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Abstract

Deforestation and habitat loss resulting from land use changes are some of the utmost anthropogenic impacts that threaten
tropical birds in human-modified landscapes (HMLs). The degree of these impacts on birds’ diet, habitat use, and ecological
niche can be measured by isotopic analysis. We investigated whether the isotopic niche width, food resources, and habitat
use of bird trophic guilds differed between HMLs and natural landscapes (NLs) using stable carbon (§'3C) and nitrogen
isotopes (8'°N). We analyzed feathers of 851 bird individuals from 28 landscapes in the Brazilian Atlantic Forest. We clas-
sified landscapes into two groups according to the percentage of forest cover (HMLs <30%; NLs >47%), and compared the
isotopic niche width and mean values of 6'°C and 6'>N for each guild between landscape types. The niches of frugivores,
insectivores, nectarivores, and omnivores were narrower in HMLs, whereas granivores showed the opposite pattern. In
HMLs, nectarivores showed a reduction of 44% in niche width, while granivores presented an expansion of 26%. Individuals
in HMLs consumed more resources from agricultural areas (C, plants), but almost all guilds showed a preference for forest
resources (C; plants) in both landscape types, except granivores. Degraded and fragmented landscapes typically present a
lower availability of habitat and food resources for many species, which was reflected by the reduction in niche width of
birds in HMLs. Therefore, to protect the diversity of guilds in HMLs, landscape management strategies that offer birds more
diverse habitats must be implemented in tropical regions.
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Introduction

Land use changes are some of the greatest threats to bio-
diversity, especially considering the high rates of defor-
estation and expansion of agricultural areas upon tropical
forests worldwide (Steffen et al. 2005). Significant compo-
sitional shifts in many communities of animals and plants,
and diversity shrinkage are consequences of habitat loss and
fragmentation, which are mainly driven by human activi-
ties (Haddad et al. 2015; Vellend et al. 2017). As many
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biological organisms serve as direct food resources for other
organisms, these multi-taxon losses negatively affect food
webs (Estes et al. 2011; Bogoni et al. 2019). Considering
that anthropogenic changes directly affect the availability of
habitat and food to the fauna, human-modified landscapes
(HMLs) differ from natural landscapes (NLs) in the provi-
sion of both types of resources (Magioli et al. 2019; da Silva
et al. 2020).

Birds are one of the many taxa influenced by anthro-
pogenic impacts and their communities have changed sig-
nificantly in HMLs (Pardini et al. 2009; Martensen et al.
2012). In the Atlantic Forest of South America, landscapes
composed of up to 30% of forest have a lower bird richness
and abundance compared to landscapes with over 50% of
forest (Martensen et al. 2012; Morante-Filho et al. 2015).
In HMLs, bird assemblages are dominated by species that
are generalists regarding the use of habitat and diet (Carrara
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et al. 2015; Alexandrino et al. 2017). Although generalist
birds are typically less sensitive to changes in habitats than
specialists (Devictor et al. 2008), they also depend on forest
remnants to persist in HMLs (Pardini et al. 2009). Moreover,
in degraded environments, generalist species are responsible
for much of the ecological processes required to maintain
ecosystem functioning (Pizo 2007; Barros et al. 2019).
Conventional methods used to assess the habitat use and
diet of birds (e.g., collecting gut contents and tracking with
GPS) are time and resource demanding. As an alternative,
the use of stable carbon and nitrogen isotopes in bird studies
across spatiotemporal scales are increasing, especially due
to the efficiency of this method to obtain information on diet
and habitat use (Inger and Bearhop 2008; Hobson 2011).
Stable carbon isotopes (!2C and '*C; 6'°C) permits the esti-
mation of food resources and habitats used by individuals
(Inger and Bearhop 2008). The main processes that lead to
different carbon isotopic values are related to plant photo-
synthetic pathways (C; and C,), although some other factors
have the potential to influence these values to some extent
in terrestrial landscapes (e.g., soil moisture and characteris-
tics, temperature, and light) (Vitéria et al. 2018; Sena-Souza
et al. 2019). The Atlantic Forest is mostly composed of C;
plants, whereas agricultural areas in this domain are mainly
composed of C, plants (e.g., grasses for cattle ranching and
sugarcane), which are dominant components of many con-
temporary tropical landscapes. Stable nitrogen isotopes ('*N
and ’N; §°N), on the other hand, are often used to provide
insights on trophic processes and to estimate the position of
the species in the trophic chain (Post 2002). These isotopes
can also reflect the influence of anthropogenic nitrogen input
into the environment upon organisms, mainly via nitrogen
fertilizer used in agriculture (Hebert and Wassenaar 2001).
The concept of ecological niche has been widely used to
understand the relationship between species and their envi-
ronment (Chase and Leibold 2003). The niche comprises
a multidimensional space of biotic and abiotic variables,
such as the food and habitat used so that the study of niche
breadth allows the understanding of relevant information
about the ecology of a species (Sexton et al. 2017). Niche
breadth reduction caused by environmental impacts might
result in the local extinction of species (Scheele et al. 2017).
Conversely, niche expansion may reveal that some species
can use areas highly modified by anthropogenic activities
(Pagani-Nuifiez et al. 2019; Magioli et al. 2019). Isotopic
niches represent ecological niches as the combination of
813C and 8'°N values provides information on the use of hab-
itat and diet of a given species (Newsome et al. 2007). Using
this approach, some studies have found relevant informa-
tion regarding niche width changes in anthropogenic habitats
and the possible consequences of these changes for species
conservation (e.g., Galetti et al. 2016; Pagani-Nuiiez et al.
2019). In the real world in which constant modifications
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occur at the landscape scale, it is essential to understand and
compare how species differ in their use of habitats and food
resources in NLs and HMLs.

