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Abstract Agricultural expansion is a major driver of biodiversity loss, especially in the
megadiverse tropics. Rice is among the world’s most important food crops, invariably
affecting biodiversity worldwide. Although the effects of habitat conversion to rice crops
on biodiversity are not completely understood, landscape modification often creates con-
ditions that benefit some species and excludes others. We conducted an integrative eval-
uation of the effects that habitat conversion to irrigated rice crops has on anuran
communities from a Cerrado-Amazon ecotone. We adopted a multidimensional approach
to compare anuran communities from agricultural and pristine environments considering
(1) taxonomic metrics; (ii) functional and phylogenetic diversity; (iii) selected and excluded
traits and (iv) body condition indices. When compared to their pristine counterparts,
agricultural waterbodies showed increased functional divergence and decreased species
diversity and functional richness. Furthermore, agricultural anuran communities exhibited
lower phylogenetic diversity. Nonetheless, taxonomic diversity did not vary significantly,
suggesting that it should not be used without complementary metrics. Species with small
range, habitat specialization, small clutches and large body size were excluded from rice
crops. Furthermore, frogs showed lower body condition in crops than in pristine areas.
Understanding how species traits correlate with specific responses to agriculture will allow
better predictions of the functional effects of anthropogenic land-use. Maintaining high
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diversity in anthropogenic environments is important for ecosystem resilience because
diverse communities are more likely to hold multiple species capable of contributing to
ecological functions. Our results show that converting natural vegetation to irrigated rice
crops drives many species to local extinction, and resilient species to exhibit lower body
condition.

Keywords Amphibians - Agriculture - Body condition - Functional diversity -
Phylogenetic diversity - Traits

Introduction

Deforestation is a major driver of biodiversity loss, especially in the megadiverse
Neotropics, where it is mainly caused by agricultural expansion (Garcia-Barrios et al.
2009). Agriculture and cattle farming are known to alter communities and ecosystems
(Williams-Guillén and Perfecto 2010; Frishkoff et al. 2014). Several studies have reported
negative effects of habitat conversion to irrigated rice crops on biodiversity (e.g. Attademo
et al. 2011; Hyne et al. 2009). However, agricultural wetlands have also been considered
valuable for birds and amphibians (Czech and Parsons 2002; Elphick and Oring 2003;
Bambaradeniya and Amarasinghe 2004; Leps et al. 2006) and even functional equivalents
to natural wetlands.

Rice is an important food crop, occupying 11% of the world’s arable land (Kole et al.
2010). Latin America and the Caribbean produce 4.1% of the world’s rice production, half
of which comes solely from Brazil (FAO 2011). Given the extension and location of rice
fields worldwide, it is important to determine if these agricultural wetlands can maintain
biodiverse and resilient communities. This takes special significance in the Neotropics,
where rice production meets important social and economic demands, and biodiversity is
especially high and unique.

The effects of anthropogenic landscape modification are complex, often originating new
environmental, compositional and configurational conditions for biodiversity. This con-
cept, defined as environmental filtering, suggests that the environment acts as a filter,
favoring species with particular traits over others (Lebrija-Trejos et al. 2010). The envi-
ronmental filters originated by disturbances often favor generalist species, creating com-
munities with species richness similar and even higher than in pristine environments. In the
last case, local species richness may be higher, while diversity and species turnover remain
unchanged (Dornelas et al. 2014). General patterns of environmental filtering have been
identified for multiple organisms (Lebrija-Trejos et al. 2010; Hanspach et al. 2012; Maitner
et al. 2012; Kivlin et al. 2014). Traits such as body size and geographic range have been
identified as determinant for species resiliency to disturbances (Poff 1997; Mclntyre 2008).
Going beyond a species richness-based approach, incorporating environmental filtering of
communities may hold great promise as a predictive framework to assist conservation
planning and management of anthropogenic environments, favoring species with traits
associated with decreased resilience (Hanspach et al. 2012). To attain more reliable
deductions on the effects human activities have on communities, we must go beyond
species number and account for different components of biodiversity.

Wetlands are important breeding habitats for many amphibian species, and irrigated rice
fields are used to forage and reproduce. Due to their biphasic life cycle, highly permeable
skin and ectothermic physiology, amphibians are very dependent on environmental quality
and vulnerable to its change (Niemi and McDonald 2004). They play keystone roles in
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ecosystem functioning, acting as both predators and prey, enable nutrient transport between
aquatic and terrestrial systems, and are among the most diverse and abundant vertebrates
(Wells 2010; Blaustein et al. 2011). Amphibians can hence be used as surrogates to
evaluate the effects of human disturbances on communities and ecosystems (Davic and
Welsh 2004).

