebrates. Points towards

outside the dashed line indicate an increase, whereas points inside the line indicate a decrease. Lines represent 95% confidence intervals accounting

for the variance of the included measurements and sample size. Bold symbols highlight significant metrics. AInRR values in the top-right legend

(-2, -1, 0, 1, 2) indicate relative changes in response variables: —86.5%, —63.2%, 0, +171.8%, and +639%, respectively. Changes are proportional, not

linear, as the ratio of means is based on log-transformed values.

increased by ~57% and similar responses were detected for order
diversity. The strongest responses were recorded for invertebrate
abundance, which increased by ~88% and 100% under hyper-
high and high-density scenarios, respectively. The positive re-
sponse was generalized across the main epigeic invertebrate
orders, although some (e.g., Collembola) showed particularly
strong increases in abundance. Ants, birds, and small mammals
show no significant responses.

3.2 | Ecosystem Functioning Responses to High
Herbivore Densities

3.2.1 | Soil Structure and Function Responses

Below ground, soil bulk density increased by 26% due to the hyper-
high-density treatment in MC (Figure 2). Soil organic matter sta-
bilization and decomposition parameters remained unaffected.

3.2.2 | Plant-Related Processes Responses

Above ground, the average value of herbivory supported by the
plant community (CWM,) increased by 118% in hyper-high-
density treatment enclosures. This result represents a more than
twofold increase in the mean browsing score for the entire com-
munity (Figure 2). This intense pressure on the plant commu-
nity induced physiological stress responses (anthocyanins and

chlorophyll) in the new leaves of holm oak (Quercus ilex). In the
short term, anthocyanin concentrations (a herbivory-defense
compound) more than doubled, while chlorophyll concentration
decreased, reducing photosynthetic capacity by half.

Woody regeneration was significantly reduced in abun-
dance, richness, and diversity of recruits by —85%, —58% and
—52%, respectively, in the high-density enclosures of MC.
Additionally, for the two focal species selected to assess plant
fitness, the fruit set (transition from flowers to fruits) was se-
verely reduced in the palatable species (Cistus populifolius),
leaving almost no flowers available under both high herbivore
density scenarios.

Plant-pollinator networks showed broad short-term sensitivity
to high herbivore densities. Both compositional attributes (rich-
ness of flowering plant and unique interactions) and topological
metrics (interaction evenness, connectance, and modularity) re-
sponded strongly (Figure 2). Selective loss of flowering species
(up to a 60% reduction under hyper-high density) led to a parallel
50% decline in interaction richness, resulting in an erosion of
network topological metrics.

3.2.3 | Ecosystem Disservices

Regarding vector encounter risk, we detected 68 ticks in MC after
one year of deer presence, whereas we found only one in the
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control enclosures. These highly contrasting results yield very
large effect size estimates (asterisks in Figure 2) and clearly point
to an increase in vector encounter risk due to high herbivore den-
sities. We did not find any ticks in QM.

Neither habitat structure nor invertebrate trophic structure
showed significant responses. However, the proportion of
bare ground increased under high densities at MC (Figure 2).
Estimated invertebrate biomass also increased, consistent across
both sites and both high-density treatments (Figure 2).

3.3 | Sensitivity of Biodiversity and Functional
Responses to High Herbivore Densities

The intercept-only multilevel meta-analysis revealed that
high herbivore densities caused a statistically significant
13% decrease in overall ecosystem integrity (Figure 3a;
AInRR=—-0.14, 95% CI: [-24.72, —0.39]; p=0.044). The het-
erogeneity among effect sizes was statistically significant
(@=209.6, p<0.01; Figure 3a). Most variability was found
among groups (I =38.05%; Figure 4), followed by site differ-
ences (I?=10.31%; Figure S6.4).

