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Abstract

Dietary studies allow us to understand important ecological patterns such as intra- and interpopula-
tion variation and interspecific differences regarding the use of food sources. Stable isotopes have
been successfully employed to detect dietary differences between species and feeding shifts within
a species, as a response to age, habitat use, and resource availability. Here we investigated the stable
isotope compositions of carbon and nitrogen of young and adult specimens of Euryoryzomys rus-
satus and Sooretamys angouya and their stomach contents, in a complex mosaic of vegetation in
the Brazilian Atlantic Forest. Isotopes indicated a pronounced inter- and intraspecific plasticity in
resource use for E. russatus and S. angouya. Plant sources were the prevalent feeding itens for E.
russatus, with low to intermediate consumption of arthropods. For S. angouya, plants were dom-
inant in the stomach content, but arthropod arose as an important source. E. russatus showed more
variation in isotopic signature between grids than S. angouya, suggesting that the former was more
affected by habitat changes. These results allow us to better understand the ontogeny, diet and the
behavioral responses to environmental variations of both species. Finally, our study contributes to
reduce the lack of knowledge about sympatric species ecology and aggregates information for their
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conservation.

Introduction

How closely related species co-occur and interact in a community has
long fascinated ecologists. Resource distribution and resource use are
two of the many ecological factors that influence the niche of a given
species (Elton, 1927; Hutchinson, 1957). Sympatric species with sim-
ilar life-history traits, such as different species of rodents in the same
habitat, should be able to coexist because they share resources through
time and/or space (Gause, 1934). Niche partitioning can be the res-
ult of numerous factors including past and present competition, arrival
order, relative abundances, resistance to disturbance and their combin-
ation (Olmos, 1991; Barton, 2014), generally leading to avoidance of
competition allowing coexistence (Turnbull et al., 2013; Galetti et al.,
2016). One of the resources that might be shared among coexisting
species is food, and the comparison of the diets between sympatric spe-
cies can help to detect the occurrence of dietary niche partitioning as a
mechanism to avoiding the competition (Kotler and Brown, 1988; Biro
et al., 2005).

The Atlantic Forest of Brazil, a global hotspot for biodiversity (My-
ers et al., 2000), hosts several sympatric species of rodents, as it harbors
a high diversity of non-volant small mammals including 22 species of
marsupials (Didelphidae) and 97 species of small rodents (da Silva et
al., 2004; Visconti et al., 2011; Paglia et al., 2012). However, little is
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known about how species co-habit in the same assemblages and how
they use food resources, especially rodents. For this group, there is a
particular difficulty in evaluating their diet based on stomach or fecal
samples contents due to the intense chewing process food resources
go through when digested, which transforms animal and plant items in
very small fragments (Hansson, 1970). The difficulties of conducting
dietary studies have long been discussed (Norman, 1970; Dufty and
Jackson, 1986; Pinotti et al., 2011) and available studies support the
use of other techniques in order to generate more precise and compre-
hensive knowledge on dietary habits of rodent species.

The analysis of natural occurrence of stable isotopes, especially
the isotopic ratios of carbon (3¢/'2C) and nitrogen (NN, has
been used to differentiate and better understand the diet habits and
trophic dynamics of different species (Fry, 1988; Forsberg et al., 1993;
Dalerum and Angerbjorn, 2005). Stable isotopes techniques can de-
tect dietary differences between different species and also intraspe-
cific diet shifts related to habitat use and resource availability (Bliith-
gen et al., 2003; Sare et al., 2005; Nakagawa et al., 2007; Voigt et al.,
2008; Galetti et al., 2016). The variation of diet within (age, sex and
sampling sites) and between species may be present at some devel-
opmental stages throughout an individual’s lifetime (Lambin, 1994),
therefore contributing towards an individual fitness, the structure and
density of the population where it belongs, and the ecological interac-
tions in which the species is involved (Ricklefs, 1990; Hughes et al.,
1997).
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Euryoryzomys russatus (Wagner, 1848) and Sooretamys angouya
(Fischer, 1814) are two sympatric, phylogenetic related species, that
also exhibit similar life-history traits (Carvalho et al., 1999; Bergallo
and Magnusson, 2002; Casella et al., 2003; Vieira et al., 2006; Pinotti et
al., 2011; Galetti et al., 2016), being therefore a suitable model system
to investigate food resource partitioning. Both species are members of
the tribe Oryzomyini (Sigmodontinae, Cricetidae), and co-occur from
the Serra do Espinhaco in Minas Gerais and Espirito Santo states to
the Rio Grande do Sul state in north-south direction, and from the At-
lantic coast of Southern Brazil to the eastern Paraguay and northern
Argentina in east-west direction (Percequillo, 2015a,b), being syntopic
in several sites throughout this region.