Here we conduct an integrative evaluation of the effects of habitat conversion to rice
fields on anuran communities in a Cerrado-Amazon ecotone. This region has three large
rivers (Araguaia, Formoso and Javaés), hosting the world’s largest continuous area of
irrigated rice, with over 500,000 ha. As an ecotone, it has unique biodiversity, resulting
from constant and historical contact between species typical of the Cerrado and the
Amazon biomes. We adopted a multidimensional approach to assess (i) how taxonomic
diversity, species richness and evenness are modified; (ii) how functional and phylogenetic
diversity are affected; (iii) which anuran traits are selected and excluded in Neotropical
agricultural landscapes; and (iv) use body condition indices to assess population fitness
under agricultural pressure. We expect that indices considering functional and phyloge-
netic diversity will provide better assessments of community alteration than indices based
on taxonomy and abundance, since species—environment relationships are assumed to be
mediated via functional traits (e.g., Suding et al. 2008). Furthermore, we expect rice fields
to pose different environmental filters on anuran communities, resulting in more homo-
geneous communities, with marked selection for traits that ensure persistence on anthro-
pogenic landscapes. Finally, we hypothesize that, although generalist species are
apparently successful in these environments, body condition indices will be lower than in
pristine areas, which may suggest that agricultural environments are unable to host healthy
generalist anuran communities. This is the first study to simultaneously assess taxonomic,
functional and phylogenetic dimensions of anuran communities, along with body condi-
tion, within a Neotropical agricultural landscape.

Materials and methods
Study area

This study took place in the states of Goids and Tocantins, Brazil. Both pristine and
agricultural study areas are located in an Amazon-Cerrado ecotone region. This ecotone
has a very characteristic vegetation, with species typical of rainforest and savanna biomes
coexisting and forming a specific phytophisiognomy.

There are four types of rice production in Brazil, depending on topography, soil type
and condition, temperature, pluviometry and available technology. Irrigated and upland
rice fields are the most expressive regarding crop area and yield, accounting for 67 and
33% of the annual production, respectively (IBGE 2005). While upland rice fields are
distributed on montane areas, irrigated rice is grown in periodically flooded regions,
usually close to large rivers. The Cerrado is considered Brazil’s “water tank”. Its large
rivers, periodically flooded areas and suitable climatic and territorial extension, hold great
agricultural potential for irrigated rice crops (Santos and Rabelo 2004).

Sampled rice fields are located in the municipal district of Lagoa da Confusdo (To-
cantins). Pristine areas are located in Pium, Ilha do Bananal (Tocantins) and Monte Alto
(Goias). The region is a seasonally flooded area, with two large rivers (Formoso and
Javaés) and a very pronounced rainy season from October to April. This highly unique
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ecotone is characterized by the presence of ipucas, “islands” of closed native vegetation
that remain flooded longer than the surrounding areas, and sustain biodiversity adapted to
this conditions, as an endemic rodent (Rhipidomys ipukensis) was found within these
structures (Rocha et al. 2011). If an ipuca is destroyed to make place for crops, it will result
in low crop yields because when the native vegetation is removed, the ipuca area remains
flooded for longer, thus becoming inappropriate for agriculture. The ipucas exist only in
the state of Tocantins, making the agricultural landscapes of this state quite peculiar, with
vast crop areas speckled by many “islands” of native vegetation with variable dimensions.

Irrigated rice fields in the Cerrado-Amazon ecotone present a dynamic hydrologic
regime, with variation between aquatic and terrestrial phases. Rice fields hold surface
water throughout the rice growing phase (December—April), being completely drained
right before harvest (Santos and Rabelo 2004). After rice harvesting, fields may remain
with or without other crops, such as soybeans or watermelons, depending on the land-
owner’s will. Besides rice fields, the region’s landscape is also occupied by pasture areas
for cattle, emus or water buffalos.

The area here referred to as pristine and used as a reference in this study, is occupied by
natural Cerrado-Amazon ecotone vegetation, with no significant anthropogenic activities.

