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Dung removal by macrofauna such as dung beetles is an important process for
nutrient cycling in pasturelands. Intensification of farming practices generally
reduces species and functional diversity of terrestrial invertebrates, which may
negatively affect ecosystem services. Here, we investigate the effects of cattle-
grazing intensification on dung removal by dung beetles in field experiments
replicated in 38 pastures around the world. Within each study site, we mea-
sured dung removal in pastures managed with low- and high-intensity regimes
to assess between-regime differences in dung beetle diversity and dung
removal, whilst also considering climate and regional variations. The impacts
of intensification were heterogeneous, either diminishing or increasing dung

beetle species richness, functional diversity, and dung removal rates. The
effects of beetle diversity on dung removal were more variable across sites
than within sites. Dung removal increased with species richness across sites,
while functional diversity consistently enhanced dung removal within sites,
independently of cattle grazing intensity or climate. Our findings indicate that,
despite intensified cattle stocking rates, ecosystem services related to
decomposition and nutrient cycling can be maintained when a functionally
diverse dung beetle community inhabits the human-modified landscape.

Land-use intensification is a major threat to biodiversity, constituting
one of the most critical global change effects of the Anthropocene'?.
Such landscape changes have driven significant biodiversity losses™*.
However, intensified agricultural practices can affect biodiversity and
ecosystem services in different ways®”. In some cases, agricultural
intensification leads to massive losses in biodiversity® with consequent
reductions in ecosystem functioning and provision of ecosystem
services’. In others, the increase in landscape heterogeneity and pro-
ductivity associated with mosaic farming practices does not cause
severe biodiversity losses, and may even increase ecosystem
functioning'. These heterogeneous outcomes may result from regio-
nal differences in agricultural practices and/or the ecological char-
acteristics of the species present in the regional pool. The biotas of
different biogeographical regions have been shaped by divergent
evolutionary histories and environmental conditions, including cli-
mate. Such divergences have led to differences in species pools,

biodiversity patterns, and dynamics of local communities™". Of par-
ticular importance are regional differences in functional diversity, i.e.
the components of biodiversity that influence ecosystem functioning,
which are typically measured by the variation in the traits that are
related to these functions®. Regional variations in the ecological
characteristics and functional traits of the species pools can impact the
relationship between land-use intensification and biodiversity". In
consequence, regional differences in biotas, farming intensity and
management practices may result in different outcomes for the same
ecosystem service in different parts of the world.

Available  evidence  suggests that three different
biodiversity-ecosystem function (BEF) relationships may occur under
increasing agricultural intensification. First, intensification may reduce
biodiversity and consequently decrease ecosystem functioning®. Sec-
ond, intensification may enhance productivity leading to larger
populations of some species, which in turn enhance ecosystem
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function, but do not necessarily increase biodiversity”. Third, the level
of intensification may be variable across habitat patches and/or time,
which may increase overall biodiversity and ecosystem functioning at
the landscape level. Determining when and how each scenario may
arise is key to improving land management practices through ‘ecolo-
gical intensification’ regimes—that is, minimizing environmental
impacts while sustaining ecosystem services and agricultural
production®®. However, the factors associated with variability in BEF
relationships under increasing intensification have been poorly stu-
died, with a general lack of experimental evidence on ecosystem ser-
vice provision (but see ref. 7), particularly in insects”. It is therefore
necessary to develop standardized assessments for evaluating the
global effects of apparently similar transformations affecting the same
type of ecosystems, while simultaneously considering regional differ-
ences in climate, species pools and agricultural practices. This is cri-
tical for disentangling the factors that determine different impacts of
intensification on biodiversity and ecosystem functioning, and iden-
tifying similar mechanisms across different biogeographical regions.

We assessed the relationship between grazing intensity, climate,
biodiversity, and ecosystem functioning on global pasturelands, a
human-transformed ecosystem with many similarities worldwide.
Specifically, we studied the determinants of several aspects of dung
beetle diversity (abundance, species richness and functional diversity),
as well as their effects on the provision of dung removal, a key eco-
logical function associated with several ecosystem services, including
nutrient cycling, bioturbation, and secondary seed dispersal’®. To do
this, we performed paired field experiments in pasturelands of 38
localities scattered worldwide, with better coverage of the Americas
and Europe, but including sites in Africa, Asia, and Australia (Fig. S1).
These experiments compared dung beetle diversity and dung removal
rates between pastures subject to low- versus high-intensity manage-
ment regimes. The high stocking rates characteristic of high-intensity
regimes produce changes in soils such as soil compaction, nitrification,
and decreased water infiltration', which affect the pastures, and may
cause other impacts associated with practices such as additional hay
supplies, more frequent antibiotic and antiparasitic treatments, the
introduction of exotic grasses, irrigation, and use of fertilizers®. In
each locality, we compared one pasture subject to intensive herding
with high cattle densities (> 4 animals/ha) and frequent food provision
and antiparasitic treatments, in opposition to another pasture under
extensive grazing with low cattle density (<2 animals/ha) and only
sporadic supplies of food and veterinary treatments.

