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Meta-analysis shows that wild large
herbivores shape ecosystem properties and
promote spatial heterogeneity
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Megafauna (animals >45 kg) have probably shaped the Earth’s

terrestrial ecosystems for millions of years with pronounced impacts on
biogeochemistry, vegetation, ecological communities and evolutionary
processes. However, a quantitative global synthesis on the generality

of megafauna effects on ecosystems is lacking. Here we conducted a
meta-analysis 0of 297 studies and 5,990 individual observations across

six continents to determine how wild herbivorous megafaunainfluence
ecosystem structure, ecological processes and spatial heterogeneity,

and whether these impacts depend on body size and environmental
factors. Despite large variability in megafauna effects, we show that
megafauna significantly alter soil nutrient availability, promote open
vegetation structure and reduce the abundance of smaller animals. Other
responses (14 out of 26), including, for example, soil carbon, were not
significantly affected. Further, megafaunassignificantly increase ecosystem
heterogeneity by affecting spatial heterogeneity in vegetation structure
and the abundance and diversity of smaller animals. Given that spatial
heterogeneity is considered an important driver of biodiversity across
taxonomic groups and scales, these results support the hypothesis that
megafauna may promote biodiversity at large scales. Megafauna declined
precipitously in diversity and abundance since the late Pleistocene, and our
results indicate that their restoration would substantially influence Earth’s
terrestrial ecosystems.

Large mammalian herbivores (=45 kg body mass*?, henceforth mega-
fauna) have shaped Earth’s ecosystems for more than 35 Myr**, How-
ever,inthelate Pleistocene and early Holocene, terrestrial megafauna
suffered a global wave of declines and extinctions strongly linked to
the worldwide expansion of humans’ . These extinctions (50,000-
7,000 years ago) led to extreme global body size downgrading to levels
not seen since the extinction of dinosaurs 66 million years ago* with
profound consequences for ecosystem processes™’ ",

Megafauna are considered disproportionately important for
biosphere functioning because of their ability to access resources
that are not available to smaller consumers, digest high amounts of
low-quality biomass, shape fire dynamics and move over very large
distances™ ™. This enables large animals to increase nutrient cycling,
contribute to seed and nutrient dispersal®, and reshape vegetation™',
with direct and indirect effects on soil properties and processes'”,
plant diversity, productivity and structure'*'’, and animal abundance
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Fig. 1| Effects of herbivorous megafauna on mean ecosystem responses and
heterogeneity within these responses. Model estimates (+95% confidence
interval (CI)) for the different response categories, derived from random-effects
meta-analytic models® (see Methods for details). Purple symbols indicate a
significant negative impact, green symbols a significant positive impact and
white symbols a non-significantimpact of large herbivores. Stars indicate
different significance thresholds: *P < 0.05; **P < 0.01; ***P < 0.001. Each point in
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the background indicates a datapoint (that is, a pairwise comparisonin a study
such as exclosure vs control) used in the analysis of the respective response. The
numbers after each label on the y axis provide information about the sample size
of the measured response, that is, number of datapoints, with the number of
studies enclosed in brackets. a, Effect on mean response (Hedges’ g); b, Effect on
heterogeneity in response (InCVR).
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and diversity***. These effects are predicted to be modulated by body
size”” and environmental conditions such as nutrient availability**
and productivity**.

One ofthe key hypothesized impacts of megafaunais the promo-
tion of ecosystem heterogeneity®, for example, by creating local nutri-
ent hotspots'®” and heterogeneity in vegetation structure through
physical disturbance®. This can translate to increased diversity of
vegetation types atlandscape scales™. In general, biodiversity increases
with environmental heterogeneity across spatial scales, biomes and

community and structure and other animals*™, a formal quantita-

tive test for the generality of these impacts across ecosystems and
taxonomic groups s lacking'*. Asmegafaunaare particularly affected
by past, current and potential future defaunation’, addressing this
knowledge gap isimportant.

Using a meta-analytic approach, we compiled and analysed an
extensive global database to quantify the effects of megafauna on
ecosystems. Further, we employed a meta-analytic effect-size measure
thatallows estimation of effects on variability to test their effect onthe

taxonomic groups® by both increasing available niche space (allowing  heterogeneity within each ecosystem response®.

more species to coexist) and promoting species persistence via the pro-

Specifically, we sought to investigate the effect of large mam-

vision of refuges during environmental fluctuations®*'. By preventing  malian herbivores on the diversity and abundance of different taxa

oneor afew species from dominating® and therefore enabling species
with similar ecological attributes to coexist in the same ecosystem,
this heterogeneity may also lead to functional redundancies and thus
promote ecosystem resilience® >,

Although there is strong case-specific evidence and conceptual
expectations thatlarge herbivoresinfluence soil properties, vegetation

(plants, birds, small mammals, invertebrates), vegetation structure
and nutrient concentrations, soil nutrients and properties, and bio-
geochemical processes. Moreover, we tested whether megafauna
promote spatial heterogeneity in these ecosystem responses and
whether these effects vary predictably with herbivore body mass and
environmental covariates.
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Results

We conducted a systematic literature search to find studies investigat-
ing the impact of wild large mammalian herbivores on ecosystems.
Studiesincluded contrasts in megafauna density and megafaunapres-
ence/absence, with>89% being exclosure experiments (Supplementary
Fig.1). Comparisons of areas with high and low megafauna density
were only included if those areas were adjacent and were the result
of management decisions (for example, a hunting area vs a protected
area). Herbivore effects were calculated as standardized mean differ-
ence (Hedges’ g), while within-treatment heterogeneity was estimated
using the log-ratio between two coefficients of variation (InCVR)*.
Thefinal dataset consisted of 5,990 datapoints from 297 studies (each
representing, for example, one comparison betweenanexclosureanda
control) representing 26 ecosystem responses (Supplementary Tables 1
and 2). The dataset was geographically biased towards Europe, North
America, South Africa and Australia (Supplementary Figs. 2 and 3),
towards the Afrotropics (Supplementary Fig. 4a) and temperate forests
(Supplementary Fig. 4c), and against areas with low temperatures and/
or high precipitation (Supplementary Fig. 4b).

The medianareaof measurement (thatis, plotsize) was1m?(95% confi-
denceinterval (Cl):0.002-25,000 m?) (Supplementary Fig. 5a), the median
treatment duration was 2,190 d (95% Cl: 365-21,900 d) (Supplementary
Fig. 5b), the median number of datapoints per study was 11(95% CI: 1-97)
and the median number of studies per response was 15 (95% CI: 6-108).

Effects of herbivorous megafauna

We used random-effects meta-analytic models™ to investigate the
overall effect of megafauna on 26 different ecosystem responses and
their heterogeneity. Despite high variability in the effects of megafauna,
we found a significant impact on 50% of the investigated responses.
Unless stated otherwise, these are the ones presented in the results.

Soil responses. Megafaunamoderately decreased soil labile phospho-
rous (P), slightly increased soil compaction and strongly increased bare
ground cover while strongly decreasing litter cover (Figs. 1a and 2a,
and Table 1). Megafauna decreased heterogeneity in bare ground cover
(Figs.1band 2b, and Table1).