Sampling design

To ensure we represented most of the environmental variability of this agricultural land-
scape, we randomly chose a total of 10 rice fields along the Rio Formoso irrigation project
(Fig. 1b). Chosen rice fields had similar management, but varied in size, ipuca and
waterbody abundance and size. We selected 4-5 lentic waterbodies for anuran sampling in
each rice field, totaling 35 waterbodies sampled in rice fields (Fig. 1d). All waterbodies
were embedded inside rice quadrats, or located less than 50 m from rice fields. Water-
bodies were chosen based on type, size and hydroperiod. The pristine area is occupied by
typical Cerrado-Amazon ecotone vegetation, and has numerous natural lentic waterbodies.
We chose 30 natural lentic waterbodies for anuran sampling, in order to assess the pristine
community composition (Fig. 1c). We chose small (25 m?) to large (1200 m?) temporary
lentic waterbodies in both agricultural and pristine areas. To ensure spatial independence,
all sampled waterbodies (pristine and agricultural) were at least 450 m apart (Dodd 2010).

Anuran surveys

Agricultural and pristine surveys were conducted during two rainy seasons, from February
to May of 2013, and from October to May of 2014. Anuran sampling was performed by
two trained observers, using nocturnal visual encounter surveys along a 10 m wide margin
of each waterbody, for approximately 30 min. Every individual seen perched on the
vegetation, on the ground, under the leaf litter, logs or stones was caught, identified,
measured, weighed, photographed and then released near the site of origin. Each water-
body was sampled 10 times.

Trait data
We compiled life history and ecological traits for every species encountered in the agri-

cultural and pristine areas. We compiled information on 12 traits for each species: activity,
habits, habitat, fossorial behavior, adult snout-vent length (SVL), breeding site, breeding
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Fig. 1 Study areas. a Map of Brazil with study area location and delimitation of the country’s five biomes:
Amazon (AM), Cerrado (CE), Caatinga (CA), Atlantic Forest (AF), Pantanal (PA), and Pampas (PP);
b Geographic location of both pristine and agricultural study areas. White dots represent pristine sampling
sites and dark dots represent agricultural sampling sites. Lighter areas represent agricultural lands while
darker areas represent native vegetation. ¢ Detail of pristine study area (10°7'25.56”S, 49°31'10.66"W),
with sampling sites represented by white dots; d Detail of agricultural study area (10°40'4.18"S,
49°49'53.18"W), with sampling sites represented by black dots

strategy, clutch size, parental care, breeding season, breeding pattern and geographic range
size. Traits were chosen based on perceived importance for determining species resilience
to agricultural activities (Table A1) and on data availability. Trait data were compiled from
the literature, the AmphibiaWeb and IUCN online databases. If published data were
unavailable, we relied on expert opinion.
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Data analysis
Sampling efficiency and species richness

To assess the effectiveness of our sampling effort, we fitted species accumulation curves
for the agricultural and pristine areas. We calculated observed species richness, estimated
species richness (Chaol estimator), species diversity (Shannon—Weaver’s H) and species
evenness (Pielou’sJ) for every site sampled in both agricultural and pristine areas, using the
Vegan package (Oksanen et al. 2015) in program R version 3.1.2 (R Core Team 2014).

Taxonomic diversity

We calculated taxonomic diversity and taxonomic distinctness (Clarke and Warwick 2001)
based on information derived from a hierarchical taxonomic tree. Mean values of taxo-
nomic distinctness and diversity are considered to be less susceptible to variability in
sample size than species richness (Clarke and Warwick 2001). We used taxonomic clas-
sification of all species sampled in both agricultural and pristine areas. Taxonomic indices
were calculated using package vegan (Oksanen et al. 2010) on program R.

Functional diversity

Functional diversity describes the variability in ecological attributes among species,
expressing ecosystem resistance, resilience and functioning (Petchey and Gaston 2006).
Mason et al. (2005) divided functional diversity into three independent components: the
amount of trait space filled by the community (functional richness), the divergence of
abundance distribution in the occupied trait space (functional divergence) and the evenness
of distribution of abundance in trait space (functional evenness). We quantified functional
richness according to Villéger et al. (2008), which corresponds to the volume inside the
hull that contains all trait combinations represented in the community. Functional richness
is only influenced by the identity of species and more particularly by the most extreme
species (in terms of functional traits), which delimitate the convex hull. We quantified
functional evenness and functional divergence according to Villéger et al. (2008). Func-
tional evenness includes both the regularity of species distribution and the regularity of
their abundances along the “skeleton” of the functional volume occupied. It decreases
when functional distances among species are less even or when abundances are less evenly
distributed among species, i.e. when the main abundances belong to functionally close
species. Functional divergence, the third facet of functional diversity, describes whether
higher abundances are close to the volume borders. It approaches zero when highly
abundant species are very close to the center of gravity of the volume occupied and
approaches unity when highly abundant species are very distant from the center of gravity.
There are other two important components to consider, functional distance and functional
group richness. Functional distance is the mean distance in multidimensional trait space of
individual species to the centroid of all species being unaffected by species richness by
construction (Laliberté and Legendre 2010). Functional group richness represents the
number of functional groups per community, as well as the abundance of each group in
each community. These facets are complementary and describe the distribution of species
and their abundances within the functional space.
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All of the above mentioned components of functional diversity were computed for both
areas, based on trait values and species relative abundances. To assess differences among
indices from agricultural and pristine areas, we used ¢ tests or Wilcoxon—-Mann—Whitney
tests for non-parametric data. All indices were calculated using packages FD (Laliberté
et al. 2015), Ape (Paradis et al. 2004) and Picante (Kembel et al. 2010) in program R.