Dung beetles are a globally distributed group of decomposers that
influence many ecosystem processes through the elimination and burial
of manure, thus providing various services such as the decomposition of
organic matter, nutrient cycling, control of fly and nematode pest
populations that affect livestock, soil aeration and bioturbation, green-
house gas reduction and secondary seed dispersal®*%, The role played
by dung beetles in the ecosystems has been traditionally studied by
classifying them into functional guilds based on their nesting and
feeding behavior, which have many effects on how they process dung
and interact with the soil>. However, recent studies indicate that var-
iations in their functional traits may also drive these processes®*. As
variations in morphological traits and behavioral guilds are partly
independent of each other, they may have different functional effects
and determine ecosystem functions in different ways'. Therefore, here
we have characterized two different aspects of dung beetle functional
diversity, based on (i) functional guilds primarily defined according to
behavior, and (ii) morphological traits of known functional effect.

We analyzed results from the field experiments using two differ-
ent approaches. First, we used piecewise Structural Equation
Modeling® (piecewise SEM; see Methods) to characterize the set of
factors that determine BEF relationships across sites. These factors
include different aspects of dung beetle diversity as well as variation
due to cattle management intensity and climate. Specifically, we

evaluated whether climate and intensified management practices (i.e.,
intensified land use including increased stocking rates and the use of
anthelmintics to deworm livestock) affect taxonomic and functional
diversity, resulting in changes that ultimately impact dung removal.
Biogeographical variation was considered by including the biogeo-
graphical region as a random factor (see Methods). We then applied a
meta-analytical approach to assess the factors underlying the effects of
adopting either low- or high-intensity management practices within
each site. Previous work show that farming intensification reduces
dung beetle abundance and diversity, which in turn diminishes the
functional impact of these communities on the ecosystems®. This
leads to the expectation of lower levels of functioning under intensi-
fied cattle farming. However, in some cases high-intensity farming
does not show adverse effects on dung beetle communities, in parti-
cular under adequate landscape management”. Thus, some hetero-
geneity in the responses of dung beetles to intensive practices might
be expected, as is indeed shown by our results. However, although our
analyses accounting for biogeographical regions show that dung
removal increases with species richness and is also affected by climate
differences between sites, the field experiments identify a striking and
remarkably consistent positive relationship between functional diver-
sity and dung removal within sites, which is independent of cattle
grazing intensity and climate.

Results

Species richness was significantly higher in low-intensity pastures, but
abundance, dung removal and functional diversity showed no overall
differences between low- and high-intensity pastures (Fig. 1). Piecewise
SEM results indicate that dung beetle species richness and climate
have the greatest impacts on dung removal rates across sites (= 0.45,
p<0.01 and f=-0.27, p<0.05, respectively; Fig. 2). Strikingly, after
controlling for the effects of climate, species richness was not sig-
nificantly affected by the type of management (either low- or high-
intensity), or by the frequency of anthelmintic treatments (Fig. 2;
Table S1). Most of the variation in community attributes was explained
by biogeographical region (see the large differences between condi-
tional and marginal r* in Table S1), although species richness has a
positive effect on behavioral diversity (8= 0.49, p < 0.001), and climate
affects morphological diversity (8=-0.40, p<0.05). These results
were robust to other model specifications, as we found that species
richness was still the main predictor of dung removal when we
replaced climatic conditions by latitude (Table S2).