These two rodents have been shown to respond differently to changes
in successional stages of forest habitat and habitat fragmentation in the
Atlantic forest of Brazil (Pardini, 2004; Pardini et al., 2005; Pardini
and Umetsu, 2006; Umetsu et al., 2008; Pardini et al., 2010). For ex-
ample, Umetsu and Pardini (2007) showed that abundance of the russet
rice rat E. russatus (a forest specialist species endemic to the Atlantic
biome and considered an endangered species in Sao Paulo State (SMA,
2014), is correlated to landscape structure. In particular, abundance of
E. russatus showed a strong positive response to the amount of forest
and forest patch size (Umetsu et al., 2008; Pardini et al., 2010). Re-
garding S. angouya, it is not clear whether the quality of the fragment
(e.g. size and percentage of forest cover) may or may not influence its
abundance, but the connectivity among patches might have a positive
effect on this species (Pardini et al., 2005; Pardini and Umetsu, 2006).

In this study, we aimed to verify if there were significant differ-
ences in the diet and isotopic assimilation between E. russatus and S.
angouya. Considering that both species are syntopic, exhibiting ecolo-
gic and phylogenetic affinities, we aim to compare their diets to detect
the occurrence of dietary partitioning as a mechanism to avoiding the
competition. At first, we assessed the intraspecific differences related
to age, sex and sampling sites for both species, prior to test interspe-
cific differences, in order to evaluate possible mean ontogenetic diet-
ary shifts. We subsequently compared these results to a pool of food
sources such as plant and arthropods sampled at the same sites, test-
ing the differences among species and their habitats. Also, we assessed
stomach contents of adult individuals and carbon (§'3C) and nitrogen
(8'3N) stable isotope composition of hair from juvenile and adults from
a locality of the Atlantic Forest Plateau in southeastern Brazil. We ex-
pect that the patterns observed in this study may enlighten our know-
ledge of an endangered and of an elusive species, E. russatus and S.
angouya, respectively.

Materials and methods

Study site

The Reserva Florestal do Morro Grande (RFMG), located at 23°29’-
23°48" S, 47°1'- 46°55' W, is a forest reserve in Cotia municipality,
Sao Paulo State (Fig. 1); it has an area of 10870 ha of continuous forest,
assembling a complex mosaic of vegetation with secondary forests in
different regeneration stages and areas which probably passed through
clear cutting (Metzger et al., 2006). The RFMG represents one of the
more extensive forested patches in the Atlantic Plateau of Sao Paulo
State (Veloso et al., 1991), and it is recognized by its high conserva-
tion value (Metzger et al., 2006). The vegetation is classified as lower
montane Atlantic Rain Forest (Veloso et al., 1991; Oliveira-Filho and
Fontes, 2000; Catharino et al., 2006), with summer temperature ran-
ging from 19.7 °C to 20.6 °C and winter temperature from 13.3 °C to
17.7 °C. Precipitation occurs throughout the year, with rain peaks from
November to March and July to September.

Data collection

We sampled three grids, each at one different RFMG location. Each
grid covered an area of two hectares (100200 m), using 11 trap lines
separated by 20 meters; each trap line consisted of 11 trap stations
apart 10 m, and each station have a single Sherman live-trap (H.B.
Sherman Traps, Inc., Tallahassee, Florida) on the ground, with large

(37.5%10.0x12.0 cm) and small (23.0x7.5x8.5 cm) traps placed al-
ternately along the trap line; additionally, we employed five pitfall trap
lines consisting of 11 units of 60 L buckets (53.0 cm in depth and
40.0 cm in diameter) connected by a 50-cm high plastic fence, placed
along five of the trap lines. All grids (M1, M2 and M3) were placed in
secondary forest in intermediary stage of regeneration in order to rep-
resent similar successional stages, but there were some differences on
the structure of each forest, as M3 area was characterized by a dense un-
derstory and higher and more closed canopy than the other two (Fig. 1).
All Sherman traps were baited with a mixture of sardines, peanut but-
ter, banana, and cornmeal. Pitfall traps were not baited. All small
mammals and food sources were sampled at these three grids inside
the REMG.