Null model validation

Most changes in functional diversity components cannot be interpreted directly, since
communities differ in species richness. Thus, we must not assess if observed diversity
indices are significantly different between the agricultural and pristine areas, but if
diversity indices are significantly different between agricultural and pristine areas after
randomizing the samples between the areas. We tested the null hypothesis of no change in
pristine and agricultural communities, designing an appropriate randomization procedure
to test community changes in diversity indices (Swenson 2014). Our null models were
independent swap models, which randomize community data, while maintaining species
occurrence frequency and sampling species richness for each community. The random-
ization process was carried out 999 times for each index and both pristine and agricultural
areas, and the P value associated with the null hypothesis (no community effect) rejection
was estimated (Manly 2006). We tested whether the actual functional diversity for each
community was significantly higher or lower than the null FD distribution, at oo = 0.05.
This approach allowed us to determine if changes in functional diversity simply reflected
species richness, or if species composition and trait diversity varied in important ways
between agricultural and pristine areas. In addition, a standardized effect size was calcu-
lated for each index and area, to measure the statistical amount of deviation of the observed
index of community structure from the distribution of simulated indices (Gotelli and
McCabe 2002). Null models and respective significance metrics were generated on pro-
gram R.

Phylogenetic diversity

Phylogenetic diversity describes the evolutionary differences among species based on
times since divergence from a common ancestor (Faith 1992), representing an estimate of
phylogenetically conserved ecological and phenotypic differences among species
(Cavender-Bares et al. 2009). This dimension may characterize the long-term evolutionary
potential of specific clades to respond or adapt to current and future environments. We
used the phylogenetic tree built by Isaac et al. (2012) from the amphibian ‘tree of life’
described by Frost et al. (2006), with 5713 amphibian species and respective branch
lengths. We pruned this supertree to build a smaller phylogenetic tree with every species
sampled in the pristine and agricultural areas. All operations related to pruning the original
Isaac et al. (2012) supertree were performed using package Ape (Paradis et al. 2004) in
program R. We quantified the phylogenetic diversity with three different measures: Faith’s
index of phylogenetic diversity (Faith 1992), mean phylogenetic distance and mean nearest
phylogenetic taxon distance (Webb et al. 2002). Faith’s index of phylogenetic diversity is
defined as the minimum total length of the phylogenetic branches connecting the species
together on the phylogenetic tree. The abundance-weighted measures mean phylogenetic
distance and mean nearest phylogenetic taxon distance are respectively the average dis-
tance between two random individuals in a sample and the average distance to the closest
heterospecific individual for all individuals in the sample (Webb et al. 2008). The branch
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lengths on the phylogram were used as distance measures. Mean phylogenetic distance is a
measure of the tree-wide phylogenetic relatedness of the community, while mean nearest
phylogenetic taxon distance focuses more on the relationships between the tips of the
phylogenetic tree (Kraft et al. 2007). Measures of phylogenetic diversity were calculated
with the Picante package (Kembel et al. 2010) in program R.

Anuran trait association with agricultural landscapes

To identify which traits were selected and excluded by land use, we used machine learning
techniques to build classification and regression trees. Although these tools have been
previously used in ecology and recommended for conservation practice and wildlife
management (Oliver et al. 2012), their application is still limited (Olden et al. 2008).
Decision and regression trees are designed to identify nonlinear, context-dependent rela-
tionships between multiple correlated predictor variables (Olden et al. 2008). They do not
assume a specific distribution of predictor variables or data independence, avoiding
potential concerns about pseudoreplication and alleviating the need for explicit phyloge-
netic control (Bielby et al. 2009). Predictor variables may appear repeatedly in the model
as necessary, a fundamental difference from the single-predictor variables of linear models.
Finally, these analyses produce graphical outputs that quantify and summarize the inter-
actions in easily interpretable formats.