Vegetation responses. Megafauna had moderate positive effects on
plant nitrogen (N) content (Figs. 1a and 2, and Table 1), moderately
reducing plant carbon:nitrogen (C:N) ratios (Figs.1aand 2, and Table 1).
Moreover, they moderately reduced plant cover and plant biomass
andslightly reduced primary productivity (Figs.1aand 2a,and Table1).
Further, megafaunaincreased heterogeneity in plant cover and plant
biomass (Figs.1b and 2b, and Table 1).

Other animals' responses. Megafaunastrongly reduced the abundance
of smallmammals and had weak negative effects onbird alphadiversity
andabundance (Figs.1aand 2a, and Table1). They also increased hetero-
geneity in the abundance of smallmammals, invertebrates and birds, as
well asinbird alphadiversity (Figs.1b and 2b, and Table 1).

Notable null results. We found no significant mean effect of mega-
fauna on 14 of 26 tested responses and on the heterogeneity of 19
tested responses ((minimum, maximum): Hedges’ g=(-0.27, 0.14),
InCVR =(-0.23,0.23), P=(0.06,0.96); Fig.1). Among the more notable
responses for which we detected no statistically significant effect on
the overall mean response (but see Fig. 2a and ‘Results: Influence of
body mass and environmental variables on megafaunaimpacts’) were
total and labile soil N and N mineralization rate, soil respiraton and total
C, and plant alpha diversity and evenness.

Influence of body mass and environmental variables
The effects of megafauna are predicted to be dependent on body
size?”” and environmental conditions such as nutrient availability**

and productivity”. Therefore, we added body mass (both mean and
maximum body size of the community, weighted by relative biomass
per species for responses with sufficient sample size (>10 studies);
see Methods for details) and a variety of environmental factors (Sup-
plementary Table 3) as variables to our models. We added each covar-
iate as a single variable and compared the single-term model to its
intercept-only model, using alikelihood ratio test (LRT). If the covariate
significantly improved model quality, we considered it as explaining
some of the variability in the effects of megafauna. Moreover, for those
responses with sufficient sample size, we divided our datainto commu-
nities including megaherbivores (1,000 kg) vs communities without
megaherbivores (Supplementary Fig. 6) and communities including
herbivores =100 kg vs without those species (Supplementary Fig. 7)
and analysed their impacts separately.

Body mass. Larger-bodied megafauna communities were more likely
to increase heterogeneity in total soil N (Fig. 3a and Table 2). In this
case, the body mass variable here reflects the body size of the biggest
animal in the community (that is, not weighted by relative biomass).
Megafauna communities comprising larger-bodied species (body mass
weighted by relative biomass per species) tended to increase plant
alphadiversity (Fig.3b and Table 2). None of the other tested effects on
ecosystem responses were significantly affected by megafauna body
mass (LRT = (0, 5.97), P=(0.10, 0.99)).

Moreover, megafauna communities that included herbivores
>100 kg significantly increased soil labile N (Supplementary Fig. 7)
and communities without herbivores >100 kg significantly decreased
plant alpha diversity (Supplementary Fig. 7).

Environmental covariates. Negative effects on litter cover were
observed mainly in soils with lower cation exchange capacity
(Fig. 3c and Table 2), while positive effects on heterogeneity in litter
cover occurred more frequently in soils with lower nitrogen content
(Fig.3d and Table 2).

Theresponse of plant alpha diversity was slightly more negative in
more humid areas (Fig. 3e and Table 2). None of the other tested effects
onecosystem responses was significantly affected by our environmen-
tal covariates (LRT = (0.00, 3.76), P= (0.06,1.00)).

Discussion

Our meta-analysis of 297 studies across six continents shows that her-
bivorous megafaunashape ecosystems by affecting ecosystem proper-
ties and processes across trophic levels and by increasing ecosystem
heterogeneity. We confirmed that body size influenced megafauna
effects on soil labile N and plant alpha diversity, but that the effect
was relatively smalland variable. Some environmental factors' modu-
lated megafauna effects on ecosystem responses such as plant alpha
diversity and litter cover, whereas we found no evidence for others.
Interestingly, and contrary to former meta-analysis and theory***’, net
primary productivity (NPP) did notexplain variation in the effects of
megafauna on any tested response. While some responses had clear
and generalizable patterns (for example, the decrease in soil labile P
and plant biomass), we found large variability in others (for example,
invertebrate abundance and soil total C).

Of the 13 soil responses, 4 were significantly affected by mega-
fauna. Notably, megafauna did not alter the absolute amount of soil C
(whichis noteworthy giventhe ongoing debate around climate impacts
of megafauna (forexample, refs.40,41), Pand N, but rather the bioavail-
able forms of N and P (sample size was insufficient to include labile C).
Herbivoreslarger than 100 kg tended to increase the amount of avail-
able nitrogen. At the same time, megafauna in general tended to
decrease labile P, supporting suggestions that megafauna may push
systems towards a higher degree of P limitation*’. While the increase
in Navailability may be explained by megafaunaaccessing N otherwise
locked away in plant biomass and providing it in bioavailable forms
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Fig.2|Impacts of herbivorous megafauna on different ecosystem responses
and their heterogeneity. Shown here are the statistically significant impacts

of megafauna. All tested responses and their estimates can be found in Fig. 1.
Numeric results of the significant models can be found in Table 2. Green indicates
anincrease and violet a decrease in the mean response or the heterogeneity in
the response; arrow widths are scaled by effect-size magnitude. Note that (1)
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with species with 2100 kg body mass (Supplementary Fig. 7) and (2) the negative
effect in plant alpha diversity is only significant in megafauna communities
without species with 2100 kg body mass (Supplementary Fig. 7). Asarule of
thumb, aHedges’ gof 0.2 can be interpreted as a small effect, 0.4 asa medium
effectand 0.8 as alarge effect’™. a, Mean effect of megafauna herbivores on
ecosystem responses. b, Effect of megafauna herbivores on spatial heterogeneity
in these ecosystems.

via excreta®’, P may be stored away in skeletons for longer periods*.
Alternatively, the increased availability of labile soil N may stimulate
plant growth until P becomes limiting****, with the consequence that
more available Pmay be stored in vegetation compared with soils not
affected by megafauna.

Of the seven plant responses, five were significantly impacted.
Megafauna increased plant nitrogen content, which could be driven
by a combination of elevated soil nitrogen availability from direct
megafaunainputs and reduced C:N ratios in young (regrowing) plant
tissue*®* (for example, less ‘dilution’ by structural carbon). Higher
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Table 1| Results of significant models

Measured response Effect size type Estimate Lower CI Upper CI Pvalue
Litter cover Hedges’' g -0.67 -110 -0.25 0.004
Soil labile P Hedges' g -0.47 -0.78 -017 0.006
Soil compaction Hedges' g 0.30 on 0.49 0.006
Bare ground Hedges’' g 1.03 0.65 1.4 <0.0001
Bare ground InCVR -0.41 -0.73 -0.10 0.01
Plant biomass Hedges' g -0.61 -0.77 -0.45 0.0001
Plant C:N Hedges'g -0.40 -0.73 -0.06 0.0002
Primary productivity Hedges' g -0.31 -0.51 -0m 0.003
Plant cover Hedges' g -0.29 -0.38 -0.19 <0.0001
Plant total N Hedges'g 0.34 on 0.56 0.0005
Plant biomass InCVR on 0.05 0.16 0.0002
Plant cover InCVR 014 0.06 0.22 0.0001
Small-mammal abundance Hedges' g -0.78 -1.36 -019 0.01
Bird alpha diversity Hedges' g -015 -0.29 -0.02 0.03
Small-mammal abundance InCVR 0.23 0.02 0.43 0.03
Bird abundance Hedges' g -0.19 -0.35 -0.03 0.02
Bird alpha diversity Hedges' g -0.16 -0.30 -0.02 0.03
Bird abundance InCVR 0.27 0.08 0.45 0.008
Bird alpha diversity InCVR 0.26 0.05 0.47 0.02
Invertebrate abundance InCVR 013 0.05 0.2 0.003