We compared the patterns of resource and habitat use
by five trophic guilds of birds (frugivores, granivores,
insectivores, nectarivores, and omnivores) between HMLs
and NLs in the Atlantic Forest, Brazil. To achieve this, we
determined the isotopic values of carbon (§'*C) and nitrogen
(6">N) and the niche width for each guild, comparing them
between NLs (>47% of forest cover) and HMLs (£30%
of forest cover). We hypothesized that, given the negative
anthropogenic impacts on tropical forests, especially regard-
ing land use changes in response to agriculture expansion
and deforestation, trophic guilds would show a significant
decrease in isotopic niche width between HMLs and NLs.
We also hypothesized that trophic guilds in HMLs are prone
to a greater (direct or indirect) consumption of food items
from both forest remnants (mostly C; plants) and agricul-
tural areas (mostly C, plants), showing higher §'°C values
for birds in this landscape type. Regarding 6'°N values, we
expected differences between landscape types as anthropo-
genic changes negatively affect resource availability and
trophic chain structure (Morante-Filho et al. 2018; Magioli
etal. 2019).

Materials and methods
Study sites and landscape type definition

Study sites were set on evergreen and semideciduous forests
of the Atlantic Forest biome, a tropical biodiversity hotspot
(Mittermeier et al. 2011), in the state of Sdo Paulo, south-
eastern Brazil (Fig. 1). Before the nineteenth century, this
state was covered by ~82% of native forests (Victor et al.
2005). Nowadays, only 28% of the forest cover remains,
mostly in steep terrains of coastal regions named Serra do
Mar corridor and Paranapiacaba ecological continuum—
typically evergreen forests (Rezende et al. 2018; Souza et al.
2020). The high fragmentation and forest loss in the cen-
tral and western portion of the state—mainly composed of
semideciduous forests—results from the history of agricul-
ture expansion in Sdo Paulo, which was mostly established
away from the coastal region (Aguiar et al. 2003). Despite
the difference in vegetation type and abiotic variables (e.g.,
soil and climate) between inland (semideciduous forest)
and coastal regions (evergreen forest), both express simi-
lar 6"3C and 6N values (Powell et al. 2012; Vitoéria et al.
2018; Sena-Souza et al. 2019), which enables the following
comparisons.

For the selection of landscape sampling sites, we first
searched for biological samples (wing feather) available
from recent field sampling collections (2011-2019) and
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Fig.1 Map of the 28 landscapes where bird species were sampled in
south-eastern Atlantic Forest, Brazil. The exact location of each sam-
pling area is represented on the grey map, which were classified into
two landscape types: human-modified landscapes (HMLs; N=12)
and natural landscapes (NLs; N=16). The white star near study site

also from the ornithological collection of the Museum of
Zoology of the University of Sdo Paulo (MZUSP), Brazil.
We collected wing feather samples from different landscapes
of interest (see Feather and food resource sampling) using
bird capture techniques (i.e., mist nets) in 12 sites, and from
birds found dead in one site. To increase the number of sam-
ples, we also included feathers of other 15 sites available in
MZUSP collections, which ranged from 2001 to 2015.

We sampled a total of 28 sites (13 from primary data
and 15 from museum collections) and calculated the land
use composition for all sites regardless of the number of
individuals obtained in each one (Supplementary Figs.
S1 and S2). We identified each sample site using 5-m
resolution satellite images obtained from the Brazilian
Foundation for Sustainable Development (FBDS 2019),
and categorized land use types considering a 2-km radial
buffer around each bird sampling point (area= ~ 13 km?;
following Morante-Filho et al. 2015). Land use types were
categorized as follows: forest (native tree vegetation with
continuous canopy), non-forest vegetation (native shrub
or herbaceous vegetation), watercourse, urban area, agri-
cultural areas, and planted forest (i.e., silviculture). Then,