Our multilevel meta-regressions provided no evidence that the
overall impact of high herbivore densities on ecosystem integ-
rity differed between biodiversity and functional response met-
rics (p =0.20; Figure 3b), and both types of metrics exhibited a
general negative response. However, this moderator explains
an important percentage of heterogeneity (Rzmarginal=7‘1%)’
and this meta-analytic mean statistically decreased only for
functional responses (AINRR . vional metrics = —0-17; Figure 3b),
but not for diversity metrics (AlnRRBiodiversity metrics = —0-07;
Figure 3b). No significant differences were detected between
the two density scenarios (p =0.84; Figure 3c). This indicates
that both high- and hyper-high-density conditions exerted
similar detrimental effects on ecosystem integrity in the
short term (despite substantial variability in the sensitivity
of individual metrics). Finally, we found no evidence of sam-
pling precision in the overall effect of large wild herbivores

(p=0.35; Figure 3d).

4 | Discussion

The impacts of high densities of large herbivores are well stud-
ied (Coté et al. 2004; Barbero-Palacios et al. 2024; Carvalho
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et al. 2025), but short-term biodiversity and functional re-
sponses remain unclear and are poorly integrated. Our study
fills this gap in knowledge by presenting the largest hectare-
scale wild herbivore density manipulation experiment con-
ducted to date. This experiment allowed us to assess the
short-term impacts of high densities of large herbivores on
ecosystem integrity. Ten of the 16 variables were significantly
impacted in at least one site or treatment, and meta-analysis
showed negative effects on ecosystem integrity (a decline of
13%) that did not differ in magnitude between high and hyper-
high densities. Together, these findings demonstrate that
herbivore high density rapidly disrupts not only natural com-
munities, but also the abiotic components and ecological pro-
cesses that support ecosystem integrity. Given the widespread
negative impacts documented here, the high deer densities
tested clearly constitute overabundance conditions. Below, we
discuss the potential underlying mechanisms, broader impli-
cations, and the relevance of these results to evidence-based
management strategies addressing large herbivore overabun-
dance and ecosystem integrity maintenance.

4.1 | Biodiversity Responses

Our results clearly indicate that scenarios of herbivore overabun-
dance generate immediate and widespread impacts on biodiver-
sity across multiple taxa. This finding is particularly novel, as
most studies have traditionally assessed the effects of herbivore
overabundance on biodiversity over long temporal scales rather
than in the short-term (Perea et al. 2014; Pringle et al. 2023;
Ramirez et al. 2021). In vegetation, both the herbaceous and
woody layers showed reductions in cover, richness and diver-
sity. While large herbivores can sometimes enhance herbaceous
cover and diversity (Coté et al. 2004; Trepel et al. 2025), our
results show that under overabundance scenarios, plant com-
munities shift toward an overgrazing situation where species
decline according to their palatability (Mysterud 2006). This
pattern is consistent with previous observations in similar stud-
ies (Cuerdo et al. 2025; Perea et al. 2014) and aligns with the fact
that the red deer are mixed-feeders that consume both woody
and herbaceous plants. Red deer can browse very heavily when
herbaceous plants are missing or dry and, particularly during
the long Mediterranean summer drought (3-4months) when
only browse is available (Perea et al. 2014; Perea and Gil 2014).
In contrast to vegetation, epigeic invertebrates showed a posi-
tive response generalized across the main orders, resulting in
positive responses across multiple guilds (detritivores, preda-
tors, coprophages, etc.). These results contrast with those found
in other ecosystems such as grasslands (Wang et al. 2022) and
likely mask order-specific responses (Zhu et al. 2022). This pat-
tern may be explained by habitat amelioration and resource
(food) enhancement by the transfer of nutrients and energy from
plants to soil mediated by deer activity. Other taxonomic groups,
such as ants, birds, and small mammals, showed no significant
responses. Previous studies, however, suggest that these taxa
can become vulnerable to herbivore high densities (Chollet and
Martin 2013; Teichman et al. 2013; Crystal-Ornelas et al. 2021;
Afonso et al. 2024). This may reflect greater resilience, weaker
and more indirect interactions with herbivores, or the need for
broader spatial scales. Taken together, these results highlight
that herbivore overabundance exerts rapid impacts on key taxa,

raising concerns about potential cascading effects on other
groups and on ecosystem functioning (Bressette et al. 2012;
Ramirez et al. 2021), which we address in the following section.