Model estimates (+95% Cls) for the different significant response categories, derived from random-effects meta-analytic models®’. Here we used intercept-only models which provide a mean
estimate of the effect size weighted by the inverse of the sampling variance and under consideration of the included random structure (see Methods for details). The effect-size type ‘Hedges’ g’
refers to the standardized mean difference between low and high megafauna herbivore density (or presence/absence), while InCVR quantifies differences in spatial heterogeneity. Hedges’ g of
0.2 can be interpreted as a small effect, 0.4 as a medium effect and >0.8 as a large effect™ (Figs. 1a and 2a).

plant nitrogen content should have various ecosystem consequences,
for example, by increasing litter quality*® or favoring phytophagous
insects* and their associated food webs (although we detected no
general effect oninvertebrate abundance or diversity).

Megafauna significantly and strongly decreased plant biomass
and cover, and litter cover while increasing bare ground cover. These
effects are expected through biomass consumption, trampling and
wallowing®**', The increase in bare soil may resultinincreased day-time
soil temperature and reduced moisture due to increased exposure
to solar radiation and increased run-off*?, which may have cascading
consequenceson other soil properties. However, despite the changes
inorganic matter (thatis, reduced quantity of biomass, increased qual-
ity of litter) and increased soil compaction, we did not find consistent
changesin bulk soil C or soil decomposition and respiration, which is
inline with previous meta-analyses®***,

Our results confirm the ability of megafaunato promote openand
semi-open habitats at the plot scale by decreasing plant biomass and
cover'?'*%5, Moreover, megafauna increased heterogeneity in vegeta-
tionstructure between plots, which suggests that megafaunaincrease
vegetation structural diversity also on the landscape scale. However,
the scale of most exclosure experiments and vegetation sampling
methods is too small to enable quantification megafauna impacts at
larger spatial scales directly.

Overall, megafauna significantly decreased primary productiv-
ity. However, this result is difficult to interpret since variables used to
quantify NPP vary widely among studies. One possible reason may be
that plants might shift some of their productivity belowground, result-
ing in, for example, increased fine root biomass and root exudation
(which may ultimately contribute to the accumulation of persistent
soil organic matter”), highlighting the need for more research on the
belowground impacts of large animals.

Consistent with previous work™, the overall effect of megafauna—
from deer to elephants—on plant alpha diversity was non-significant.
However, we found that smaller-bodied (that is, <100 kg) megafauna
communities tended to have negative effects on plant alpha diversity,
whilelarger-bodied herbivore communities tended to have slight posi-
tive effects. This could be because larger animals can eat lower-quality
food***” such as branches and stems, which may result in proportion-
ally greater impacts on dominant plant species and thus release less
competitive plants from competition®**, The negative effect of smaller
megafauna may reflect reduced predation pressure due to anthro-
pogenic predator removal®, which allows smaller species to build
high densities and access more risky habitats. Furthermore, the dif-
ferential impact of megafauna of different size classes supports that
smaller herbivores cannot substitute for larger megafauna' and sug-
gests that the anthropogenically simplified and smaller-bodied herbi-
vore communities®>* currently found in large parts of the world lack
important functions.

Megafauna effects on other animals were measured using six
variables, of which four were significantly impacted. Consistent
with previous work, megafauna strongly reduced the abundances
of small mammals (notably rodents)™* at small scales, but simultane-
ously increased heterogeneity in this response. A decrease in small
mammalsinthe presence of megafauna mightin partbe dueto lower
vegetation cover or trampling of burrows, although evidence sug-
gests that feeding competition is the main mechanism of control®.
Areduction of competition and increase of vegetation cover in exclo-
sures may also lead smaller consumers to actively move into these
relatively small patches that now provide habitat of a higher quality
(greater cover from predators, more food abundance) for smaller
consumers compared with the surroundings®. These larger numbers
of smaller animals may in turn have knock-on effects on the rest of
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Fig.3 | Predictions of significant covariates. Estimates (+95% Cl) of covariates
which are significantly improving model quality. Different point colours and
shadesindicate different studies. Point size is determined by 1/sampling variance
toindicateits weightin the model. All explanatory variables are log transformed
and scaled. a, Impact of megafauna herbivore body mass on the extent to which
herbivores influence the spatial heterogeneity of soil total N. Note that body size
in this case is not community weighted to maintain a sample size >10 studies.

b, Impact of community-weighted megafauna herbivore body mass on the effect
of megafauna herbivores on plant diversity. ¢, Impact of soil cation exchange

0.50
Soil nitrogen (%)

T T T T T T T
0.75 1.00 1.25 0.1 0.3 1.0 3.0

Aridity index

capacity on megafauna herbivores’ effects on litter cover (however, we note
that the used soil covariates represent regional averages rather than fine-scaled
gradientsin soil properties). d, Impact of soil nitrogen content on the effect of
megafauna herbivores on heterogeneity in litter cover. e, Impact of aridity on
the effect of megafauna herbivores on plant diversity. Note that asmaller aridity
indexindicates arid systems, while a higher aridity index indicates more humid
systems. We fitted all models in alinear framework; however, when plotting the
back-transformed predictions, the relationship may appear nonlinear.

Table 2 | Model results of significant covariates

Measured response Effect size type Tested covariate Estimate Lower CI Upper Cl LRT Pvalue
Influence of body mass

Soil total N InCVR Body mass 013 -0.03 -0.23 5.40 0.02
Plant alpha diversity Hedges' g Weighted body mass 014 0.01 0.29 4.30 0.04
Influence of environmental covariates

Litter cover Hedges' g Soil cation exchange capacity 0.40 0.07 0.72 5.20 0.02
Litter cover InCVR Soil nitrogen content -0.29 -0.49 -0.09 6.42 0.01
Plant alpha diversity Hedges' g Aridity index -0.18 -0.33 -0.03 510 0.02

The P value here refers to the LRT which compares the null model with the univariate model in terms of model quality (that is, explanatory power). P<0.05 indicates significant improvement of

the assembly model compared with the intercept-only null model; test is one-sided.

the system, for example, by affecting plant species whose seeds are
eaten primarily by rodents, resulting in lower recruitment than in
areas with large herbivores®.

The decrease in bird alpha diversity and abundance could poten-
tially be explained by decreasing nesting spaces on smallscales and may
seem counterintuitive as both bird abundance and diversity are known
toincrease with increasing habitat heterogeneity®, for which we also
find evidence. However, the exact shape of heterogeneity-diversity
relationships can differ between taxonomic groups, trophic levels

and across scales®*, and depends on other factors such as resource
availability and environmental conditions®. This suggests that the
megafauna-induced increases in heterogeneity may lead to nonlin-
ear effects on bird abundance and diversity. In addition, the effect of
megafauna on the abundance and diversity of birds is most likely to
be positive at intermediate disturbance levels but can be negative at
higher levels®. However, more research is needed to disentangle the
relationship between increased heterogeneity and decreased bird
alphadiversity such as found here.
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response directions can be found in Supplementary Figs.1and 2.