81% of forest 99% of forest

number 8 represents the city of Sdo Paulo (capital and the biggest city
of Sdo Paulo state). The circular buffers in the right are a sample of
the diversity of landscapes with different percentages of forest cover
(see all landscapes in Supplementary Figs. S1 and S2, according to
the referred numbers)

we identified two types of landscapes based on forest
cover: landscapes with <30% of forest cover (HMLs), and
with >47% of forest cover (NLs). The distinction we made
between HMLs and NLs is based on the importance of
forest cover at the landscape level as one of the main fac-
tors causing local extinction of bird species in the Atlantic
Forest, where fragmented landscapes with less than 30% of
forest cover are less biodiverse than those with more than
50% of forest cover (Uezu and Metzger 2011; Martensen
et al. 2012; Estavillo et al. 2013; Morante-Filho et al.
2015). We had 12 HMLs sites with 6-26% of forest cover,
mostly located inland (Supplementary Fig. S1) and 16
NLs with 47-99% of forest cover, mostly located near the
coastal region (Supplementary Fig. S2). This dichotomy is
clearly observed in the comparison between the western/
central side of the state (more agricultural lands) and the
region near the coast (more forested lands). To delimit
buffers on sites and calculate the percentages of forest
cover we used the QGIS version 3.2.2 software (QGIS
2018). The geographic coordinates of each study site are
expressed as a UTM projection—Datum SIRGAS 2000.
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Feather and food resource sampling

Feather samples came from individuals collected from 2001
to 2019, a large time span that does not affect the values of
isotopic signatures (except from the Suess effect, see Sta-
tistical analysis) as no significant landscape changes, con-
sidering all land uses, occurred in the state of Sao Paulo
in this period (see Bias evaluation; Souza et al. 2020). We
classified bird species into five trophic guilds (frugivores,
granivores, insectivores, nectarivores, and omnivores) based
on data from the literature (see Willis 1979; Motta Junior
1990; Wilman et al. 2014). We selected 5 species as frugi-
vores (123 individuals sampled), 5 species as granivores (88
individuals), 20 species as insectivores (359 individuals),
9 species as nectarivores (105 individuals), and 10 species
as omnivores (176 individuals) (Supplementary Table S3).
Then, we divided the 851 individuals into the 2 landscape
categories: HMLs (652 individuals) and NLs (199 samples).

In addition, we sampled food resources from eight HMLs
(invertebrates and seeds) to use as a baseline for the iso-
topic analysis of feathers. In total, we had 56 samples of
seeds, belonging to 6 genera and 1 morphospecies, that
were removed from the feces of birds captured in mist nets,
washed, and sorted for isotopic analysis (Supplementary
Table S4). We collected 70 samples of invertebrates oppor-
tunistically from the ground and vegetation next to mist nets
during field expeditions (Supplementary Table S4). To use
as baseline for NLs, we extracted isotopic values of food
resources (invertebrates, fruits and seeds) from Galetti et al.
(2016), which conducted a study in the same Atlantic Forest
region near the coast.

Isotopic analysis

We cleaned the feathers with 70% alcohol to remove pos-
sible contaminants, and then cut and packed approximately
0.5 cm? of the vane (without the rachis) into small tin cap-
sules (8 X5 mm or 5x 2.5 mm) (Wiley et al. 2010). We used
mortar and pestle to ground separately the food resource
samples from HMLs (invertebrates and seeds) until obtain-
ing a homogeneous mixture. Approximately 2 and 1 mg of
seed and invertebrate samples, respectively, were separately
packed in tin capsules (5 X 2.5 mm).

All samples were combusted in a CNH-1110 elemental
analyser (Carlo Erba; Milan, Italy) generating gases that
were subsequently inserted in a coupled continuous flow
isotope ratio mass spectrometer (Delta Plus; Thermo Sci-
entific; Bremen, Germany) to evaluate the sample isotopic
composition. During this process, carbon was transformed
into CO, and nitrogen into N,. Therefore, the mass spec-
trometer provided isotopic values expressed in delta (d) per
thousand (per mille, %o) obtained from the equation ‘5'>C or
SPN= [(Ryample/Rytandara) — 11, Where R is the corresponding

@ Springer

ratio '*C/!2C or 'N/!N. Carbon and nitrogen international
standards [Vienna Pee Dee Belemnite (V-PDB) and atmos-
pheric air, respectively] were used as a reference for our
samples. Reference materials (RM) in a two-point anchor-
age strategy were used to calibrate the machine (NBS-19
and NBS-22 for carbon and IAEA-N1 and IAEA-N2 for
nitrogen), in addition to lab materials in each run for quality
control. We replicated the same individual material for 10%
of the samples and estimated the precision of the analyti-
cal method measuring replicates of internal standards in all
batches, which was 0.09%o for carbon and nitrogen.

Statistical analysis

Decades of input of anthropogenic CO, into the atmosphere
has an expressive effect on §'°C values of ecosystems and
organisms (i.e., the Suess effect; Revelle and Suess 1957).
Considering the large time span of our data (~ 20 years), we
calculated and employed annual correction factors, ranging
from — 0.75 to — 0.05%o, to the individual §'3C values of
birds (Long et al. 2005).