4.2 | Ecosystem Functioning Responses

Alongside biodiversity responses, the impact of large wild her-
bivore overabundance on process-related variables was more
prevalent than on biodiversity responses. Although previous
research has shown that these processes could be altered by
large herbivores, such evidence principally emerges from
small-scale enclosure experiments, under uncontrolled her-
bivore densities, and over medium- to long-term timescales
(Coté et al. 2004; Forbes et al. 2019; Pringle et al. 2023; Trepel
et al. 2024). As expected, we found that herbaceous and woody
vegetation were particularly sensitive to herbivory, as brows-
ers can constrain plant growth and persistence (Bradshaw and
Waller 2016). They can further limit regeneration by damag-
ing flowers, fruits, and seedlings (Perea and Gil 2014; Staver
and Bond 2014). Here, the community-level browsing degree
(CWM,) increased sharply under hyper-dense conditions, re-
vealing a clear signal of overbrowsing that affected the entire
plant community and prevented regeneration in many species.
As expected, these impacts were not uniformly distributed
among species as they were strongly modulated by herbivore
dietary preferences. For instance, the reproductive success
of highly palatable Cistus populifolius was severely compro-
mised due to intense florivory and fruit predation, whereas
the avoidance of the unpalatable Cistus ladanifer enabled this
species to fruit successfully, thereby favoring population re-
cruitment (Malo and Sudrez 1996). However, whether long-
term high densities of ungulates undermine these potential
benefits depends strongly on the abundance of alternative pal-
atable food and the probability that those alternative taxa go
locally extinct (Perea et al. 2014). Importantly, low-palatable
plants (mainly C. ladanifer) persist in pollination networks,
helping to sustain structural integrity and prevent further
fragmentation. Nevertheless, these pollination networks
were substantially altered under herbivore overabundance,
as has been reported in other ecosystems such as savannas
(Guy et al. 2021). This primarily occurred through the extir-
pation of flowering species (Beckett et al. 2022), leading to a
loss of interactions and network architectural shifts towards
less connected and more vulnerable topologies. Over longer
timescales, such shifts are likely to promote further destabi-
lization, compromising pollination services to plants and the
maintenance of pollinator communities. Additionally, plants
exhibited short-term, stress-induced physiological and spec-
tral responses, including reduced chlorophyll and increased
anthocyanin concentrations, reflecting an early redistribution
of resources to activate defensive pathways (Capo et al. 2024;
Rello et al. 2025). Along with other rapid negative responses,
this reallocation of resources likely contributes to decreased
plant fitness, particularly in species with limited historic
exposure to herbivory and thus reduced tolerance capacity
(Capd et al. 2021; Huot et al. 2014). Overall, these findings un-
derscore that overabundance pressures can trigger rapid phys-
iological and community-level responses in vegetation-related
processes, with potential cascading consequences across tro-
phic levels, above and below ground.
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FIGURE3 | (A)Orchard plot showing the meta-analytic mean effect of high and hyper-high deer densities on ecosystem integrity. Overall, pulse
disturbances by herbivore high density show detrimental effects (negative) on ecosystem integrity. (B) Multilevel meta-regression showing stronger
(but statistically non-significant) effects on functional than on biodiversity responses to high herbivore density. (C) Multilevel meta-regression show-
ing no differences in metric responses between high- and hyper-high-density scenarios. (D) Bubble plot of the multilevel meta-regression, showing
model estimates (black line), 95% CIs (thick dashed lines), 95% prediction intervals (thin dashed lines) and metric responses sized by precision. All
orchard plots of the multilevel models display the meta-analytic means (black circle), 95% confidence intervals (thick whiskers), 95% prediction inter-
vals (thin whiskers) and individual effect sizes (circles) scaled by their precision. k is the number of effect sizes, and the number of groups is shown
in brackets.