A key outcome of our study is the demonstration of pervasive
positive impacts of megafauna on heterogeneity (not consistently
statistically significant, but almost never significantly negative;
Fig.1b).Byincreasing heterogeneity in vegetation structure, for exam-
ple, megafauna may increase the amount of available habitat types and
structural complexity, allowing more species to coexist®. Given that
heterogeneity is known as akey driver of biodiversity across scales and
taxonomic groups®>*°%, megafauna have the potential to contribute
to diversity atlarger scales. Moreover, increased heterogeneity in veg-
etation structure may also lead to microclimatic variation, which has
also been shown to be an important driver of community functional
diversity®. Therefore, it has been suggested that small-scale environ-
mental heterogeneity (such as studied here) is a strong predictor of
functional diversity®. Previous work has also shown that megafauna
may prevent one or afew species from dominating all available niches
within its ecological range and thus allow different species with both
similar and different ecological roles to coexist****. Hence, megafauna
could contribute to the establishment of functional redundancies in
ecological roles and subsequently to ecosystem resilience®’°. This
becomes particularlyimportant as ecosystem heterogeneity has been
shown to increase the adaptive capacity of ecosystems to respond to
climate change®.

Limitations and recommendations for future studies

Small plotsizesin exclosure experiments along with the spatial scale at
which responses were measured are a major limitation to unravelling
megafaunaimpacts at larger scales. In addition, we found significant
signs of publication bias in the studies analysed here (Supplementary
Fig.8and Table 4) and spatial bias towards better-funded and researched
parts of the world®*”* (Fig. 4 and Supplementary Figs. 2-4), which may
hamper generalizations’. Despite these biases, our results are in line
withtheoryand recent reviews™* (which probably suffer from the same
biases). Althoughi it is plausible that some of the observed effects on
megafaunatranslate to larger spatial scales, such as the positive effects
onheterogeneity, the results presented here only provide reliable infor-
mation about effects at the plot scale. Consequently, studying the
impact of megafaunaon ecosystems at larger scales (that s, landscape
scale andlarger) is amajor challenge and will contribute substantially to
our understanding of megafauna effects. Since setting up experiments
on landscape scales is challenging, better use of natural experiments

and counterfactuals and available landscape-extent data (for example,
from remote sensing’”), will be key avenues in further quantifying the
role of megafaunain the Earth system.

Despite testing a broad range of environmental covariates and
megafauna body size, a large amount of the observed variation in
megafauna impacts on ecosystems remains unexplained. Moreover,
most of the covariates that significantly improved model quality had
only small effect sizes. Additionally, our environmental variables were
derived from layers with global extent (that s, refs. 74,75,76,77), which
may have caused a scale mismatch and thus influenced effect size
and significance. Part of this unexplained variation may be due to
variation in megafauna densities and herbivory pressure, which was
not reported in most studies. Other context dependencies related
to historic megafauna extinctions or historic human land use may
also affect both the starting conditions when exclosure experiments
were initiated and subsequent trajectories in response variables, for
example, through impacts onregional species pools, soil seed banks,
fire regimes or hydrology™.

Conclusion and outlook

Theresults presented here show that megafauna have strong effectson
ecosystems. By modifying soiland plant nutrients, vegetation structure
and altering consumer populations, megafauna are expected to have
numerous other downstream effects on ecosystem functioning and
community structure. Moreover, by increasing heterogeneity, mega-
fauna may promote biodiversity at landscape scales, thus favouring
diverse ecosystems that may be more ecologically resilient®’°. How-
ever, we found no evidence for other hypothesized effects of mega-
fauna, such as on total soil C content, or for amodulating effect of NPP
onmegafaunaeffects. Likewise, we found high variability in megafauna
effects, indicating underlying contextual complexity and highlighting
the need for globally distributed experiments’.

Our results provide quantitative evidence for some findings in
arecent extensive review of several megafauna effects", such as the
importance of body size in modulating the impact of herbivores, top-
down trophic effects on vegetation, the importance of megafaunato
nutrient cycling, the suppression of smaller animals and increased
ecosystem heterogeneity when megafauna are present. These general
patterns in how megafauna affect ecosystems, biodiversity and Earth
system functioning underpin the globalimportance of megafaunaand
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highlight the need for process-based work that allows predictions of
megafaunaimpacts, specifically withregard to ecosystemrestoration
inarapidly changing world™.

Considering the variety of effects we could confirm in this
meta-analysis, we argue that ecosystems that lost their wild mega-
fauna during the late Quaternary are probably missing key pro-
cesses**'%%% This lossis expected to continue, given ongoing declines
of large-bodied species®®!, Therefore, we advocate for carefully
planned and implemented restoration through actions such as trophic
rewilding®—actions that may become increasingly important in the
face of future environmental change.

Methods

Literature search and digitization

This meta-analysisis part of alarger project aiming to understand how
large (>45 kg body weight) terrestrialmammalian herbivores can affect
different aspects of ecosystems (for example, ref. 83). We searched Web
of Science (www.webofscience.com)on18 February 2021 with astring
of search terms that included the common names and latin genera of
all terrestrial mammalian megafauna species (common names from
HerbiTraits (v.1.2)**) separated with an ‘OR’ operand, combined with the
following search terms: “disturb*, graz*, brows*, impact*, effect, affect,
disrupt, facilitate, invasi*, ecosystem*, vegetat*, plant*, fauna*, reptil*,
amphib*, bird*, rodent*, fish*, invertebrat*, insect*, soil*, carbon, cli-
mate, albedo, river*, riparian, desert*, forest*, tundra, decomposition,
grassland*, savanna*, chaparral, scrub, diversity, heterogeneity, extinc-
tion, richness, environment, reptile*, ecolog*, hydrolog*, disturbance,
density, biodiversity, response*, ecosystem, herbaceous, canopy,
germination, cover, pollinator*, tree, nutrient*, understory, erosion,
grass*, vegetation, community, exclosure, competition, effect*, abun-
dance, productivity” in combination with the topicfilter: “WC = Ecology
ORZoology OR Environmental Sciences OR Biodiversity Conservation
OREvolutionary Biology OR Geography Physical OR Remote Sensing
ORPIlantSciences OR Multidisciplinary Science OR Forestry OR Ento-
mology OR Marine & Freshwater Biology OR Mycology OR Biology OR
Oceanography OR Ornithology OR Behavioral Sciences OR Fisheries”.
Removing duplicate studies using the ‘find_duplicates’ function of the
R package ‘revtools™ led to 62,628 hits. After screening all titles and
removing obviously unsuitable articles, this number was reduced to
2,369 studies.

The literature list was extended by studies used in other
meta-analyses, for example, refs. 38,86, and found in reference lists
of studies we downloaded. We supplemented the list further with
focused Google Scholar searches on 15 July 2022, using the following
terms: “ungulate impacts island*”, “introduced goat impact island*”,
“introduced deer impact*”, “feral camel impact*”, “wild OR feral boar
OR hog OR pig OR feral pig OR swine impact*”, “feral cattle impact*”,
“invasive ungulate hawaii OR guam OR new zealand OR pacificisland
ORnew caledonia OR galapagos OR caribbean OR oceanicisland” and
aWeb of Science search on 22 December 2022 using the search string
“herbivore* AND (plant* OR soil) AND nutrient* AND response*”. This led
to the addition of 38 and 15 studies, respectively (see Supplementary
Fig. 9 for Prisma chart).