Because traditional tree models can be unstable, we also used random forest models,
which combine the predictions of many independent decision-tree models to produce
robust results regarding variable importance (Breiman 2001). However, because random
forest models do not produce a visual representation of trait selection, we chose to also fit
traditional classification and regression tree models. We used packages random forest
(Liaw and Wiener 2015) and rpart (Therneau and Atkinson 1997) on program R to
determine the main predictors of anuran presence and species relative abundance in rice
fields. Trees are built by repeatedly partitioning the dataset into a nested series of mutually
exclusive groups, each group as homogenous as possible regarding the response variable.
Homogeneity is measured by the mean decrease in accuracy. Branches or split points in the
tree are determined by considering all possible splits of all predictor variables and selecting
the split that results in the most homogenous subgroups for the data. Lower branches are
afterwards pruned by 10-fold cross-validation to produce an optimal tree, balancing
complexity (i.e., number of nodes) with prediction accuracy. The smallest tree with an
error rate within 1 standard error of the minimum-error tree is selected as the optimal tree.

We quantified overall model accuracy using the percentage of species correctly clas-
sified, the percentage of species not present correctly classified (specificity), and the per-
centage of species present correctly classified (sensitivity). We assessed the accuracy of the
relative abundance model using cross-validation from package rpart (Therneau and
Atkinson 1997) in program R.

Body condition index

The original method of estimating body condition involved the quantification of fat
deposits and was fatal for the studied individuals (Blackwell 2002). A non-destructive
alternative to the above-mentioned method is the use of body condition indices based on
allometric relationships between length and weight. We extracted body condition indices
from the residuals of the regression of body mass logarithm on snout-vent length logarithm
(Jakob et al. 1996; Peig and Green 2010). To evaluate if body condition differed between
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arboreal and terrestrial frogs from pristine and crop areas, we calculated body condition
indices for three treefrog genera (Dendropsohpus, Boana and Hypsiboas—D. nanus, D.
minutus, D. melanargyreus, D. rubicundulus, B. albopunctata, B. gr. semilineatus, B.
raniceps, H. lundii) and one terrestrial genus (Leptodactylus—L. latrans; L. gr.
melanonotus, L. fuscus, L. pustulatus, L. labyrinthicus, L. mystaceus; L. mystacinus; L.
petersii; L. troglodytes). Hypsiboas represents larger treefrogs while Dendropsophus rep-
resents smaller treefrogs. Samples consisted of 264 individuals of Dendropsophus, 179
BoanalHypsiboas and 701 Leptodactylus. Half of the datasets corresponded to individuals
from pristine areas, and the other half to individuals collected from rice fields. Differences
in body condition indices from frogs collected in crops and in pristine waterbodies were
tested using the nonparametric Kolmogorov—Smirnov test in R.

Results
Sampling efficiency and species richness

Sampling was effective in capturing the vast majority of the species present in rice fields,
but sampling effort on pristine areas showed that the intensification of sampling effort
could increase richness (Table 1; Fig. 2). Species richness was significantly higher in
pristine areas than in rice fields (Table 1, Fig. A.1). The Hylidae family was represented by
7 species in the agricultural area and 17 species in the pristine area, the Leptodactylidae
family was represented by 5 species in the agricultural area and 16 species in the pristine
area, the Microhylidae family was represented by 1 species in the agricultural area and 3
species in the pristine area, while the Bufonidae family was represented by 1 species in the
agricultural area and 3 species in the pristine area.

Taxonomic diversity

Differences between taxonomic metrics in pristine and agricultural areas were not sig-
nificant (Table 1).

Table 1 Number of species observed, number of species estimated (Chaol) and taxonomic indices, for
pristine and agricultural areas with respective standard errors

Metric Pristine areas Rice fields P value
Species observed 46 14 0.015
Species estimated (Chao) 56 (11.14) 14.23 (0.67) 0.010
Proportion of species observed 0.80 0.98 -
Species diversity (H) 2.31 (0.68) 1.60 (0.17) 0.036
Species evenness (J) 0.83 (0.09) 0.73 (0.05) 0.059
Taxonomic diversity 69.30 (15.87) 59.54 (5.53) 0.260
Taxonomic distinctness 78.20 (7.42) 81.71 (3.30) 0.418
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Fig. 2 Species accumulation curves for pristine and agricultural areas, with Chaol estimator and standard
errors represented