We applied a prospective meta-analysis® to test the effects of cli-
matic conditions, differences in cattle density, and differences in dung
beetle community attributes (including differences in abundance, rich-
ness, and functional diversity) on the difference in dung removal rates
between management regimes (low-high intensities pastures; see
Methods). We found a non-significant weighted mean effect size
(Hedges’ g+95% Cl=0.011+0.54, t=0.042; P=0.967) indicating that,
overall, dung removal rates were similar between management regimes
within sites (see also Fig. 1c). This is contrary to the expected reduction
in dung removal rates under high-intensity management. However, we
found significant heterogeneity in effect sizes (72 = 2.252; Q =300.48; df
= 37; P<0.01; Fig. 3a, b; Fig. S3), and approximately 90% of this het-
erogeneity could be attributed to differences between the 38 experi-
mental sites ( = 0.898; see Methods). According to a meta-regression
model, within-site differences in dung removal rates between manage-
ment regimes were mainly due to differences in dung beetle functional
diversity, whereas the effects of climate conditions and difference in
cattle density were not significant (Table 1). This result indicates that the
difference in dung removal rates between low- and high-intensity pas-
tures tended to be higher with higher levels of functional diversity
(Fig. 3c). Note also that PCAIpjersiy, @ variable mainly accounting for
functional diversity, can also be interpreted as an effect size, so negative
and positive scores on this axis indicate that diversity is greater in high-
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Fig. 1| Comparisons of dung beetle diversity and local characteristics within
sites between the two levels of farming intensification. Comparisons between
low- and high-intensity management regimes within each site for the whole data-
set, including abundance a, species richness b, dung removal rate (g/48h) c,
functional diversity d, e, cattle density (log number of cows/ha) f, land history g,
and anthelmintic use h. Each circle represents one of the two field sites (low- vs.
high-intensity) within of our paired experimental design. Line colors indicate the
magnitude of differences between low- and high-intensity treatments: light yellow
indicates weaker differences, while dark red does so for stronger differences.
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Continuous lines indicate higher values in low- than in high-intensity treatments,
and dashed lines indicate higher values in high- than in low-intensity treatments.
FDisBehavior and FDisMorphology stand for Functional Diversity measured from
behavioral and morphological traits, respectively (see Methods). Land history
depicts the approximate number of years that the field has been devoted to cattle
farming, and anthelmintic use refers to the number of times per year that the cattle
are subject to deworming treatments (with, e.g., ivermectins). Values correspond
to the significance of a two-tailed Wilcoxon paired test; significant comparisons are
highlighted as * = p<0.05, * = p<0.01, ** = p<0.001. See also Table SI1.

Nature Communications | (2023)14:8070



Article

https://doi.org/10.1038/s41467-023-43760-8

Fisher's C =20.28; p = 0.44

Cattle density -7 Abundance
0.40* il
v 2=0.16 22032
? - r2=0.
: Management 5 FDisMorphology :
Climate : A D
Regime i ung
Vi =025 removal
Anthelmintic Y. FDisBehavior
treatments 0.49%+
-0.26* »: Richness 0.44**
2=0.05

-0.27*

Fig. 2 | Results of the piecewise Structural Equation Model showing the puta-
tive causal relationships between the factors affecting dung removal rates
across sites under different cattle management regimes (low-intensity and
high-intensity), taking biogeographical variation into account as a random
effect. Positive and negative effects are indicated by blue and red arrows, respec-
tively, and standardized coefficients (standardized f) are provided within the
arrows; dashed lines indicate non-significant relationships; two-headed dashed
black arrows indicate that variables have correlated errors (see Methods); r* values
indicate the level of fit for each fixed factor (i.e., marginal r); significance values: * =
p<0.05,*=p<0.01,**=p<0.001; Fisher’s C statistic is a measure of how well the
model fits the observed data; similarly, a model-wide P-value > 0.05 indicates that
the observed data supports the hypothesized structure of the model (see Table S1).
FDisMorphology and FDisBehavior stand for the Functional Dispersion of morpho-
logical and behavioral dung beetle traits, respectively. See Methods for the origin of
all variables.

and low-intensity regimes, respectively. Therefore, the meta-regression
results (Fig. 3c) indicate that the effect size of management regime is
mainly controlled by functional diversity. If functional diversity is higher
in the high-intensity pasture, then the removal rate is higher under this
regime (negative g values). Similarly, if functional diversity is higher in
the low-intensity pasture, then the removal rate is higher under this
regime (positive g values). Consequently, the higher the functional
diversity, the higher the dung removal rate independently of the man-
agement regime. Our results were robust to other model specifications,
as we found that the difference in functional diversity was still the main
moderator when the meta-regression models were estimated using
different attributes of dung beetle communities separately (Table S4) or
when we replaced climate conditions by latitude (Table S5). Although
these two alternative models were similar in terms of explanatory
capacity, the climatic model was more robust, so given that its effects on
dung beetle diversity are extensively supported by the literature, we
used climate over latitude as a moderator of diversity. Note also that the
apparent contradiction between meta-regression and SEM results is due
to the basic differences between both analyses. While SEMs assess var-
iations between sites, treating each one of the sites of the paired
experiment in a landscape as a sampling unit, the meta-analysis assessed
differences in dung removal rates within sites, i.e. between types of
management within each location.