An organism tissue is composed of elements which come
from food consumed. Therefore, its isotopic values would be
the same of food sources plus a trophic discrimination factor
(TDF) resulting from multiple factors inherent to the tissue
(DeNiro and Epstein 1978, 1981). Each tissue (e.g., feather,
claw, and blood) may have different TDF depending on the
species metabolism (Hobson and Clark 1992). TDF vary not
only among tissues but also among species, as each species
has specific physiological and anatomical characteristics that
influence the route isotopes take from food to consumer’s
tissue (Caut et al. 2009; Pecquerie et al. 2010). We used two
approaches to obtain TDF values for stable carbon and nitro-
gen isotopes, and compared them to see if they produced
similar results. We used the SIDER package in R (“Stable
Isotope Discrimination Estimation in R”) that estimates
TDFs based on a phylogenetic regression model, so provid-
ing values for each species (Healy et al. 2017). However, we
also used TDFs provided in a study that applied these factors
for trophic guilds composed by terrestrial passerine species,
so each TDF was relative to guild and not species-specific
(Ferger et al. 2013). As both approaches yielded the same
patterns regarding niche width and differences in 6'>C and
5N between HMLs and NLs, we used the TDFs provided
by SIDER (Supplementary Table S5).

After correcting the 5'°C and 6'°N values considering
the Suess effect and TDFs, we calculated the isotopic niche
width using the SIBER package in R (“Stable Isotope Bayes-
ian Ellipses in R”) (Jackson et al. 2011) for each of the five
trophic guilds in HMLs and NLs. We used the niche width
measure named Bayesian Standard Ellipse Area (SEAD)
for each group (i.e., HMLs and NLs), especially due to the
unbalanced number of samples in each landscape type. This
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measure fitted a Bayesian multivariate normal distribution
to each group based on 10,000 iterations using Gibbs Sam-
pling technique, and its results are given per mille squared
(%¢%). We used the posterior SEAb values generated by this
analysis to run a Student’s ¢ test to determine whether the
means of SEAby; and SEAbyy,,, differed significantly. In
addition, we created a histogram of SEAb posterior values
and estimated the tail probability (two-tailed; significance
level, < 0.05) under the mean of each group. We also calcu-
lated the Bayesian ellipse overlap between the two groups,
which is based on the posterior distributions of the means
and covariance matrices of each group. Then, we calculated
the percentage of ellipse overlap between HMLs and NLs.
Niche overlap indicates if guilds in HMLs and NLs have
similar requirements of habitat and food resources. In addi-
tion, we employed the same analysis of niche overlap among
trophic guilds for each landscape type.

We used the same SEADb calculation in a species-specific
approach, so that we could reinforce niche width differences
between individuals from HMLs and NLs. On this approach,
we only considered species that had more than five individu-
als sampled for each group, applying to at least one spe-
cies of each guild, except granivores. Considering that we
had a different pool of species in each group (HMLs and
NLs) within the trophic guilds, we also calculated the SEAb
selecting the same pool of species for each group when it
was possible (it was the case for insectivores, nectarivores,
and omnivores). Thus, we ensured that the differences in
niche width between groups were not a result derived from
the differences in communities’ composition.

We employed Bayesian mixing model analyses (Moore
and Semmens 2008) for all trophic guilds in HMLs and NLs
to quantify the contribution of food sources to birds’ diet
in each landscape type. We considered the three following
groups of sources for all guilds’ models: (1) C; plants, for
which we combined plant isotopic values collected during
field expeditions as HMLs sources (8'°C =— 30.1%0 +2.6
and 6'°N =2.1%o + 1.6) and values of C; plant samples from
Galetti et al. (2016) as NLs sources (6'°C=— 30.4%0 +2.9
and 6N =1%o +2.2); (2) invertebrates, for which we
combined isotopic values similarly as the previous group
(HML: 6"3C =— 26.7%0+2.9 and 6""'N=4.6%0+3.1; NL:
81B3C=—-26.1%0+3.4 and "N =5.1%0+3.7); and (3) C,
plants, for which we combined isotopic values from the liter-
ature (6'°C =— 13%0+2 and 6'°N =7.8%o + 1.5) (Martinelli
et al. 2009; Augusto et al. 2015; Carvalho et al. 2015). We
used the MixSIAR package in R to run the analyses using
the Markov chain Monte Carlo (MCMC) sampling for three
replicate chains with a lenght of 100,000 iterations, a burn-
in with 50,000 iterations and thin by 50 (Stock et al. 2018).
We performed all mixing models separately for each trophic
guild and also for each landscape type. We used informa-
tive priors for frugivores and nectarivores to certify that

models would not consider invertebrates as the main source,
as these guilds only complement the diet with this source
group. We also employed informative priors for insectivores
since invertebrates are the main component of their diet. We
used non-informative priors for granivores and omnivores.
Considering that omnivores have a varied diet composed
of plants and invertebrates, we employed a concentration-
dependent mixing model for this guild to account for dis-
parities in carbon and nitrogen concentrations between the
resources (Hopkins and Ferguson 2012; Phillips et al. 2014).
Both [C] and [N] for food resources were obtained from the
literature (Jesus et al. 2015; Gonzalez-Carcacia et al. 2020;
Martinelli et al. 2020); for plants we employed [C]=46.1%
and [N]=2.5%, and for invertebrates [C]=43.9% and
[N]=12.7%. The convergence of model results were char-
acterized by the deviance information criterion score (DIC)
and Gelman—Rubin and Geweke diagnostics.