Considering that ecosystem responses can differ drastically
between wild and domesticated animals®®*’, we only considered studies
investigating wild megafauna populations. We excluded studies inves-
tigating only herbivores <45 kg. Further, we only included studies that
compared adjacent areas of low (mostly no megafauna) and high mega-
fauna densities due to known factors such as exclosures, policy-driven
differences (hunting versus no-hunting inadjacent properties) and dif-
ferencesinintroduction oreradication histories (adjacentislands with
and without megafauna). Given that adding nativeness to our models
never improved model fit (LRT = (0, 3.62), P=(0.12,0.95), Supplemen-
tary Fig. 10), except for plant cover (LRT =4.03, P= 0.04, but with the
same effect direction forbothintroduced (g=-0.42(-0.58,-0.26)) and

native megafauna (g=-0.22 (-0.32, -0.11)), Supplementary Fig. 11),
we also included non-native megafauna in our analysis.

In grouping the individual ecosystem responses, we attempted
to find a compromise between maximizing sample size and ecologi-
calaccuracy. Apart from obviously inprecise groupings (for example,
the normalized difference vegetation index as measurement for PP),
we have essentially followed the categories used by the authors of
the respective studies. For example, primary productivity responses
are mainly composed of various growth rate measurements (such
as tree growth rate, total crown growth, leaf growth rate and so on).
Allincluded types of measurement for each response can be found
in the ‘Data and supplementary files’ folder on Figshare (file name:
‘measured_responses_R1.csv’).

We excluded all before-after comparisons (for example, a plot
measured before construction of an enclosure and then again after-
wards) due to the high rates of change in many ecological systems
over time, such as afforestation, climate shifts and succession. Studies
investigating plant nutrients but reporting nutrient values in units per
area were also excluded because any differences possibly reflect bio-
mass removal due to megafauna foraging rather than actual changes
in nutrient concentrations.

We digitized measures of central tendency (mean, median), vari-
ability (standard deviation, interquartile ranges), error (standard error,
confidenceintervals) and sample sizes for each response in each study.
We used the ‘Figure_Calibration’ plugin® in Image) 1.53k (www.imagej.
nih.gov/ij/) to extract data from figures.

We also digitized relevantinformation associated with each obser-
vation, which included time since treatment (for example, exclosure
construction or island colonization), study location (latitude, longi-
tude; Fig.4), reported density of megafauna (converted to biomass per
hectare), megafauna nativeness and relative abundance of megafauna
(inthe case of multispecies megafauna communities). However, not all
studiesreported these variables and in most cases, sample size wastoo
small to test for them specifically (that is, only 172 out of 297 studies
reported megafauna densities).

Covariates
Covariates were selected on the basis of a priori hypotheses and were
expected to influence ecosystem responses to megafauna.

Environmental covariates were extracted for each study location
using the function ‘exact_extract’ of the R package ‘exactextractr’
(v.0.8.2)* and the extract function of the ‘terra’ package (v.1.7-3)°°.
These variables included maximum annual temperature™, NPP”
and the aridity index’. Moreover, we extracted soil pH, soil cation
exchange capacity, soil nitrogen and soil clay content from the Soil-
Grids database””.

Megafauna body mass was extracted from the HerbiTraits v.1.2
database® for all species in our dataset (including herbivores <45 kg
that were part of the experimental manipulation; Supplementary
Fig.12). Many studies manipulated multiple megafauna species simul-
taneously. To account for this, we calculated community-weighted
body mass by multiplying species-specific body mass (BM) by the
proportional contribution of that species’ biomass to the total bio-
mass of the community (RB). For example, for a megafauna com-
munity consisting of two species, one with a body weight of 100 kg
that accounts for 80% of the biomass of the entire community and
the second species with a weight of 1,000 kg that accounts for 20%
of the biomass of the community, the unweighted mean body mass
of the community would be 550, while the weighted body mass of
the community would be 140 kg, which is calculated as in equation
(1) and exemplified in equation (2):

(BMspecieslx RBspeciesl +...+ BMspeciesnXRBspeciesn)/n (1)

(100x0.8 +1000x0.2)/2 (2
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Relative biomass estimations were computed on the basis of either
therelative abundance or absolute density estimates per species. How-
ever, as using only these community-weighted variablesin some cases
reduced our sample size drastically, and weighted and unweighted
covariates were strongly correlated (rho =0.94, P=<0.0001), we
decided to use the unweighted body mass in cases where using the
weighted covariate would reduce sample size to <10 studies.

Data analysis

Alldataanalysis was performed in R (v.4.2.2)°". We calculated the effect
sizeand corresponding sampling variance of the megafauna treatment
(low vs high density) as standardized mean difference, also known
as Hedges’ g (g)°%. Hedges’ g is a unitless measurement®. As a rule
of thumb, a value of 0.2 can be interpreted as a small effect, 0.4 as a
medium effect and 0.8 as a large effect. However, given the context
dependency of the importance of these categories, the exact values
should be interpreted with care®**>. To investigate whether mega-
fauna have an impact on the variability of the parameters of interest,
we further calculated the InCVR**%, This effect size quantifies the
between-plot heterogeneity within each reported comparisonbetween
high and low megafauna density. It therefore primarily reflects varia-
tionamong plots, that s, spatial heterogeneity within an exclosure or
controlsite, uncorrected for differencesin spatial grain (plot size) and
extent (study area) between studies. First, we transformed all medians
tomeans and error measurements to standard deviation using the ‘qe.
mean.sd’ function of the R package ‘estmeansd’ (v.1.0.0)°°. Then we
employed the ‘escalc’ function of the ‘metafor’ package (v.3.5-12)%,
which uses the observed mean, standard deviation and group size of
both treatment groups to calculate effect size and variation™.

To account for potential non-independence in the effect size
(that is, due to repeated measures in the same study), we fitted
random-effects meta-analytic models using the ‘rma.mv’ function
of the ‘metafor’ package® and added citation as random effect.
Because some of the studies reported time-series data, we also
included an ordered time-series variable for each individual experi-
ment ID (for example, a specific nutrient response per study) in our
random effects.

We modelled the response variable (Hedges’ g or INCVR) either
againsttheinterceptonly or against one covariate of interestata time
and used the sampling variance to weigh each datapoint. Studies with
larger sample sizes and/or lower variance thus have higher weight in
models”. For modelling purposes, we took the natural logarithm of
those covariates without normal distribution and standardized all
covariates using the ‘scale’ function in base R” to approach a normal
distribution and to account for the different units and thus magnitude
of differences between the variables.

Totest theinfluence of sample size, we selected the five responses
with the largest sample size and bootstrapped the model 1,000 times
for different numbers of studies (n=3, 5, 8, 10, 15; Supplementary
Fig. 13). We found that as the number of included studies increases,
thefrequency distribution of estimates narrows considerably towards
the confidence interval of the model with the full sample size (Sup-
plementary Fig. 13). While we observed a large variation for models
with 5 or fewer studies, we noticed a stabilization towards a sample
size of 10 studies, which is why we excluded responses with fewer than
10 studies from the covariate analysis. Nativeness was only tested on
ecosystem responses with >5 studies with introduced and =5 studies
with native species.