Small mammals

We conducted monthly surveys at each site simultaneously for five days
from April 2009 to January 2010, and two campaigns in July 7" to 23",
2010 and January 14" to 28", 2011. We marked all individuals with
numbered ear tags (Small Animal Tags OLT; A. Hartenstein GmbH,
Wiirzburg-Versbach, Germany), recording their sex, body size, propor-
tion of head and hind foot to body size, and other morphological char-
acteristics (Bonvicino et al., 2008). We considered here only juvenile
and adult individuals following the criteria of the change of hair and
reproductive stage (Percequillo, 2003) to avoid the transitional diet of
sub-adults, as long as we are not interested in the turnover of the diet-
ary shift. All collected hair samples were placed in labeled Eppendorf
tubes and stored in —16 °C freezer before laboratory processing. All
capture, handling, and tagging techniques followed the guidelines of
the American Society of Mammalogists (Sikes, 2016).

Plant sources

We sampled plant sources from July 7 to 23/, 2010 and January 14"
to 28", 2011. We took samples of fruits and seeds in all trap lines used
for small mammals trapping. All trap lines were surveyed through-
out their extension once in each campaign to search and collect fruits
and seeds available in the trees or in the soil. We pooled together the
samples from both field campaigns. We collected 435 fruits and seeds
and identified them to the maximum taxonomic level. The samples
were stored at —16 °C in a freezer before the laboratory processes.

Arthropod sources

We sampled arthropods from July 7" to 23, 2010 and January 14"
to 28", 2011. We collected arthropods with small pitfall traps (400-ml
plastic cups) filled with 92% alcoholic Ethanol solution installed in the
Sherman-only trapping lines. Each line had six pitfall traps installed
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Figure 1 — Map of the Sdo Paulo state, Brazil, highlighting the Morro Grande Reserve,
where the three locations M1, M2 and M3 are plotted (source: LEPaC, adapted).
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distant 20 meters to each other. Each grid has six Sherman traps lines
adding to 36 pitfall traps for arthropods per day per grid. The pitfall
traps remained open during 16 days on July and 14 days during January,
with daily maintenance. Also, we pooled together the samples from
both field campaigns. We obtained a total of 216 pitfall trap samples.
We counted the arthropod individuals and identified them to the max-
imum taxonomic level (order or family) possible. We estimated the
frequency of occurrence of each arthropod order in the wild by calcu-
lating the ratio between the number of individuals of the group and the
total number of arthropod individuals. The voucher material of arthro-
pods is housed at the Laboratério de Zoologia de Vertebrados, Escola
Superior de Agricultura “Luiz de Queiroz”, Universidade de Sao Paulo.

Stomach content

We obtained adult individuals for stomach content analyses during two
capture sessions, July 7 to 23", 2010 and January 14" to 28", 2011,
trapped as described above. The collected specimens were deposited
in the Museu de Zoologia of the Universidade de Sdo Paulo, under the
license SISBIO-15733-1. For analyses, we pooled together the indi-
viduals from both field campaigns. We analyzed stomachs that showed
a considerable amount of food, counting three stomachs of E. russatus
from grid M1 (field numbers: 6529, 6627, 6863); four stomachs of E.
russatus from M3 (6509, 6510, 6513, and 6792) and only one speci-
men of S. angouya (6852) from grid M3; no stomachs were available
from grid M2. We employed on the stomach content analyses indi-
viduals sampled with pitfall traps, as their stomachs contents do not
possess bait employed in the traps; we also included in the analyses,
specimens caught with conventional traps that presented no traces of
bait at the stomach. Astra blue dye (1%) was used to color the cel-
lulose and Safranin dye (0.25%) was employed for lignin, in order to
differentiate particles of plant sources from the animal ones (Hansson,
1970). Further, the stomach contents were screened in Petri dish and
examined under a stereomicroscope.