Discussion

The results of our experiments on dung removal by dung beetles
demonstrate that greater species richness and functional diversity
enhance ecosystem functioning, but their effects may occur at differ-
ent scales. Importantly, there was a large between-region hetero-
geneity in the biodiversity-ecosystem functioning (BEF) relationship.
However, once such heterogeneity is accounted for, within-site dif-
ferences in dung removal between low- and high-intensity manage-
ment regimes are driven by dung beetle functional diversity. This shifts
the focus of BEF maintenance beyond the local communities, towards
the landscape and regional scales, providing a mechanistic explanation

for the recent finding that grazing intensification can be detrimental in
species-poor and warm arid zones, and beneficial in milder and
species-rich areas’. Thus, our findings provide a deeper understanding
of these heterogeneous effects of increasing intensification of cattle
farming in different biogeographical regions. Because the functional
structure of communities is largely determined by their species pool”’,
our results imply that community-level responses to intensification are
determined by the functional characteristics of the species present in
each landscape®, and may be influenced by the connectivity of habitat
patches within these landscapes®. Considering that human actions
have transformed most terrestrial ecosystems, the current distribution
of species and functional diversity has been driven by this history of
land occupation and anthropogenic transformation®*>. Following a
response-effect trait framework™, the differences in the traits of the
species present in each landscape may trigger different responses to
these human-induced historical transformations, thereby leading to
heterogeneous effects of intensification on ecological functioning.

Beyond the importance of functional diversity for enhancing
dung removal within sites, the SEM analyses indicate that species
richness and climate are the main regulators of this ecological function
across sites throughout the world. This implies that greater species
richness can maintain ecosystem service provision by dung beetles
even under intensified treatments, a pattern also found in other per-
turbed agro-ecosystems®. However, the relationship between climatic
gradients and dung beetle diversity can determine the outcome of the
ecological functions performed by these insects*, so maintaining
multiple species may buffer the effects of climate change in perturbed
systems®. Although fragmented landscapes may be able to maintain
high levels of dung beetle species richness, these species often show
reduced trait variation®. So, when the pool of dung beetle species
adapted to exploit the feces of ungulates is naturally poor, or has been
impoverished by human-induced extinctions, the advantages of
maintaining more diverse communities locally through low-intensity
management practices may be smaller, due to the limited functional
diversity available in a poor species pool. Clearance of native vegeta-
tion and intensification of land use are known to reduce both dung
beetle species richness and their role in ecosystem functioning®*°.
However, in our study, local factors related to intensification such as
the application of anthelmintic treatments or the history of land
transformations had no significant effect on dung removal at the glo-
bal scale of our SEM analyses. If local effects were the main drivers of
ecosystem functioning, they would show consistent effects worldwide,
favouring higher dung removal rates in either low- or high-intensity
grazed pastures according to the conditions present in each location.
Yet, these local factors seem to have little global effect across sites.
Other factors that could potentially affect dung removal rates, such as
weather conditions during fieldwork, were controlled for by the
experimental protocol (see Methods), so their effect should be mini-
mal and cause only small stochastic variations in the data. In con-
sequence, the heterogeneity in the response to intensification may be
due to both differences in the regional species pool, and the widely
different practices that are applied in intensified cattle management in
different regions or countries.

The effects of cattle density and dung beetle abundance were not
significant in the SEM analyses. Although it is possible that in some
cases, dung removal in high-intensity regimes is maintained by a few
hyper-abundant species, this is not supported by our data. Here it is
important to note that the effects of dung beetle abundance on dung
removal are largely species-specific’®*". Nonetheless, our study shows
positive effects of intensification on dung removal in regions where
dung beetle functions are driven by a few species, such as Australia
(Fig. 3a), which lacks a native dung beetle fauna well-adapted to cattle
dung®. So, in the novel Australian pasture ecosystems, dung removal
relies on a small suite of recently introduced species*. A small group of
species is also responsible for dung removal in the UK and Central and
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removal rates in the 38 studied landscapes. Squares indicate the estimated effect
sizes (Hedges’ g) at each landscape and bars indicate their 95% confidence intervals
estimated following a random-effects model. Sizes of the squares indicate the
weights of each effect size for the weighted mean effect size estimate (closed
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diamond). The width of the diamond represents the 95% confidence interval of the
weighted mean effect size. The vertical dashed line indicates an effect size equal to
zero. ¢ Relationship between dung beetle functional diversity (PCAIpjyersiry) and
within-site differences in dung removal rates between low- and high-intensity cattle
management systems (as given by Hedges’ g). The continuous line indicates the
predicted values of the random-effects meta-regression model. Circle sizes are
proportional to the weights of the effect sizes. PCAIp;yersicy Was based on differences
in diversity measures between low- and high-intensity systems (Functional Dis-
persion based on behavioral and morphological traits; FDisBehavior and FDisMor-
phology). Thus, as the differences calculated using the diversity indices were
positively correlated with the first PCA axis, positive scores indicate higher diversity
in low-intensity systems, and negative values indicate higher diversity in high-
intensity systems.