Beyond vegetation-mediated effects, soil physical properties Mediterranean soils are characterized by strong small-scale
responded quickly to herbivore overabundance, as evidenced spatial heterogeneity that can mask short-term functional re-
by a clear increase in bulk density under hyper-high density =~ sponses to trampling (Ibafiez-Alvarez et al. 2022). Therefore,
conditions. Although organic matter decomposition is often short-term increases in bulk density may not translate into
expected to decline when soils become compacted (Vogel detectable shifts in decomposition or stabilization of organic
et al. 2018), we did not detect changes in standardized organic matter, even though longer-term reductions in grazing pres-
matter decomposition or stabilization. This result is consistent sure have been associated with lower decomposition rates in
with studies reporting limited short-term effects of herbivores similar systems (Oggioni et al. 2020). Finally, broader ecosys-

on organic matter decomposition (Ibafiez-Alvarez et al. 2022). tem responses were also strong; for example, the probability
In contrast to ecosystems where herbivores consistently re- of tick encounters, and thus the risk of vector-borne disease,
duce decomposition by altering microbial nutrient demand or increased markedly under herbivore overabundance, high-
creating less favorable microclimates (Ramirez et al. 2021), lighting an important ecosystem disservice. This finding
10 of 15 Global Change Biology, 2026

85U SUOWWOD dAReR.D 3|qedtidde auy Ag pausencd e sap e YO ‘88N JO SaIni 104 ARIQIT UIIUO AB]IM UO (SUORIPUOD-PUB-SLLLBYWOY B 1M"AzeIq 1 [BU1jUO//SARY) SUORIPUOD PUE SW L 83 885 *[9202/90/52] U0 A%eiqiT8uliuo A8|IM ‘(PepILES 8P OLIBISIUIN) UOKSIAOL] [UO BN BLILR0D USIUedS AQ 4960, GOB/TTTT 0T/I0p/w00™/B| 1M Areiq1jeutjuo;/Sduy Wwoi) pepeojumoq ‘9 ‘9202 ‘987ZS9ET



Epigeic invertebrates - @ + 4 o
]
Ants - °
Woody plants - ——O—IP—
1
Herbaceous plants _+_:_
|
]
4 (]
Rodents = O ; o
1
Birds - — -
° ® e

Soil organic matter parameters -

Invertebrate structure and function -

+
Soil density - —O—
1
' @
Habitat composition - ..'_..-_'__
@ @
1
Woody regeneration4 e e ® .—*._
1
Fruit set+ —&1_
1
Pollination networks - —O— :
]
Plant ecophysiological responses __.‘__ :
. 1
Browsing (CWMs) - —_— :
}
1.0 0.5 0.0 0.5
Effect size (AInRR)

FIGURE 4 | Orchard plot showing variable-specific meta-analytic
mean effects. For each variable, effect sizes were pooled across the den-
sity treatments (high and hyper-high) and two sites; the overall mean
thus reflects the general magnitude of response to high deer densities.
Colored variables indicate that at least one metric was significantly af-
fected under some treatment or site (e.g., soil bulk density in hyper-high-
density deer treatment in MC). Big circles represent the meta-analytic
mean for each variable; small circles represent specific effect sizes from
each metric in each treatment and site, for example, ant richness under
hyper-high-density treatment in MC, with circle size scaled by preci-
sion. Thick whiskers=95% confidence intervals; thin whiskers=95%
prediction intervals.

highlights how herbivore overabundance can rapidly generate
socio-ecological impacts that extend beyond biodiversity loss
and biophysical degradation, influencing human well-being
and disease risk. Altogether, these results illustrate the multi-
dimensional nature of ecosystem functional responses under
extreme herbivore pressure, in which biotic, abiotic, and even
human-health-related processes are negatively impacted.