We compared the assembly model of each covariate with the
respective intercept-only model, using a likelihood ratio test via the
‘anova’ function of the ‘metafor‘ package®"”.

After running all models, we followed a leave-one-out approach
to identify influential studies (Cook’s distance >1 (ref. 98)) using the
‘cooks.distance’ function of the ‘metafor’ package®’® and removed
studies that showed Cook’s distance >1.

For those responses with sufficient sample size, we also tested
the effect of treatment duration (Supplementary Fig. 14) and area of
measurement (Supplementary Fig. 15). We further tested the effect
of biomass lost due to treatment (as a proxy of megafauna density)
on the effect-size magnitude of responses with sufficient sample size
but did not find it to improve model quality for any tested response.
Toaccount for the specific characteristics of megaherbivores (terres-
trialmegafauna herbivores (1,000 kg)**), we performed an additional
sensitivity analysis where we tested the effects of megaherbivores and
megafauna herbivores <1,000 kg on those responses with sufficient
sample size separately (Supplementary Fig. 6). We further performed
a similar analysis for large herbivores =100 kg vs smaller megafauna
herbivores (<100 kg) (Supplementary Fig.7). Moreover, we tested the
effect of megafaunain differentbiome categories (namely, temperate
forests, temperate grasslands, tropical forests, tropical grasslands and
mediterranean forests) separately for those responses with sufficient
sample size (Supplementary Figs.16 and 17).

To check for publicationbias, we used funnel plots'”’ via the ‘fun-
nel’ function of the ‘metafor’ package® (Supplementary Fig. 8). We
further performed regression correlation tests for funnel plot asym-
metry'” via the ‘regtest’ function of the ‘metafor’ package® to adjust
for the overall mean'®> (Supplementary Table 4).

100

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data are available on figshare: https://figshare.com/projects/
Data_and_scripts_for_manuscript_ Worldwide_evidence_that_wild_
megafauna_shape_ecosystem_properties_and_promote_spatial_het-
erogeneity /180031ref.103.

Code availability

All core analysis and figure scripts are available on figshare: https://
figshare.com/projects/Data_and_scripts_for_manuscript_ Worldwide_
evidence_that_wild_megafauna_shape_ecosystem_properties_and_pro-
mote_spatial_heterogeneity_/180031ref.103.
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what criteria were used to decide that no further sampling was needed.

Provide details about the data collection procedure, including the instruments or devices used to record the data (e.g. pen and paper,
computer, eye tracker, video or audio equipment) whether anyone was present besides the participant(s) and the researcher, and
whether the researcher was blind to experimental condition and/or the study hypothesis during data collection.

Indicate the start and stop dates of data collection. If there is a gap between collection periods, state the dates for each sample
cohort.
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Ecological, evolutionary & environmental sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description

Research sample

Sampling strategy

We conducted a systematic literature search to find studies investigating the impact of wild megafauna on ecosystems. Studies
included contrasts in megafauna density and megafauna presence/absence, with >89 % being exclosure experiments (Fig. S1).
Comparisons of high and low density were only included if those areas were adjacent and were the result of management decisions
(e.g., a hunting area vs a protected area). Megafauna effects were calculated as standardized mean difference (Hedges’ g) while
within-treatment heterogeneity was estimated using the logarithmized ratio between two coefficients of variation (INnCVR) 35. The
final dataset consisted of 5,990 data points (i.e., a comparison between an exclosure and control) across 26 ecosystem responses
from 297 studies (Table S1, Table S2). The dataset was geographically biased towards Europe, North America, South Africa, Australia
(Fig. S2, Fig. S3), towards the Afrotropics (Fig. S4A) and temperate forests (Fig. S4C), and against areas with low temperatures and/or
high precipitation (Fig. S4B).

The median of the area of measurement (i.e., plot size) was 1 m2 [Q2.5: 0.002 m2; Q97.5: 25,000 m2] (Fig. S5A), the median
treatment duration was 2190 days [Q2.5: 365 days, Q97.5: 21,900 days] (Fig S5B), the median number of data points per study was
11 [Q2.5: 1, Q97.5: 97] and the median number of studies per response was 15 [Q2.5: 6, Q97.5: 108].

We used random effects meta-analytic models36 to investigate the mean effect of megafauna on 26 different ecosystem responses
and their heterogeneity.

The effects of megafauna are predicted to be dependent on body size21,22 and environmental conditions such as nutrient
availability23 and productivity24. Therefore, we added body mass (weighted by relative biomass per species for responses with
sufficient sample size (>10 studies), see methods for details) and a variety of environmental factors (Table S3) as variables to our
models. We added each covariate as a single variable and compared the single-term model to its intercept only model, using a
likelihood ratio test (LRT). If the covariate significantly improved model quality, we considered it as explaining some of the variability
in the effects of megafauna. Moreover, for those responses with sufficient sample size, we divided our data in communities including
megaherbivores (>=1000 kg) vs communities without megaherbivores (Fig. S6) and communities including large herbivores >=100 kg
vs without large herbivores (Fig. S7) and analyzed their impact separately.

The final dataset consisted of 5,990 data points (i.e., a comparison between an exclosure and control) across 26 ecosystem responses
from 297 studies

We searched Web of Science (www.webofscience.com) on 18th February 2021 with a string of search terms that included the
common names and latin genera of all terrestrial mammalian megafauna species (common names from HerbiTraits v1.2 74)
separated with an ‘OR” operand, combined with the following search terms: "disturb*, graz*, brows*, impact*, effect, affect, disrupt,
facilitate, invasi*, ecosystem*, vegetat™®, plant*, fauna*, reptil*, amphib*, bird*, rodent*, fish*, invertebrat*, insect*, soil*, carbon,
climate, albedo, river*, riparian, desert*, forest*, tundra, decomposition, grassland*, savanna*, chaparral, scrub, shrub, diversity,
heterogeneity, extinction, richness, environment, reptile*, ecolog*, hydrolog*, disturbance, density, biodiversity, response*,
ecosystem, herbaceous, canopy, germination, cover, pollinator*, tree, nutrient*, understory, erosion, grass*, vegetation, community,
exclosure, competition, effect*, abundance, productivity" in combination with the topic filter: “WC=( Ecology OR Zoology OR
Environmental Sciences OR Biodiversity Conservation OR Evolutionary Biology OR Geography Physical OR Remote Sensing OR Plant
Sciences OR Multidisciplinary Science OR Forestry OR Entomology OR Marine & Freshwater Biology OR Mycology OR Biology OR
Oceanography OR Ornithology OR Behavioral Sciences OR Fisheries” After removing duplicate studies with the function
find_duplicates of the R package ‘revtools’ 75, this led to 62,628 hits. After screening all titles and removing obviously unsuitable
articles, this number was reduced to 2369 studies.