Eastern Europe, where Holocene land-use changes have resulted in an
acceleration of dung beetle extinctions*, a trend exacerbated by the
wide adoption of insecticide and anti-parasitic treatments®. In these
two cases, functioning is mainly driven by abundance®, implying that

Table 1| Results of a meta-regression model assessing the
effects of climate (PCA7¢jimate) and variation in cattle density
(A Cattle Density) on the difference in dung removal rates
between pasture management regimes (low-high intensities)
within sites

Moderators Estimate SE t df P VIF
Intercept 0.097 0.261 0.372 34 0.712

PCATGiimate -0.098 0103 -0.959 34 0.344 1.05
A Cattle Density -0.185 0.239 -0.775 34 0.444 1.01
PCApiversity 0.404 0.161 2502 34 0.017 107

The effects of the other variables (differences in dung beetle abundance, richness, and func-
tional diversity based on both behavioral and morphological traits) were tested altogether as the
scores of a principal component analysis that summarizes them (PCATpjyersity; See Table S5).
Pseudo-R? = 0.137; F 3 34=3.30; P=0.032. VIF stands for variance inflation factor. See also
Tables S3 and S4 for comparison with other model specifications. t: t-test values for the intercept
and each partial regression coefficient.

the increasing manure production of more productive farms is pro-
cessed by high numbers of a small set of dung beetle species.
Although the provision of ecosystem services by dung beetles is
known to depend on both species richness and functional diversity***’,
the results of our meta-analyses show that increasing levels of dung
beetle functional diversity provide higher levels of dung removal that
go well beyond any gains driven by higher species richness (see
Table S3). According to the classical view of BEF relationships (i.e.
higher biodiversity enhances ecosystem functioning), the adverse
effects of cattle herding intensification on dung beetle diversity may
produce a cascading effect that leads to a general reduction in func-
tioning associated with high-intensity cattle management as found by
our prospective meta-analysis. But our results also show that the
negative effect of intensification on dung removal rates can be exa-
cerbated if there is a selective loss of species with particular sets of
traits, as indicated by the importance of functional diversity metrics in
this same analysis. This provides evidence to support that maintaining
a functionally rich species pool within a diverse landscape is key to
sustaining higher levels of functioning, and thus higher ecosystem
service provision. Indeed, dung beetle functional diversity and eco-
system services are enhanced by management strategies of landscapes
that maintain remnants of native vegetation and apply low levels of
anti-parasitic cattle treatments?*. For different reasons, this is the
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case in several landscapes of Southern Europe or America (Fig. 3). In
the Mediterranean basin, the long history of human occupation and
clearance of woody plant communities, has promoted a higher diver-
sity of dung beetle species associated with open grasslands*®, which
play a major role in the functioning of low- intensity grazing manage-
ment regimes. In America, dry semi-open savanna-like biomes such as
the Cerrado, Chaco and Matorral also hold a diverse assemblage of
dung beetles adapted to exploit the feces of the native fauna in more
open areas. Due to this fact, although the dung beetles inhabiting
pastures show overall lower diversity in these novel open habitats**~°,
they are often functionally diverse when compared to the species able
to exploit open habitats in hyper-diverse rainforest biomes such as the
Atlantic forest™. Such higher level of native functional diversity adap-
ted to open habitats in savanna-like biomes*’ may be able to sustain
service provision in low-intensity management pastures more effi-
ciently than the functionally poorer pool of species adapted to open
habitats inhabiting forest biomes. Nonetheless, in regions that were
originally largely forested, the communities in the novel open habitats
will be composed of ecologically similar species, following a phylo-
genetically and functionally structured pattern of biotic
homogenization®™. Therefore, in originally forested biomes, dung
beetles may show higher dung removal rates in the native forests than
in the open forest gaps and novel pastures, both in northern
Europe®* and American tropical forest biomes***%*’,
Biodiversity-ecosystem functioning relationships are generally
considered to be positive®™. However, they are variable in natural sys-
tems, and can become negative depending on the differences between
the species pool and local diversity”. There is a consensus that func-
tioning is enhanced by high complementarity between species and
functional diversity®’, because communities with higher diversity are
more likely to include species that perform different functions®.
However, there are some difficulties in disentangling the effects of
species richness versus functional diversity®>. Although our results
show that functional diversity plays a key role in BEF relationships, the
high abundance of some, arguably, functionally redundant dominant
species may be also important when cattle densities are high. This calls
for adopting a pragmatic view on land use intensification in heavily
transformed landscapes. Rather than assuming that intensive practices
will inevitably have adverse effects on ecosystem functioning, they
may enhance functioning in landscapes inhabited by functionally-poor
species pools by expanding their overall abundance. Thus, while some
aspects of intensification can be detrimental for the delivery of some
ecosystem services in one area, they may bear no effects or even
enhance the same services in others, depending on the functional
composition of their species pools. This implies that the effects of
different management practices on biodiversity and BEF relationships
should be evaluated in the context of the pool of resident species
performing each essential function in every region or landscape.
Increasing ecosystem functioning may require strategies for
increasing functional diversity at the landscape level. Such an approach
would demand the design of effective local adaptive management
under an ‘ecological intensification’ framework that sustains ecosystem
services and food production while minimizing impacts®. Landscape
heterogeneity is already known to improve the potential benefits of
organic farming for biodiversity and ecosystem service provision by
other species groups®. These strategies may eventually include changes
in landscape structure, as well as the (re)introduction of species to
promote higher levels of functional diversity. Although this strategy has
been mostly focused on large mammals, it could be relatively easily and
affordably extended to many key invertebrate species that act as eco-
system engineers. For example, introduction programs have been suc-
cessfully used to establish populations of exotic dung beetles in new
regions, such as Australia, to accelerate dung degradation where the
native dung beetle fauna is not adapted to use livestock dung®. It
remains to be seen if a similar relocation approach can be successful