Functional diversity

Functional richness was significantly higher in pristine areas than in rice fields (W = 19,
p = 0.02). Functional divergence was significantly lower in pristine areas than in rice
fields (t(12.7) = 3.02, p = 0.01). Regarding functional trait clusters, cluster 1 only had
40% of the species present in pristine areas represented in rice fields, cluster 2 had 30%,
cluster 3 had 31% and cluster 4 had 25% (Fig. 2). Cluster 3 was significantly more
abundant in pristine areas than in rice fields (t(3.923) = 9.04, p = 0.01) (Fig. 2).
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Null model validation

Observed functional richness in rice fields was significantly lower than null expectation
73% of the times (Table 2). Faith’s phylogenetic index is strongly affected by species
richness. Observed mean phylogenetic distance in rice fields was significantly lower than
randomly expected 82% of the times. Observed mean phylogenetic distance to the nearest
taxon in rice fields was significantly lower than null expectation 77% of the times
(Table 2). Hence, significant differences in functional and phylogenetic diversity metrics
are not due to differences in species richness, but largely attributed to trait composition and
community phylogenetic structure (Fig. 3).

Phylogenetic diversity

Faith’s index of phylogenetic diversity (t(10.35) = 4.378, p = 0.02) and mean phyloge-
netic distance (t(10.86) = 7.12, p = 0.003) were significantly lower in rice fields than in
pristine areas. Mean nearest phylogenetic taxon distance (t(13.89) = 7.90, p = 0.002) was
significantly higher in rice fields than in pristine areas (Fig. 4).

Of the seven clades that compose the total phylogeny, two are not represented in rice
fields, three have ca. 30% of the clades represented in rice fields and two have approxi-
mately 50% of the clade represented in rice fields (Fig. 5).

Anuran trait association to agricultural landscapes

Our random forest models selected range size, SVL, clutch size and habitat as predictors of
anuran species presence in rice fields. Our classification tree models identified two optimal
trees for trait association with species presence in rice fields. In the first tree, small species
ranges (<599 km?) determine species presence in crops, with 83% of the species with
ranges smaller than 599 km? being absent from rice fields. In the second tree, anurans
associated with forest and open area habitats have 77% probability of being absent from
rice fields. If the described habitat association occurs in synergy with small clutch size
(<182 or 432), the probability of that species being absent from rice fields is high (100% or
82%). Anurans associated to forest or open areas, with larger clutches, have a relatively
high probability of occurring in rice fields (57%) (Fig. A.2).

Table 2 Percentage of pristine and agricultural communities with an observed value of the functional or
phylogenetic diversity measures significantly lower or higher than the null expectation (P < 0.05) with 999
simulations

Index Lower than null expectation  Higher than null expectation
(%) (%)

Pristine areas Rice fields Pristine areas Rice fields

Functional richness 42 73 19 12
Faith’s index of phylogenetic diversity 22 30 10 0
Mean phylogenetic distance 21 82 2 0
Mean nearest phylogenetic taxon distance 46 77 0 3
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Fig. 3 Functional trait dendrogram (a), with every species observed during this study, considering both
pristine and agricultural areas. Species with asterisk are present in agricultural areas. Boxplots representing
the relative abundances of the corresponding four functional clusters (b—e) on agricultural (black box) and
pristine (grey box) areas

Our random forest models selected habitat, SVL, range size and clutch size as predictors
of relative abundance of anuran species in rice fields. Our regression tree models identified
three optimal trees for trait regression against species relative abundance in rice fields
(Fig. A.3). In the first tree, small species ranges (<685 kmz) results in low relative
abundance in crops and, if in synergy with larger body size (>18 mm), corresponds to a
very low relative abundance in rice fields. On the contrary, anurans with small ranges but
smaller body size (<18 mm) are associated with relatively higher abundances in rice fields
(Fig. A.3A). The second optimal tree identifies forest or open area habitat associations as
determinant for low relative abundance in crops, which, if in synergy with larger body size,
results in absence from crops (Fig. A.3B). The third optimal tree identifies larger body size
and smaller clutches as determinant for low or null abundances in rice fields (Fig. A.3C).