4.3 | Limitations and Future Perspectives

Through our integrative approach, robust evidence that her-
bivore overabundance disrupting key processes that underpin
ecosystem functioning and biodiversity. Our results also reveal
strong context-dependent effects of herbivores on ecosystems in
line with previous studies (Forbes et al. 2019; Wang et al. 2022).
While some of the most sensitive metrics (e.g., herbaceous veg-
etation) show consistent responses across both study sites and
treatments, others (e.g., epigeic invertebrates) exhibit more
variable responses, but never opposite trends. Following the
experimental framework proposed by Pringle et al. (2023), our
study prioritized ecological realism by using large hectare-scale
enclosures, which inevitably entails a trade-off in spatial repli-
cation. Consequently, we acknowledge that further large-scale
experiments across diverse climatic and geographical contexts

are needed to support generalizations about the impacts of
high herbivore densities on ecosystems. Recent research as-
sessing the ecosystem effects of large herbivores indicates that
their influence remains consistent across spatial scales (Trepel
et al. 2025), thereby supporting the extrapolation of our find-
ings to broader scales. Nevertheless, our findings should be in-
terpreted in light of the restricted ungulate mobility imposed
by fencing (Boone and Hobbs 2004; Carpio et al. 2015). Such
spatial confinement, though typical of intensively managed
areas, can modify natural behavior and potentially amplify
the ecological impacts of ungulates (Boone and Hobbs 2004).
Future work could address these limitations and generate more
specific transferable insights by establishing intermediate un-
gulate densities. These future approaches would improve our
capacity to identify ecological thresholds and carrying capaci-
ties, parameters that have thus far been inferred only indirectly
(Morellet et al. 2007; Perea et al. 2015).