for recovering populations of native dung beetle species in their original
habitats  (see  https://rewildingeurope.com/news/dung-458beetle-
release-highlights-the-key-role-of-small-critters-in-rewilding/, for a
recent attempt). For these strategies to successfully enhance the bio-
diversity of intensively managed landscapes over the long term, they
need to be part of novel management scenarios where devoting a sig-
nificant number of land patches to low-intensity practices will provide
progressively larger benefits thanks to their contribution to a higher
diversity of the landscape species pool, thus reaching a new balance
between ecosystem functioning and productive human activities.

Methods

Dung removal experiments

Dung removal rates were measured in 2016 and 2017 through field
experiments in 38 pairs of sites during the highest peak of yearly dung
beetle activity, which varies between regions (see Supplementary Data
S1). Study sites correspond to pastures subject to low- and high-
intensity management regimes, respectively characterized by den-
sities <2 cows/ha or > 4 cows/ha. These paired field experiments were
conducted in open pastureland landscapes where both types of man-
agement were present, selecting pastures located within 15 km from
each other. However, the levels of stocking used for intensive and
extensive herding vary across the globe, according to climate and
regional practices (see ref. 24). Therefore, we chose a priori these two
cattle density thresholds based on the stocking rates most commonly
used by farmers. We combined both types of management to distin-
guish unequivocally between low- and high-intensity ranching in dry
pastures of Mediterranean and subtropical regions, assuming that
regions with higher levels of precipitation would allow much higher
stocking levels in high-intensity pastures.

Dung removal rate was quantified in each study site through
standardized field experiments® consisting of a 450 m-long linear
transect with ten experimental units separated 50 m from each other
(following ref. 66). Each experimental unit consisted of 300 g of fresh
cattle dung, placed directly on the soil surface. Five control units were
also set up to evaluate dung weight loss by evaporation, consisting of
300 g of fresh cattle dung, placed 50 m apart from the experiment
transect, directly on the ground, and covered with a fine polyester
mesh fabric (mesh size <2 mm) to prevent access to dung beetles. Fecal
excretion of certain veterinary parasiticides can affect dung beetle
activity®”. For this reason, care was taken to use only dung from cattle
that had not been treated with these parasiticides in the previous two
months. Each experimental and control dung pat was weighed before
the experiment. These experimental units were left in the field for 48 h.
After the experiment, the dung pats were first cleared of any attached
sand, earth, pebbles or pieces of vegetation. Then, they were weighed
to estimate their final wet weight, and finally stored in paper bags.
These samples were later dried in an oven at 80 °C for 72 h to obtain
their dry weight®®. Dung removal rate (DRR) was calculated for each
experimental unit using the following set of equations:

WP=(FWwet—FWdry)/FWwet )
IWdry=IWwet*1-WP) )
DRR=(IWdry—FWdry) 3)

where WP is water proportion (evaporation in the field), FW is the final
experimental dung weight (either wet or dry), and /W is the initial
experimental dung weight (wet or dry).

Dung beetle surveys
Dung beetle communities were surveyed immediately after removing
the experimental units to ensure that climatic conditions—and thus
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dung beetle activity—were similar. At each site, we placed ten baited
pitfall traps along a 450 m linear transect that were separated from
each other by 50 m®. Each trap consisted of a 3 L plastic bucket buried
at ground level and filled with 1.5 L of preservative fluid (water + soap +
salt). It was covered with a 25 x 25 cm plastic or metallic chicken net
(2x2cm mesh size) pinned down to the ground®. A 300 g bait of
fresh, homogenized, and anthelmintic-free cattle dung, was placed on
top of this mesh. In some localities, a white plastic dish covered the
trap to prevent dung disintegration due to intense rainfall. Samples
were collected after 48 hours. At each site, we measured cattle density
(i.e., number of cattle per hectare) and obtained information on the
frequency of anthelmintic use (i.e., number of applications per year,
ranging from O to a maximum of 4), land-use history (i.e., number of
years of continuous use of the site for cattle grazing), and other local
characteristics, through interviews with the farmers (Supplementary
Data S1). We also characterized the climate of each pair of sites through
13 bioclimatic variables of Worldclim 2.0%. More details on the field
and laboratory protocols can be found in ref. 65.