Body condition index
Body condition indices for the genera Dendropsophus (D = 0.8541, p = 8.32e—16),

Hypsiboas (D = 0.8756, p = 3.695e—15) and Leptodactylus (D = 0.6356, p < 3.2e—17)
were significantly higher in pristine areas than in rice fields (Fig. 6).
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Fig. 4 Indices translating different metrics of phylogenetic diversity in agricultural and pristine areas.
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Discussion

Our study is the first to integratively assess the effects of natural habitat conversion to rice
fields on anuran communities. Our results strongly suggest that habitat conversion and
agricultural management have caused profound alterations to the anuran community,
including dramatic loss of species diversity and functional richness and increased func-
tional divergence. Community composition suffered severe alterations, resulting in dom-
inance of generalist hylids and leptodactylids and low representation of specialist
microhylids and bufonids. Anuran communities in rice fields exhibited decreased phylo-
genetic diversity and mean phylogenetic distance, and increased mean nearest phylogenetic
distance. This suggests that anuran communities in agricultural areas are composed of
phylogenetically related species and, therefore, are not as diverse as their pristine
counterparts.

Taxonomic indices often show increased species richness for intermediate disturbance
levels, failing to accurately describe how disturbances affect biodiversity, unless other
metrics are also considered. Functional diversity indices are expected to decrease under
high disturbance levels due to environmental filtering (Cornwell et al. 2006; Flynn et al.
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2009), and are thus perceived as better translators of disturbance effects on communities
and ecosystems. According to the performance filter hypothesis, the environment deter-
mines the performance of species according to their trait syndromes, posing environmental
filters to communities and selecting trait combinations associated with increased fitness in
the occurring conditions (Mouillot et al. 2013). Our study corroborates such conceptions
because, although anuran species richness, functional richness and phylogenetic diversity
were significantly lower in rice fields, taxonomic diversity did not vary significantly. This
means that even mild disturbances may deplete populations of species with vulnerable
combinations of traits (e.g., habitat specialists, with larger body size, smaller clutch size
and geographic range, as our results indicate) without modifying species composition and
thus, without affecting taxonomic indices. Functional and phylogenetic diversity indices
provide deeper insights into the complex effects that disturbances have on biodiversity
(Cornwell et al. 2006). Functional richness has been considered a good predictor of
ecosystem services (Dlaz and Cabido 2001), while functional divergence or specialization
may act as early-warning indicators of decline (Villéger et al. 2010).

Phylogenetic diversity represents the total evolutionary history or phylogenetic relat-
edness of all species in a community (Faith 1992), being recognized as intrinsically
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valuable for conservation (Winter et al. 2013). Despite the known impacts of agriculture on
species loss, the effects of habitat conversion on phylogenetic diversity remain largely
unknown. Studies on plants and invertebrates suggest that environmental disturbances
favor subsets of closely related clades, resulting in phylogenetic diversity loss (Helmus
et al. 2010). Global extinction risk assessments of birds and mammals suggest that par-
ticular branches are at greater extinction risk than others (Arregoitia et al. 2013). Although
anuran species richness was significantly decreased in rice fields, species loss alone did not
account for declining phylogenetic diversity. The changes we detected in phylogenetic
diversity result from species loss and increased species relatedness. Species in pristine
areas were less related to one another than expected by chance, whereas species in rice
were more closely related. These patterns indicate that anuran phylogenetic diversity loss
in agriculture causes a shift in community composition while taxonomic diversity remains
relatively stable.
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The decline in functional richness and increase in functional divergence following land
conversion to rice fields suggests that the loss of more sensitive species is not counter-
balanced by the addition of new disturbance-tolerant species that could fill vacant func-
tional niches or occupy different functional roles. Anuran communities from rice fields
were strongly dominated by a few generalist species (e.g., D. nanus, L. latrans), while
communities from pristine areas were composed by more species, many specialists,
occurring at lower abundances. These community changes provide strong evidence for
environmental filtering in agricultural landscapes. Generalists with short life cycles and
high reproductive capacities (i.e. r-selected species, Begon et al. 1996) are favored, and
K-selected specialists are excluded from the communities due to lower ability to adapt to
the fluctuating resources of intensively managed agricultural lands (Begon et al. 1996).
Habitat fragmentation impairs dispersal, affects meta-population dynamics and results in
increased extinction risk for less vagile species (Schweiger et al. 2005). Consequently,
intensively cultivated landscapes will be dominated by generalist and mobile species, while
specialized, rare, and less mobile species will incur in increased extinction risks (Sch-
weiger et al. 2007). Ecological resilience, the ecosystem’s ability to maintain key functions
after disturbances (Folke et al. 2004), safeguarding services such as seed dispersal or
pollination (Foley et al. 2005), is partially determined by functional richness and redun-
dancy (Allen et al. 2005). While functional richness describes the diversity and range of
functional traits responsible for ecosystem services (Wright et al. 2006), functional
redundancy represents the number of species fulfilling the same function, buffering against
trait extinction (Tscharntke et al. 2005). As amphibians play keystone roles in ecosystem
functioning, loss of amphibian functional richness and redundancy may affect ecosystem
processes and decrease ecosystem resilience (Davic and Welsh 2004).