4.4 | Implications for Conservation
and Management

For the first time, our study simultaneously captures ecosys-
tem responses by combining direct manipulation experiments,
multiple sampling techniques, and an integrative analytical
framework. By applying multilevel meta-analysis, our work
provides an approach to assessing ecosystem integrity sensi-
tivity that can be extended to other complex experimental de-
signs and ecologically relevant contexts. For instance, similar
approaches could be applied in heterogeneous datasets to eval-
uate ecosystem recovery following the cessation of herbivore
disturbance, or to assess the success of restoration strategies
(such as those following wildfire). Our results clearly show
that the large herbivore densities currently observed in many
natural areas and hunting estates are ecologically unsustain-
able. The short-term ecosystem responses documented here
further indicate that such elevated densities are incompatible
with ecosystem stability, raising concerns about potentially
irreversible consequences. The degradation observed affects
multiple components and functions: severe impacts on plant
communities and their processes (regeneration, pollination,
photosynthesis), along with soil structure and disease vectors,
reveal a critical impact of a high-density large herbivore pulse
on key elements of ecosystem integrity. Taken together, these
findings underscore an urgent need for management inter-
ventions to reduce overabundant large herbivore populations
below key sustainability thresholds. We therefore recommend
measures such as limiting supplementary feeding, strengthen-
ing population control programs, avoiding excessive fencing
and unnecessary translocations, and facilitating the recovery
of natural predators. Such efforts should be guided by the most
sensitive ecological metrics identified here, which provide an
early and reliable indication of when population pressures
begin to compromise ecosystem integrity.
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Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Appendix S1: Study sites. Figure S1:1
Study area locations (top), enclosure setup (left), and illustrative photo-
graphs (right). Note the contrast in herbaceous cover and bare ground
between the left side (herbivore high-density scenario) and the right
side (control) of the central photograph, where the exclusion fence at
MC is visible. Map lines delineate study areas and do not necessarily
depict accepted national boundaries. Appendix S2: Experiment design.
Table S2:1 Mean (min-max) deer numbers (deer) and deer density sta-
tistics (mean, min-max) kept in our experimental enclosures in Quintos
de Mora (QM) and Muela de Cortes (MC). Equivalent density refers to a
standard population of 1/1 sex ratio of all ages. In MC, the control hect-
ares represent the sum of the two control enclosures. Appendix S3:
Field sampling. Figure S3:1 Photograph of exclusion fence of Muela de
Cortes exclusion fence between high-density treatment enclosure (left)
and control enclosure (right). Bare soil is observed in the overabundant
enclosure, and the highest cover of herbaceous vegetation (mainly Stipa
offneri) in the control enclosure. Figure S3:2 Captured individual of
Apodemus sylvaticus. Figure S3:3 Branch and leaves of holm oak
(Quercus ilex) browsed by red deer (Cervus elaphus) in a plot with high
deer density. Figure S3:4 Photograph of Cistus populifolius next to the
exclusion fence in Quintos de Mora. The plant is located within the con-
trol plot, adjacent in this case to the high-density deer treatment (to the
right). Developing fruits (capsules formed after successful pollination of
the season's flowers) can be observed. Their presence indicates that,
without herbivores, this individual was able to flower and set fruit.
Photo taken by Carmen Rello. Figure S3:5 Tick (Rhipicephalus bursa)
on vegetation. Figure S3:6 Photograph of the core-ring for bulk density
estimation. Table S3:1 Sample size breakdown by study site (Quintos de
Mora, QM and Muela de Cortes, MC), treatment (control, high density,
hyper-high density), and sampling period (Before/After deer introduc-
tion). Values indicate the number of independent sampling units for
each biodiversity and functional metric. Appendix S4: Hypothesized
change after a pulse of herbivore overabundance. Table S4:1
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Biodiversity response variables and metrics measured. The study sites
(QM =Quintos de Mora; MC =Muela de Cortes) and the hypothesized
change after a pulse of wild herbivore abundance is stated in the table.
Table S4:2 Functional response variables and metrics measured. The
study sites (QM = Quintos de Mora; MC =Muela de Cortes) and the hy-
pothesized change after a pulse of wild herbivore high densities.
Appendix S5: Data analysis. Figure S5:1 Relationship between the ef-
fect sizes calculated using the log response ratio (InRR) and the stan-
dardized mean difference (SMD) for the pre-treatment period (2021),
before deer introduction. Each point represents an effect size for a spe-
cific treatment and site. The dashed lines indicate zero, where values
above zero in SMD represent positive responses, and values to the right
of zero in InRR indicate positive effects, and vice versa. A strong posi-
tive association was observed between both effect size metrics (Kendall's
7=0.82, p<0.001), confirming the consistency of our results regardless
of the selected effect size metric. Figure S5:2 Relationship between the
effect sizes calculated using the log response ratio (InRR) and the stan-
dardized mean difference (SMD) for the post-treatment period (2022),
after deer introduction. Each point represents an effect size for a specific
treatment and site. The dashed lines indicate zero, where positive SMD
values correspond to positive responses, and positive InRR values (to
the right of zero) indicate positive effects. A strong positive association
was observed between both effect size metrics (Kendall's 7=0.78,
p<0.001), confirming the consistency of our results regardless of the
selected effect size metric. Figure S5:3 Relationship between the
changes in effect sizes (A =Before—After) calculated using the log re-
sponse ratio (InRR) and the standardized mean difference (SMD). Each
point represents the change in effect size for a specific treatment and
site. The dashed lines indicate zero, with positive values denoting in-
creases in response strength (above zero for SMD; right of zero for
InRR). A strong positive association was observed between both effect
size metrics (Kendall's 7=0.73, p <0.001), confirming the consistency of
our results regardless of the selected effect size metric. Figure S5:4
Effect size values for ant abundance, richness and diversity obtained
with InRR (left) and SMD (right), before and after density manipulation
experiment. Figure S5:5 Effect size values for epigeic invertebrate's
abundance, order richness and diversity obtained with InRR (left) and
SMD (right), before and after density manipulation experiment. Figure
S5:6 Effect size values for small mammal abundance obtained with
InRR (left) and SMD (right), before and after density manipulation ex-
periment. Figure S5:7 Effect size values for soil apparent density ob-
tained with InRR (left) and SMD (right), before and after density
manipulation experiment. Figure S5:7 Effect size values for bird abun-
dance, richness and diversity obtained with InRR (left) and SMD (right),
before and after density manipulation experiment. Figure S5:8 Effect
size values for herbaceous vegetation abundance, richness and diversity
obtained with InRR (left) and SMD (right), before and after density ma-
nipulation experiment. Figure S5:9 Effect size values for woody vegeta-
tion abundance, richness and diversity obtained with InRR (left) and
SMD (right), before and after density manipulation experiment. Figure
S$5:11 Effect size values for habitat composition obtained with InRR
(left) and SMD (right), before and after density manipulation experi-
ment. Figure S5:12 Effect size values for vector encounter risk (ticks in
vegetation) obtained with InRR (left) and SMD (right), before and after
density manipulation experiment. Figure S5:13 Effect size values for
woody vegetation regeneration abundance, richness and diversity ob-
tained with InRR (left) and SMD (right), before and after density manip-
ulation experiment. Figure S5:14 Effect size values for community
browsing degree (CWMB) obtained with InRR (left) and SMD (right),
before and after density manipulation experiment. Figure S5:15 Effect
size values for fruit production (fruit set) of Cistus populifolius and
Cistus ladanifer obtained with InRR (left) and SMD (right), before and
after density manipulation experiment. Figure S5:16 Effect size values
for plant-pollinator network parameters obtained with InRR (left) and
SMD (right), before and after density manipulation experiment. Figure
S5:17 Effect size values for soil organic matter decomposition parame-
ters obtained with InRR (left) and SMD (right), before and after density
manipulation experiment. Appendix S6: Results. Figure S6:1 Funnel
plot of effect sizes included in the multilevel intercept-only meta-
analysis model. Each point represents an individual effect size plotted