The literature list was extended by studies used in other meta-analyses e.g., 38,76 and found in reference lists of studies we
downloaded. We supplemented the list further with focused Google Scholar searches on the 15th of July 2022, using the following
terms: “ungulate impacts island*”, “introduced goat impact island*”, “introduced deer impact*”, “feral camel impact*”, “wild OR
feral boar OR hog OR pig OR feral pig OR swine impact*”, “feral cattle impact*”, “invasive ungulate hawaii OR guam OR new zealand
OR pacific island OR new caledonia OR galapagos OR caribbean OR oceanic island” and a Web of Science search on the 22nd of
December 2022 using the search string “herbivore* AND (plant* OR soil) AND nutrient* AND response*”. This led to the addition of
38 and 15 studies respectively.
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Data collection

Timing and spatial scale

Data exclusions

Reproducibility

Randomization

Blinding

Considering that ecosystem responses can differ drastically between wild and domesticated animals 19,77, we only considered
studies investigating wild megafauna populations. We excluded studies investigating only herbivores < 45 kg. Further, we only
included studies that compared adjacent areas of low (mostly no megafauna) and high megafauna densities due to known factors like
exclosures, policy-driven differences (hunting versus no-hunting in adjacent properties), and differences in introduction or
eradication histories (adjacent islands with and without megafauna). Given that adding nativeness to our models never improved
model fit (LRT=[0.00, 3.62], p=[0.12, 0.95], Fig. S9), except for plant cover (LRT = 4.03, p = 0.04, but with the same effect direction for
both introduced (g = -0.42 [-0.58, -0.26]) and native megafauna (g = -0.22 [-0.32, -0.11]), Fig. S10), we also included non-native
megafauna in our analysis.

We searched Web of Science (www.webofscience.com) on 18th February 2021 with a string of search terms that included the
common names and latin genera of all terrestrial mammalian megafauna species (common names from HerbiTraits v1.2 74)
separated with an ‘OR” operand, combined with the following search terms: "disturb*, graz*, brows*, impact*, effect, affect, disrupt,
facilitate, invasi*, ecosystem*, vegetat*, plant*, fauna*, reptil*, amphib*, bird*, rodent*, fish*, invertebrat*, insect*, soil*, carbon,
climate, albedo, river*, riparian, desert*, forest*, tundra, decomposition, grassland*, savanna*, chaparral, scrub, shrub, diversity,
heterogeneity, extinction, richness, environment, reptile*, ecolog*, hydrolog*, disturbance, density, biodiversity, response*,
ecosystem, herbaceous, canopy, germination, cover, pollinator*, tree, nutrient*, understory, erosion, grass*, vegetation, community,
exclosure, competition, effect*, abundance, productivity" in combination with the topic filter: “WC=( Ecology OR Zoology OR
Environmental Sciences OR Biodiversity Conservation OR Evolutionary Biology OR Geography Physical OR Remote Sensing OR Plant
Sciences OR Multidisciplinary Science OR Forestry OR Entomology OR Marine & Freshwater Biology OR Mycology OR Biology OR
Oceanography OR Ornithology OR Behavioral Sciences OR Fisheries” After removing duplicate studies with the function
find_duplicates of the R package ‘revtools’ 75, this led to 62,628 hits. After screening all titles and removing obviously unsuitable
articles, this number was reduced to 2369 studies.

The literature list was extended by studies used in other meta-analyses e.g., 38,76 and found in reference lists of studies we
downloaded. We supplemented the list further with focused Google Scholar searches on the 15th of July 2022, using the following
terms: “ungulate impacts island*”, “introduced goat impact island*”, “introduced deer impact*”, “feral camel impact*”, “wild OR
feral boar OR hog OR pig OR feral pig OR swine impact*”, “feral cattle impact*”, “invasive ungulate hawaii OR guam OR new zealand
OR pacific island OR new caledonia OR galapagos OR caribbean OR oceanic island” and a Web of Science search on the 22nd of
December 2022 using the search string “herbivore* AND (plant* OR soil) AND nutrient* AND response*”. This led to the addition of
38 and 15 studies respectively.

We digitized measures of central tendency (mean, median), variability (standard deviation, interquartile ranges), error (standard
error, confidence intervals) and sample sizes for each response in each study. We used the ‘Figure_Calibration” plugin 78 in Image)
1.53k (www.imagej.nih.gov/ij/) to extract data from figures.

We also digitized relevant information associated with each observation, which included time since treatment (e.g., exclosure
construction or island colonization), study location (latitude, longitude; Fig. 4), reported density of megafauna (converted to biomass
per hectare), megafauna nativeness and relative abundance of megafauna (in the case of multispecies megafauna communities).
However, not all studies reported these variables and in most cases sample size was too small to test for them specifically (i.e., only
172 out of 297 studies reported megafauna densities).

Included studies report data from 1977 - 2022 and are globally distributed

Considering that ecosystem responses can differ drastically between wild and domesticated animals 19,77, we only considered
studies investigating wild megafauna populations. We excluded studies investigating only herbivores < 45 kg. Further, we only
included studies that compared adjacent areas of low (mostly no megafauna) and high megafauna densities due to known factors like
exclosures, policy-driven differences (hunting versus no-hunting in adjacent properties), and differences in introduction or
eradication histories (adjacent islands with and without megafauna). Given that adding nativeness to our models never improved
model fit (LRT=[0.00, 3.62], p=[0.12, 0.95], Fig. S9), except for plant cover (LRT = 4.03, p = 0.04, but with the same effect direction for
both introduced (g = -0.42 [-0.58, -0.26]) and native megafauna (g = -0.22 [-0.32, -0.11]), Fig. S10), we also included non-native
megafauna in our analysis. In grouping the individual ecosystem responses, we attempted to find a compromise between maximizing
sample size and ecological accuracy. Apart from obviously incorrect groupings (e.g., NDVI as measurement for PP), we have
essentially followed the categories used by the authors of the respective studies. For example, primary productivity responses are
mainly composed of various growth rate measurements (such as tree growth rate, total crown growth, leaf growth rate, etc.). All
included types of measurements for each response can be found in the "Data and supplementary files® folder on Figshare (file name:
“measured_responses_R1.csv”).

We exclude all before-after comparisons (e.g., a plot measured prior to construction of an enclosure and then again afterwards) due
to the high rates of change in many ecological systems over time, such as afforestation, climate shifts, and succession. Studies
investigating plant nutrients but reporting nutrient values in units per area were also excluded because any differences possibly
rather reflect biomass removal due to megafauna foraging than actual changes in nutrient concentrations.

All code is available on figshare

Describe how samples/organisms/participants were allocated into groups. If allocation was not random, describe how covariates were
controlled. If this is not relevant to your study, explain why.

Describe the extent of blinding used during data acquisition and analysis. If blinding was not possible, describe why OR explain why
blinding was not relevant to your study.

Did the study involve field work? D Yes No
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Field work, collection and transport

Field conditions Describe the study conditions for field work, providing relevant parameters (e.g. temperature, rainfall).

Location State the location of the sampling or experiment, providing relevant parameters (e.g. latitude and longitude, elevation, water depth).
Access & import/export | Describe the efforts you have made to access habitats and to collect and import/export your samples in a responsible manner and in
compliance with local, national and international laws, noting any permits that were obtained (give the name of the issuing authority,

the date of issue, and any identifying information).

Disturbance Describe any disturbance caused by the study and how it was minimized.
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Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |:| |:| ChIP-seq
Eukaryotic cell lines |:| |:| Flow cytometry
Palaeontology and archaeology |:| |:| MRI-based neuroimaging

Animals and other organisms
Clinical data

Dual use research of concern

ninininlnininks
OoOoOoooQ

Plants

Antibodies

Antibodies used Describe all antibodies used in the study, as applicable, provide supplier name, catalog number, clone name, and lot number.