Small geographic ranges, association with forest and open area habitats, small clutches
and large body size are associated with low to null species abundances in rice fields.
Indeed, while pristine communities were composed of many, similarly abundant species,
with varied degrees of habitat specialization, clutch and body size, agricultural commu-
nities were composed of few widespread habitat generalists, with smaller body size and
larger clutches, such as D. nanus or L. latrans. Large body size and small range are the
most common predictors of high extinction risk for several organisms (Sodhi et al. 2008;
Botts et al. 2013; Gilroy et al. 2014). Small-range species are often less abundant, less
mobile and poorer competitors being more likely to decline, become threatened and
eventually suffer extinction (Cooper et al. 2008; Devictor et al. 2010; Murray et al. 2011;
Sodhi et al. 2008). Species with large ranges often tolerate a wide variety of conditions,
while species with small ranges are only able to persist under a narrower range of con-
ditions (Sodhi et al. 2008; Cooper et al. 2008; Devictor et al. 2010). Strong association with
forest and open area habitats are also associated to increased specialization. In the Cerrado,
forest associated anurans have specialized breeding strategies, such as terrestrial clutches
and lotic tadpoles, while open area specialists often produce foam nests in subterranean
chambers to minimize humidity loss and temperature fluctuation. Anuran body size reflects
effects of reduced surface to volume ratios in larger species to control both heat and water
balance (Olalla-Tarraga et al. 2011; Sodhi et al. 2008). However, our results indicate that
agricultural activities such as pesticide application and ploughing may be significantly
more detrimental to larger species, offsetting the physiological advantage that larger body
size has in regulating body temperature. Small clutches are correlated with decreased
survival probabilities, especially in unstable and adverse conditions, such as those present
in agricultural environments.
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Although the effects of habitat change on body condition are seldom studied, the few
studies available indicate that anurans in agricultural areas have lower body condition than
their pristine counterparts (e.g. Brodeur et al. 2011; Karraker and Welsh 2006; Neckel-
Oliveira 2007). Body condition indices are surrogates for the animal’s mass associated
with energy reserves after correcting for structural body size. As energy stores can be
allocated for maintenance, growth or reproduction, animals with larger energy reserves
will usually have better fasting endurance, survival and reproductive output than indi-
viduals with smaller reserves (e.g., Bachman and Widemo 1999). Consequently, the lower
body condition observed in frogs from cultivated sites suggests that these animals have
reduced fitness, and impaired reproductive output and survival (Brodeur et al. 2011).
Besides increased competition for resources, exposure to fertilizers and pesticides may
stimulate the organism’s compensation/detoxification systems, also reducing energy
reserves (e.g., Costa and Nomura 2016). Furthermore, food intake may be lower in crops
due to habitat quality and insecticide applications. Our results highlight the need for further
investigations into the causes and consequences of the low body conditions consistently
found in anuran communities from agricultural environments.

Understanding how species traits correlate with their responses to agriculture will allow
better predictions of the functional effects of anthropic land-use (Newbold et al. 2013).
Diversity itself is an important component of ecosystem resilience because diverse com-
munities are more likely to hold multiple species capable of contributing to a single given
function. Our results show that the conversion of natural Cerrado-Amazon vegetation to
vast rice fields results in such environmental alterations, that large subsets of species are
driven to local extinction irrespective of their specialization. Species commonly perceived
as resilient to habitat alteration did not occur in these environments (e.g. Leptodactylus
labyrinthicus, Heyer 2005), which suggests that the new environmental filters, arisen as a
consequence of replacing native vegetation with rice fields, are more detrimental on
Neotropical anurans than was expected. Our results corroborate previous studies (e.g.,
Cooper et al. 2008; Lips et al. 2003) but also deliver new insights to potential synergies of
different drivers of anuran community change in agricultural environments. Creating and/
or maintaining networks of abundant and large forest patches and waterbodies may be key
to sustaining higher levels of FD and PD in agricultural landscapes (Ribeiro et al. 2017).
This study suggests that traditional metrics such as taxonomic diversity can hide important
information about the real impacts of anthropogenic land-use on species composition and
ecosystem functioning. Integrative approaches provide holistic insights on the impacts and
consequences of human-mediated disturbances on biodiversity, potentially contributing to
future conservation and agricultural management decisions (Vandewalle et al. 2010;
Hidasi-Neto et al. 2012).
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