against its standard error. The symmetrical distribution of points
around the mean effect suggests no evidence of asymmetry. Figure
S6:2 Histogram of AInRR effect sizes. Outlier effect sizes are high-
lighted in red: on the left, the fruit set of Cistus populifolius under the
two deer overabundance scenarios in QM (high and hyper-high), and on
the right, tick abundance under the two density scenarios in MC (high
and hyper-high). Figure S6:3 Sample completeness curves for the four
studied variables, generated from incidence-based data using iNEXT R
package (Hsieh et al. 2015). Solid lines represent interpolated species
accumulation, and dashed lines represent extrapolations beyond the ob-
served sampling effort. Shaded areas indicate 95% confidence intervals.
In all cases, high sample coverage values were obtained, indicating that
biodiversity within each group was adequately sampled across study
sites. Ants (QM=98%; MC=99%), Epigeic invertebrates (QM=99%;
MC=99%), Herbaceous vegetation (QM =96%; MC =96%), Woody vege-
tation (QM =100%), Birds (QM=90%), Regeneration of woody plant
species (QM=98%; MC =100%) and Pairwise pollination interaction
richness (QM =85%). Table S6:1 Observed species richness before and
after deer introduction across study sites and treatments. Values repre-
sent the number of recorded species for herbaceous vegetation, woody
vegetation, ants, birds, and woody regeneration; the number of recorded
orders for epigeic invertebrates; and the number of unique plant-
pollinator interactions for the pollination networks are also provided.
Figure S6:4 Orchard plot from a multilevel meta-regression illustrates
that the negative impact of high herbivore densities is stronger in Muela
de Cortes than on Quintos de Mora, although both exhibit negative
mean effects. The orchard plot shows the meta-analytic means (black
circles), 95% confidence intervals (thick whiskers), 95% prediction inter-
vals (thin whiskers), and individual effect sizes scaled by their precision
(circle size). k denotes the number of effect sizes, and the number of
groups (e.g., birds) is shown in brackets. This multilevel meta-regression
was fitted to unravel the heterogeneity of the non-independence factor
site of our intercept-only model.
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