Dung beetles comprising Geotrupidae and Scarabaeidae (including
subfamilies Aphodiinae and Scarabaeinae) were identified to the level of
species or morphospecies using regional monographs and taxonomic
keys. Each species was assigned to one of the traditional four guilds
defined by food relocation behavior’®: paracoprids (tunnelers), tele-
coprids (rollers), endocoprids (dwellers), and kleptocoprids (klepto-
parasites). Species classification into these groups was based on the
expert knowledge of the dung beetle specialists in each field group (all
of them authors of this paper), as well as in specialized literature from
each study area. Each of these four guilds was combined with the
average body size of each species (large: >18.0 mm; medium: 18.0 mm
to 10.0 mm; and small: <10.0 mm) to create a combination of 12 dif-
ferent functional groups (i.e., large, medium, and small paracoprids,
telecoprids, endocoprids, and kleptocoprids; as in ref. 71).

Functional diversity measurements

A number of dung beetle traits have been shown to relate to dung
removal (see ref. 23 for a review). The limited number of studies and
the nature of our experimental design prevent an assessment of
whether the effects of single traits on this ecosystem function vary
between management regimes. However, we can assess their joint
effects through composite metrics of functional diversity. Functional
diversity was measured at each locality from ten randomly chosen
individuals of each species using nine morphological traits that are
potentially associated with dung removal: (i) head length, (ii) head
width, (iii) pronotum length, (iv) pronotum width, (v) pronotum
height, (vi) elytra length, (vii) protibia length, (viii) protibia width, and
(ix) metatibia length®*. When fewer than ten individuals of a species
were collected, all were measured. Morphological measures were
performed with a digital caliper (+ 0.01 mm). Finally, all individuals
measured were dried at 80 °C for 72 h to measure their dry biomass
with a precision scale (+ 0.01 g). See Fig. S3 and Supplementary Data S5
for an overview of trait values, and Supplementary Data S6 for the
values of all individuals measured.

For each site, assemblage diversity was measured through species
richness, abundance, evenness, and two functional diversity indices.
Specifically, Functional Dispersion (FDis) was estimated as the mean
pairwise distance between all species present at a given site (adapted
from mean phylogenetic diversity, a metric used initially in community
phylogenetic studies’). FDis was used to calculate two different indi-
ces, based on two different sets of traits: (i) combining the nine mor-
phological traits and species’ biomass—FDisMorphology; and (ii)
combining the functional groups with the individuals’ body length
(measured as head length + pronotum length + elytra length)—FDis-
Behavior. In the case of FDisBehavior, the phenetic tree for functional
groups was tailored to incorporate behavior at the root of the tree,
with a first split between kleptocoprid/endocoprid and paracoprid/

telecoprid behaviors, which are known to be related. A second split in
each branch generated a tree with four branches corresponding to the
four main behaviors, followed by the size classes at the tips. We have
used these two approaches because some morphological traits and
some specific behaviors may be independent of each other, eventually
producing different functional effects'. Note, however, that body size
is an integral part of these two metrics, as is biomass in FDisMorphol-
0gy, and body length in FDisBehavior. This is because body size is
known to be one of the main drivers of dung beetle functionality, being
also linked to both variations in morphological traits and feeding
behavior'®”, In any case, this approach allows exploring functional
complementarity between morphology and behavior.