We used a permutation test with 10,000 iterations of the
original data (Strasser and Weber 1999), as we had differ-
ent numbers of samples in each group, to compare the mean
and variances of 6'°C and 6'>N values between HMLs and
NLs for each trophic guild. To compare isotopic values of
food resources (invertebrates and plants) between HMLs and
NLs, we used a Student’s ¢ test and Wilcoxon signed-rank
test depending on data distribution. All analyses were per-
formed in R software version 4.0.3 (R Core Team 2020).

Bias evaluation

To ensure that §"°C and 5'°N values of birds, obtained in a
time span of ~ 20 years, did not show a strong influence of
time, we analyzed the landscape composition in the year
that occurred the sampling and compared with the currently
available landscape composition, using MapBiomas land use
maps (collection 5; Souza et al. 2020). Thus, we confirmed
that no significant change in the land use and cover hap-
pened through the years. To assess if there were temporal
trends in the isotopic individual values, we conducted a lin-
ear regression model on the time span (~ 20 years) of §!°C
and 8N data. In addition, we employed a model selection
based on maximum likelihood evaluations to measure the
potential influence of time and diversity of land uses in the
composition of landscapes to the §'3C and 6'°N values of
birds. We calculated the diversity of each landscape through
the Simpson’s Diversity Index, a popular diversity measure
borrowed from community ecology (Farina 2006), since
our HMLs and NLs had different compositions in land uses
besides the predominance of agriculture or forest, respec-
tively. Therefore, in the model selection, we considered the
following global models as predictors to run the analysis:
8'3C or 6'5N ~ Percentage of forest cover + Simpson’s Diver-
sity Index + Trophic guild + Year of sample collection. We
selected the best models based on Akaike’s information
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criterion corrected for small sample sizes (AICc), consider-
ing models with AICc difference from the best model (A)
lower than 2 and measured their probabilities by using the
Akaike’s weight of evidence (Weight) (Burnham and Ander-
son 2003). If more than one model was selected by the set of
parameters stipulated, we ran an averaging analysis to gen-
erate a single fit model. All model selection analyses were
performed using the MuMIn package in R (Barton 2020). In
addition, we used Pearson’s correlation coefficients to evalu-
ate which land uses that compose the study sites were more
correlated to 6'°C or 8'°N values using the ‘lares’ package
in R (Lares 2020).

Results

The isotopic niches (SEAb) of all trophic guilds were sig-
nificantly different between landscape types (¢ test, P <0.05;
Fig. 2). Nectarivores and omnivores had the greatest reduc-
tion in niche width from NLs to HMLs (44 and 41%, respec-
tively), while insectivores had a reduction of 24% and frugi-
vores of 9%. In contrast, granivores had an expansion of 26%
from NLs to HMLs. Moreover, the distribution of posterior
SEAD values for each guild was also significantly differ-
ent within each landscape type (P <0.05), corroborating the
differences in SEAby; . and SEAby,,;  means for all guilds
(Supplementary Fig. S6). Overall, the niche overlap of
HMLs over NLs was high for all trophic guilds (Fig. 2). The
niche overlap among the five guilds in NLs was higher than
in HMLs for almost all the comparisons, except between
frugivores and granivores (Table 1).

Isotopic niche widths between individuals from HMLs
and NLs also varied when compared using a species-specific
approach (Table 2). Nine out of 10 species analyzed with
this approach had their niche widths reduced from NLs to
HMLs, corroborating our major results for trophic guilds,
even though one nectarivore species (Amazilia versicolor)
showed an expansion in its niche in HMLs. In addition, when
comparing guilds composed by the same pool of species (the
case for insectivores, nectarivores, and omnivores) we also
observed that niche widths were substantially reduced from
NLs to HMLs (Table 2), corroborating that our major results
of guild niche reduction were not derived from differences
in the species composition of assemblages.

The mixing model results of all guilds showed that,
in general, bird diet is mainly composed of C; plants in
NLs, while birds from HMLs increased the consumption
of C, plants (Table 3). Frugivores and nectarivores had
a diet based mostly in C; plants in both landscape types,
although an increase in the consumption of C, plants
occurred in HMLs. As expected, insectivores had a diet
based on invertebrates, but showed a change in the con-
tribution of C; and C, plants depending on the landscape
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type. Omnivores showed substantial changes in diet
between landscapes, with individuals from NLs showing
a diet dominated by C; plants, while in HMLs they were
equally dependent on C; plants and invertebrates. Grani-
vores showed that in HMLs its diet is composed mostly
of C, plants, whereas in NLs the composition is predomi-
nantly of C; plants.