Validation Describe the validation of each primary antibody for the species and application, noting any validation statements on the
manufacturer’s website, relevant citations, antibody profiles in online databases, or data provided in the manuscript.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) State the source of each cell line used and the sex of all primary cell lines and cells derived from human participants or
vertebrate models.

Authentication Describe the authentication procedures for each cell line used OR declare that none of the cell lines used were authenticated.

Mycoplasma contamination Confirm that all cell lines tested negative for mycoplasma contamination OR describe the results of the testing for
mycoplasma contamination OR declare that the cell lines were not tested for mycoplasma contamination.

Commonly misidentified lines Name any commonly misidentified cell lines used in the study and provide a rationale for their use.
(See ICLAC register)

Palaeontology and Archaeology

Specimen provenance Provide provenance information for specimens and describe permits that were obtained for the work (including the name of the
issuing authority, the date of issue, and any identifying information). Permits should encompass collection and, where applicable,
export.

Specimen deposition Indicate where the specimens have been deposited to permit free access by other researchers.




Dating methods If new dates are provided, describe how they were obtained (e.g. collection, storage, sample pretreatment and measurement), where
they were obtained (i.e. lab name), the calibration program and the protocol for quality assurance OR state that no new dates are
provided.

|:| Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals For laboratory animals, report species, strain and age OR state that the study did not involve laboratory animals.
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Wild animals Provide details on animals observed in or captured in the field; report species and age where possible. Describe how animals were
caught and transported and what happened to captive animals after the study (if killed, explain why and describe method, if released,
say where and when) OR state that the study did not involve wild animals.

Reporting on sex Indicate if findings apply to only one sex; describe whether sex was considered in study design, methods used for assigning sex.
Provide data disaggregated for sex where this information has been collected in the source data as appropriate; provide overall
numbers in this Reporting Summary. Please state if this information has not been collected. Report sex-based analyses where
performed, justify reasons for lack of sex-based analysis.

Field-collected samples | For laboratory work with field-collected samples, describe all relevant parameters such as housing, maintenance, temperature,
photoperiod and end-of-experiment protocol OR state that the study did not involve samples collected from the field.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration | Provide the trial registration number from ClinicalTrials.gov or an equivalent agency.

Study protocol Note where the full trial protocol can be accessed OR if not available, explain why.
Data collection Describe the settings and locales of data collection, noting the time periods of recruitment and data collection.
Outcomes Describe how you pre-defined primary and secondary outcome measures and how you assessed these measures.

Dual use research of concern

Policy information about dual use research of concern

Hazards

Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented
in the manuscript, pose a threat to:

Yes
[] Public health

|:| National security
|:| Crops and/or livestock
|:| Ecosystems

XX XX X &

|:| Any other significant area




Experiments of concern

Does the work involve any of these experiments of concern:
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Plants

Demonstrate how to render a vaccine ineffective

Confer resistance to therapeutically useful antibiotics or antiviral agents
Enhance the virulence of a pathogen or render a nonpathogen virulent
Increase transmissibility of a pathogen

Alter the host range of a pathogen

Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin

Any other potentially harmful combination of experiments and agents

Seed stocks

Novel plant genotypes

Authentication

ChlP-seq

Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor
was applied.

Describe any authentication procedures for each seed stock used or novel genotype generated. Describe any experiments used to
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.

Data deposition

|:| Confirm that both raw and final processed data have been deposited in a public database such as GEO.

|:| Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links

For "Initial submission" or "Revised version" documents, provide reviewer access links. For your "Final submission" document,

May remain private before publication. | provide a link to the deposited data.

Files in database submission Provide a list of all files available in the database submission.

Genome browser session
(e.g. UCSC)

Methodology

Replicates

Sequencing depth

Antibodies

Peak calling parameters

Data quality

Software

Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to
enable peer review. Write "no longer applicable" for "Final submission" documents.

Describe the experimental replicates, specifying number, type and replicate agreement.

Describe the sequencing depth for each experiment, providing the total number of reads, uniquely mapped reads, length of reads and
whether they were paired- or single-end.

Describe the antibodies used for the ChIP-seq experiments; as applicable, provide supplier name, catalog number, clone name, and
lot number.

Specify the command line program and parameters used for read mapping and peak calling, including the ChIP, control and index files
used.

Describe the methods used to ensure data quality in full detail, including how many peaks are at FDR 5% and above 5-fold enrichment.

Describe the software used to collect and analyze the ChlP-seq data. For custom code that has been deposited into a community
repository, provide accession details.
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Flow Cytometry

Plots

Confirm that:
|:| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|:| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|:| All plots are contour plots with outliers or pseudocolor plots.

|:| A numerical value for number of cells or percentage (with statistics) is provided.
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Methodology

Sample preparation Describe the sample preparation, detailing the biological source of the cells and any tissue processing steps used.

Instrument Identify the instrument used for data collection, specifying make and model number.

Software Describe the software used to collect and analyze the flow cytometry data. For custom code that has been deposited into a
community repository, provide accession details.

Cell population abundance Describe the abundance of the relevant cell populations within post-sort fractions, providing details on the purity of the
samples and how it was determined.

Gating strategy Describe the gating strategy used for all relevant experiments, specifying the preliminary FSC/SSC gates of the starting cell

population, indicating where boundaries between "positive" and "negative" staining cell populations are defined.

|:| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Magnetic resonance imaging

Experimental design

Design type Indicate task or resting state; event-related or block design.

Design specifications Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial
or block (if trials are blocked) and interval between trials.

Behavioral performance measures State number and/or type of variables recorded (e.g. correct button press, response time) and what statistics were used
to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across

subjects).
Acquisition

Imaging type(s) Specify: functional, structural, diffusion, perfusion.

Field strength Specify in Tesla

Sequence & imaging parameters Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size,
slice thickness, orientation and TE/TR/flip angle.

Area of acquisition State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined.

Diffusion MRI [ ] Used [ ] Not used

Preprocessing

Preprocessing software Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction,
segmentation, smoothing kernel size, etc.).

Normalization If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types used for
transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Normalization template Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.g.
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Noise and artifact removal Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and
physiological signals (heart rate, respiration).




Volume censoring Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Statistical modeling & inference

Model type and settings Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first and
second levels (e.g. fixed, random or mixed effects; drift or auto-correlation).

Effect(s) tested Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether
ANOVA or factorial designs were used.

Specify type of analysis: [ | whole brain || ROI-based [ | Both

Statistic type for inference Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.

(See Eklund et al. 2016)

Correction Describe the type of correction and how it is obtained for multiple comparisons (e.g. FWE, FDR, permutation or Monte Carlo).
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Models & analysis

n/a | Involved in the study
|:| |:| Functional and/or effective connectivity

|:| |:| Graph analysis

|:| |:| Multivariate modeling or predictive analysis

Functional and/or effective connectivity Report the measures of dependence used and the model details (e.g. Pearson correlation, partial correlation,
mutual information).

Graph analysis Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph,
subject- or group-level, and the global and/or node summaries used (e.g. clustering coefficient, efficiency,
etc.).

Multivariate modeling and predictive analysis Specify independent variables, features extraction and dimension reduction, model, training and evaluation
metrics.
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