Structural equation models

A Piecewise Structural Equation Model (piecewise SEM*) was used to
disentangle the relative importance of climate (summarized by
PCAIgimare) and management practices (i.e., low- and high-intensity
management regimes, as well as detailed data on cattle density and
anthelmintic use) on both dung beetle diversity (i.e., abundance,
richness, FDisMorphology, and FDisBehavior), and dung removal rates
across sites. Biogeographical variation was considered by using mixed
models and including the biogeographical region as a random factor
(Table S1). Here, site was not included as a random factor because it
would only include two non-independent observations per cluster, due
to our paired experimental design. We performed a piecewise SEM
model including each treatment level (i.e. type of management
regime) as a binary variable (low-intensity = 0 and high-intensity = 1) to
investigate the expected change in the response variables (i.e., abun-
dance, richness, FDisMorphology, FDisBehavior, and dung removal) as
land use intensifies. We chose a SEM framework because it allows
testing a priori hypotheses about the direct and indirect effects of
predictor variables”. For instance, climate may simultaneously influ-
ence dung removal rates directly (through its effect on dung desicca-
tion or physical destruction by strong rainfall), or through its indirect
effects on the four dung beetle diversity metrics, which in turn affect
dung removal rates. First, we defined the conceptual model as a set of
regressions, representing the relationships between the variables (Fig.
S4). Land History was not included in this conceptual model because it
was not significant in preliminary trials. In a second step, we applied a
d-separation test to evaluate the independence of non-linked paths
and therefore, the adequacy of the conceptual model against the
observational data’*”>. Third, we added new paths (i.e., statistically
significant relationships based on the d-separation test) to the initial
model until it fitted the observed data (reached by a d-separation
p value >0.05”). New paths were added only when they were biolo-
gically plausible’®. When d-separation detected links between variables
that could not be explained by a clear causal relationship but were
produced by the same underlying process, such as in the case of
behavioral and morphological diversity, we set this association as
correlated errors (as implemented in piecewiseSEM 2.3.07), acknowl-
edging the correlation without imputing a causal meaning to it>7°.
Latitude is a known correlate of the geographical gradients of both
diversity and climate, so we evaluated the robustness of the SEM
models by repeating the analyses using latitude instead of climate,
following the conceptual model in Fig. SS. For a full list of terms and
a full view of model structures, see Appendices S1 and S2 in the Sup-
plementary Information. Piecewise Structural Equation Models were
performed in R environment’® using the piecewiseSEM package””.

Meta-analyses of experimental results

The effect of grazing intensification on dung removal rates within sites
was assessed using a meta-analysis framework. The effect size per site
was calculated using Hedges’ g’°. To estimate g, we calculated the
differences in dung removal rates between low and high-intensity
grazing managements; thus, positive values of g indicate that manure
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removal rates were higher under low-intensity than under high-
intensity grazing management, whereas negative values indicate the
opposite. We estimated the weighted mean effect size assuming a
random-effects model’®. We estimated the variance of the effect sizes
(T?» and the proportion of this variance that can potentially be
explained by moderators (I) following refs. 79-82.

We used a meta-regression model” to evaluate the effects of cli-
mate and both the differences in cattle density and diversity measures
(between management regimes) on the effect sizes. To avoid colli-
nearity, we summarized the climate and diversity descriptors using
two Principal Component Analyses (PCA, one for climatic variables and
another for diversity indices). We use only the first axis of each PCA
(PCAciimate and PCApjyersiry) as moderators in our meta-regression
model. The first axis of the climatic data (PCAIcjmace) represented
approximately 51.68% of the variability. PCAIc;nq.e Was negatively
correlated with the lowest temperature of the coldest month, the
average annual temperature, the isothermal temperature, the mean
temperature of the wetter quarter, and the mean temperature of the
driest quarter. Seasonality and the annual range in temperature were
positively correlated with PCAIgjmace (Table S5). Dung beetle diversity
indices were estimated separately for low- and high-intensity cattle
grazing. Thus, we first computed the differences between low- and
high-intensity regimes for each diversity index. Then, we used a PCA to
summarize these data (PCApyersiry). The first axis of the diversity data
(PCAIpiersiy) represented approximately 46.78% of the variance in
biodiversity differences. PCAlpjersicy Was positively correlated mainly
with the differences in functional diversity indices measured with
behavioral traits (FDisBehavior) and morphological traits (FDisMor-
phology; Table S6). To avoid collinearity, we did not include variation
in anthelmintic use as a moderator in the meta-regression model
because it was correlated with cattle density, which is already included
as a moderator in our meta-regression model.

To address possible autocorrelation issues, we considered dif-
ferent spatial correlation structures (exponential, Gaussian, Rational
Quadratic, and Spherical) for the weighted mean effect size and the
random effects meta-regression®®, Based on the Akaike Information
Criterion for small samples (AICc**¢), the exponential correlation
structure was chosen (Table S7). The significance of the meta-
regression model as a whole was tested by an F-test, whereas the sig-
nificance of each partial regression coefficient (moderator) was tested
using t-tests. All analyses were performed in R environment’® using the
metafor®* and vegan®” packages. AllR code is provided in Appendix S3.

Inclusion & ethics

Authors declare that all research was conducted under the necessary
permissions, and that the conformation of the authors’ team was
specifically tailored to include geographic and demographic diversity.
Invitations to join the team and participate by developing local field
experiments were sent to a geographically and demographically
balanced set of research teams, so the final composition and geo-
graphical coverage of the authors’ list are due to the geographical
distribution of the specialists that responded to the original call.

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

Data availability
All the data generated in this study are provided in the Supplementary
Information, as Supplementary Data S1 to S7.

Code availability
All analyses were based on published R libraries and packages, as
indicated in the Methods. The R code used to develop the analyses

data are available in the supplementary materials, as appendices S1, S2,
and S3.
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