The mean 6'°C and 6'>N values for almost all trophic
guilds were significantly different between HMLs and
NLs (P <0.05), except from 6'°N values of granivores
(P=0.14; Fig. 3, Supplementary Table S7). The com-
parison of mean §'3C and 6'°N values for food resources
(invertebrates and plants) between HMLs and NLs did not
show a significant difference (P> 0.05; Supplementary
Table S7), emphasizing that the differences showed by
guilds are not a reflection of changes in the isotopic values
of baselines. Birds in NLs had lower 6'3C values, indicat-
ing a restricted use of forest habitat resources, whereas
birds in HMLs had higher 6'>C, which possibly results
from the use of resources from both forest and anthro-
pogenic habitats. This pattern was also observed for the
SN values, i.e., individuals from NLs had lower values
than those from HMLs. The distribution of individual
values of 8'°C of almost all guilds did not vary accord-
ing to landscape type (P > 0.05), except for granivores
(P=0.04; Fig. 3). The distribution of individual values of
515N showed different variances according to landscape
type for frugivores, insectivores, and omnivores (P < 0.05).
These 6!°N values were homogeneously distributed in
NLs, whereas in HMLs the values were concentrated near
the central tendency (Fig. 3).

Neither 6'3C nor 6'°N values showed a significant or
strong linear trend across the years of data collection (5'*C:
R*=0, P>0.05; 6'°N: R?=0.02, P <0.05; Supplementary
Fig. S8). In model selection results, we also observed that
the time span between sample collection was not a strong
variable to predict the 6'°C and 6°N values of birds (Sup-
plementary Table S9), therefore, not influencing our results.
Nevertheless, the Simpson’s Diversity Index variable, which
measures the diversity of land uses in each landscape, had
a strong influence to predict the §'>C and 6'°N values of
birds (Supplementary Table S9). Since more than one
model was found to be adequate (A <2) to explain 6'°C
values, we built an average model, though for 5N values
we obtained only one model with a good fit (Supplemen-
tary Table S9). Despite the high influence of the Simpson’s
Diversity Index to both models, the percentage of forest
cover is also strongly related to §'*C and 6'°N values. In
addition, Pearson’s correlation coefficients indicated that
forest cover and anthropogenic areas are the land uses most
correlated to isotopic values, supporting our comparisons
between deforested (HMLs) and forested (NLs) landscapes
(Supplementary Fig. S10).
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Fig.2 Isotopic niche of bird trophic guilds (frugivores, granivores,
insectivores, nectarivores and omnivores) sampled in the south-east-
ern Atlantic Forest, Brazil. Points represent isotopic individual values
of birds that compose each guild, also separated by landscape type
(human-modified landscapes, HMLs—purple squares; natural land-
scapes, NLs—green triangles). The value of isotopic niche width

(SEAb—Y%¢?) for each guild is located next to each landscape type
in the graph (SEAby,;  and SEAby; ). The values of isotopic over-
lap of SEAby; o over SEAby; , are also shown. Student’s ¢ test values
and degrees of freedom refer to the comparison between SEAby; and
SEAbyy, mean values (for all guilds P <0.05)
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Table 1 Bayesian ellipse overlap (%) among trophic guilds in each
landscape type

Trophic guilds Overlap
HMLs (%) NLs (%)

Frugivores—granivores 87.1 83.9
Frugivores—insectivores 29.0 52.1
Frugivores—nectarivores 18.8 58.0
Frugivores—omnivores 40.9 52.3
Granivores—insectivores 5.1 15.2
Granivores—nectarivores 2.5 23.9
Granivores—omnivores 7.1 22.8
Insectivores—nectarivores 82.1 94.2
Insectivores—omnivores 82.8 84.6
Nectarivores—omnivores 58.9 73.8

HMLs human-modified landscapes, NLs natural landscapes

Discussion
Anthropogenic impacts on bird diet and habitat use

Results indicated the existence of a non-random reduction
in isotopic niche width for bird trophic guilds in HMLs,

Table 2 Upper table: isotopic niche width (SEAb) of species with
more than five individuals analyzed per group (human-modified land-
scapes—HMLs; and natural landscapes—NLs), and their respective
percentage of niche reduction from NLs to HMLs (or expansion, indi-

corroborating our hypothesis of differences in isotopic
niches influenced by deforestation. This reduction may be
related to a depletion in food availability as a consequence
of habitat loss, which leads to a decline of richness and
abundance of numerous organisms (Fahrig 2003), many
of them serve as food for birds. Niche width reduction
rates from NLs to HMLs ranged from 9 to 44%, a varia-
tion expected as each guild experiences the implications
of fragmentation and habitat loss differently (Bregman
et al. 2014). In NLs, isotopic niches were wider, probably
because of the greater diversity and availability of food
resources and forested habitat.

The isotopic niches of nectarivores and omnivores in
NLs were almost twice as great as in HMLs (44 and 41%
of reduction, respectively), demonstrating the importance
of natural forests for the provision of habitat and food
resources to these birds (Ferger et al. 2013). Although
insectivores and frugivores did not show reductions as
high as the above guilds, also had a decrease in niche
width (24 and 9%, respectively). Even though frugivores
had the lowest niche decrease, this guild is negatively
influenced by changes in vegetation complexity and food
availability at the landscape scale (Morante-Filho et al.
2018). Thus, our results emphasize that, although guilds
had experienced niche reduction differently, all of them

cated by “—” signal); lower table: SEAb of trophic guilds with the
same pool of species in both landscape types and their respective per-
centage of niche reduction from NLs to HMLs

Trophic guild Species SEAby SEAby;. % of reduction
Frugivores Manacus manacus 4.6 5.2 12
Insectivores Basileuterus culicivorus 3.0 32 7
Conopophaga lineata 2.0 4.3 53
Lathrotriccus euleri 5.8 13.2 56
Thamnophilus caerulescens 1.6 3.9 60
Nectarivores Amazilia versicolor 6.9 4.7 —45
Thalurania glaucopis 6.5 17.2 62
Omnivores Habia rubica 1.5 6.8 77
Tachyphonus coronatus 32 7.8 59
Turdus rufiventris 3.0 7.2 59
Trophic guild Pool of species SEAby SEAby;. % of reduction
Insectivores Basileuterus culicivorus 4.8 8.1 42
Conopophaga lineata
Lathrotriccus euleri
Thamnophilus caerulescens
Nectarivores Amazilia versicolor 6.1 15.4 60
Thalurania glaucopis
Omnivores Habia rubica 35 10.8 67

Tachyphonus coronatus

Turdus rufiventris
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Ta.bI.e 3 Results from_ Bayesian Trophic guild Landscape type Food resources DIC
mixing models showing the
contribution of each food C; plants C, plants Invertebrates
resource (the sum equals one)
to the diet of trophic guilds in Frugivores HMLs 0.74 0.25 0.01 249.7
human-modified (HMLs) and NLs 0.83 0.15 0.02 105.3
natural landscapes (NLs), and Granivores HMLs 0.40 0.53 0.07 3334
the deviance information score
(DIC) of each model NLs 0.80 0.16 0.04 214.4
Insectivores HMLs 0.10 0.23 0.68 791.4
NLs 0.28 0.11 0.61 86.1
Nectarivores HMLs 0.63 0.21 0.17 107.4
NLs 0.65 0.17 0.18 114.3
Omnivores HMLs 0.39 0.23 0.38 373.4
NLs 0.63 0.12 0.26 111.4
Fig.3 Violin plot of §"°C and 475)

5N values for each of the

bird trophic guilds (frugivores,

granivores, insectivores, necta- 20.0
rivores and omnivores) showing
data distribution and density
probabilities of individuals in
each landscape type (human-
modified landscapes, HMLs—
purple; natural landscapes,
NLs—green). Wider sections

5"%C %o

values, while skinnier sections

-22.51

-25.01
represent a higher probability of -27.51
individuals within that range of

represent a lower probability. -30.01
Violin plot also shows 6>C 15.0
and 5N means (diamonds), : . HMLs |:| NLs
wherein asterisks indicate a
.. . 12.5
significant difference between
the means of individuals from 100
NLs and HMLs (permutation '
test; P<0.05) £ 75
-4
wn
“w 5.0
2.5
0.0
-2.5

TAK

Frugivores

demonstrate the impact of deforestation on the diversity
of resources used. The observed high overlap of 53-77%
between HMLs and NLs also shows that species in HMLs
depend mostly on the same food resources available in
NLs. Moreover, niche overlaps among guilds in NLs
were higher than in HMLs, suggesting that individuals in
NLs may share some resources, probably due to a greater
abundance and availability in this landscape type, as indi-
viduals do not have to compete for scarce resources as in
HMLs.

Granivores

Insectivores Nectarivores Omnivores

Trophic guilds

The niche of granivores expanded in HMLs, being 26%
larger than in NLs. As granivores are commonly adapted
to open areas and forest edges (Giraudo et al. 2008), they
may have benefited from human activities, resulting in niche
expansion. Besides forest loss, the ‘savannization’ and deg-
radation of tropical forests favor the increase of grass cover,
especially exotic species used in pastures (e.g., Silvério et al.
2013; Scarano and Ceotto 2015). This land use and cover
seems to promote a niche width amplification for granivores
in HMLs, as this guild seems to prefer seeds from grasses
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in terms of nutrient composition (Rios and Manuel 2012),
and many of the studied species usually eat exotic grasses.
Although anthropogenic impacts are directly related to bio-
diversity loss in general, it is somehow expected that each
species experience these impacts differently since each one
depends on a distinct set of ecological variables (Newbold
et al. 2013, 2015). Only one nectarivore (Amazilia versi-
color) had its niche expanded from NLs to HMLs, requiring
further studies to investigate which and how anthropogenic
impacts might be influencing this expansion. We acknowl-
edge that we could not depict the reason to the aforemen-
tioned result, but it can be explained by an increase in the
species plasticity to incorporate other food resources that are
not specific to its diet, as invertebrates, which are occasion-
ally eaten by nectarivores (Wilman et al. 2014).

The impacts of anthropogenic activities related to land
use changes lead individual birds to forage more frequently
for resources in agricultural areas, whereas in pristine
forests, C; plants exert a greater influence on their diets
(Boesing et al. 2021). The mean 6'°C values were higher
in HMLs compared to NLs for all guilds, indicating that
birds in landscapes with low forest cover forage more fre-
quently for resources in forest edges, clearings or even in the
agricultural matrix, corroborating our hypothesis. Although
landscapes in the study region are dominated by pastures
and sugarcane crops (Souza et al. 2020), mean 513C val-
ues and mixing models results showed that diets in almost
all guilds (except granivores) are predominantly composed
of forest resources (C; plants) in both landscape types, but
individuals from HMLs have a greater reliance on C, plants.
The turnover of forest habitats to savanna, mainly lead by
anthropogenic land use changes, is directly influencing for-
est-specialist species in tropical regions (Sales et al. 2020).
Although some individuals may tolerate the ‘savannization’
process (i.e., increase of C, plants in landscapes) and forage
for a mixture of food items from different sources (i.e., C;
and C, plants), most birds prefer food resources from forests.
Conversely, granivores are probably adapting to this increase
in ‘savannization’ since this guild is changing the proportion
of C; in favor of C, plants from NLs to HMLs.

Organisms that consume more than one type of resource
(e.g., C; and C, plants) express these resources’ isotopic
signatures in their tissues, but the 513C value reveals the
resource that is most consumed (Boecklen et al. 2011).
Plants have different isotopic values according to their pho-
tosynthetic pathways. C; plants, which mainly compose the
tropical Atlantic Forest, have 6'°C between — 24 and — 34%o
(Martinelli et al. 2009; Vitdria et al. 2018). C, plants have
5'3C values between — 11 and — 15%0 (Martinelli et al.
2009; Powell et al. 2012), and are usually grasses associated
with savannas and agricultural areas. Besides the main influ-
ence of plant photosynthetic pathways, 5'>C values may also
vary according to abiotic variables (e.g., soil and climate).

@ Springer

Nevertheless, our study sites do not show significant dif-
ferences in 6'°C isoscape values (Powell et al. 2012; Sena-
Souza et al. 2019), which enables the association of birds
813C values with C;—C, plants.

The mean 6'°N values between landscapes varied for
almost all guilds (except granivores), being higher in HMLs
compared to NLs, again corroborating our hypothesis that
5'°N values would differ between landscape types. This is
possibly a result of the high anthropogenic influence on
HMLs, considering that agricultural activities cause varia-
tions in 8'°N values of organisms (Rubenstein and Hobson
2004; Magioli et al. 2019). The range of 5N values was
wider in NLs, probably a consequence of greater diversity
of food resources in these landscapes, which may promote
higher levels of among individual diet variation or individual
diet specialization (Aradjo et al. 2011). Conversely, the nar-
rower range of 6'°N values in HMLs may be explained by a
simplification of the habitat with a reduction of food avail-
ability, which increases resource sharing between individu-
als, consequently resulting in similar isotopic values.

We acknowledge that, besides the great influence of forest
cover on 6'°C and 6"°N values, the diversity of land uses in
landscapes also influenced isotopic values, which is some-
what expected since different land uses (e.g., silviculture,
urbanization) can act or not as habitat and source of food
depending on the bird species (Lopes et al. 2015; Piratelli
et al. 2017). We could not exactly evaluate how each of the
land uses (except from the dichotomy forest—agriculture)
may influence 53C and 8'°N values of birds, so we recom-
mend that further studies focus on this topic.

Consequences for the future

Our results show that most trophic niches are declining
in HMLs, thus, posing the question: how long will these
species tolerate the reduction of their habitat and food
resources? More conservation actions are necessary to allow
ecological processes—intrinsically linked to bird species of
all guilds (Sekercioglu 2006)—to operate normally in both
NLs and HMLs, as impacts such as fragmentation and habi-
tat loss are harmful to birds and their resources (Rigueira
et al. 2013; Morante-Filho et al. 2015; Pfeifer et al. 2017).
Although many species of birds persist in HMLs of tropi-
cal regions and increase their consumption of C, plants in
this landscape type, most individuals are dependent on C,
plants, which are typical from forests. Thus, it is crucial to
maintain the relictual NLs and support further heterogeniza-
tion actions (e.g., increase forest cover and promote diver-
sified agriculture fields) in HMLs to sustain the diversity
of birds and their food resources, consequently preserving
many ecological processes (Sirami et al. 2019; Hendershot
et al. 2020). Considering that bird niches represent their use
of habitat and food resources, such conservation actions in
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HMLs may also promote a stabilization or even an increase
in niche widths of the different bird guilds.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00442-021-04908-9.
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