Arthropod fragments found in stomach contents were separated and
identified to the order or family taxonomic levels. We estimated the
frequency of occurrence of each group of arthropods by calculating
the ratio between the number of stomachs where it occurred and the
number of stomachs analyzed. The identification of the stomach con-
tents was based on the available literature (Gallo et al., 1988; Almeida
et al., 1998) and also provided by specialists from the Departamento
de Entomologia e Acarologia of Escola Superior de Agricultura “Luiz
de Queiroz”, Universidade de Sao Paulo (ESALQ-USP) and Museu de
Zoologia da Universidade de Sdo Paulo (MZUSP), Brazil.

In order to assess how much each food category (arthropods, plants
and not identified) contributed to the amount of stomach contents, we
dry weighted the contents and calculated the ratio between the categor-
ies of food items by the total amount of contents for each stomach.
We then calculated the average and standard deviation of these propor-
tions by species (Swynnerton and Worthington, 1940; Hynes, 1950).
As there is one stomach available of S. angouya, we ought to be con-
servative and cautious regarding most aspects of its contents; we are
aware that our statements are easily falsified. However, this is the first
instance on the description of the stomach content of this species, and
represents a valuable opportunity to discuss under the light of the iso-
topic evidence.

Stable isotope treatment

Plant and arthropod sources

All the fruits and seeds were analyzed separately, as species or morpho-
group, to compare the isotopic composition of each plant item to
the isotopic composition of the consumers (Ben-David and Flaherty,
2012). The arthropods were analyzed similarly, but they were grouped
by order rather than by species or morpho-group.

Small mammals

We used hair samples as our source of isotopic composition from the
small mammals because they represent a long-term average of an in-
dividual diet (Tieszen et al., 1983). Regarding the variation in tis-
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sue turnover rates among organs (Peterson and Fry, 1987; Lajtha and
Michener, 1994), hairs are a good source to estimate the general diet
from specimens captured in the wild and provide precise information
about their ages and consumed items. Besides, hair samples have been
widely used in isotopic analyses (Panarello and Ferndndez, 2002; Cryan
et al., 2004), and they are easily collected without requiring the eu-
thanasia of the animal (Sare et al., 2005; Nardoto et al., 2006; Navarro,
2009).

Hair samples were collected from the hindquarter dorsal pelage with
tweezers for every captured individual of E. russatus and S. angouya.
In total, we obtained 100 hair samples for E. russatus (Table S1), and 32
for S. angouya (Table S2), though later we excluded samples from sub-
adult in our analyses. We avoided the use of subadult samples because
mammals change hair throughout their development, thus isotopic val-
ues from subadult hairs might represent a past diet but not the current
one (Miller et al., 2008).

Isotopic analytical procedures
The food source samples were ordered by genera or species level for
plants, and by order or family level for arthropods. All samples (plants,
arthropods and small mammal hairs) were dried in a laboratory oven
at a temperature of 65 °C for up to three days until they had achieved
constant weight, and then fragmented into smaller pieces. The samples
were put separately in tin capsules and analyzed in a Carlo Erba CHN-
1110 elemental analyzer coupled to a Thermo Finnigan Delta Plus mass
spectrometer. The adjustment standards used were fossil Belemnite
calcareous rock of Pee Dee formation (PDB) for carbon and atmo-
spheric air for nitrogen. The sample mass used and the standard de-
viation in each capsule was 1.26+0.42 and the standard deviation for
replicate samples used in this analysis was 0.14%o for §'3C and 0.08%o
for §19N. The isotopes analysis was conducted on Laboratério de Eco-
logia Isotépica — CENA-USP. We calculated and used the isotope Car-
bon/Nitrogen ratio using the formula:

ratio = (cb/n) * (—1)

in which: ¢b=8'3C (Carbon value extract from hair samples);
n=615N (Nitrogen value extract from hair samples) and reference -1
(Ishiwatari and Uzaki, 1987).

Intraspecific variation analyses

The stable isotope technique can be very sensitive to environmental
variability related to the forest structure and plant diversity (Tieszen,
1991). Thus, when was possible, we used samples from the same grid
to perform the statistical analyses for each species separately, in order
to reduce the interference of habitat variability in the intraspecific ana-
lyses.

We performed a non-parametric Mann-Whitney test to compare
mean isotopic ratio values between adult males and females for both
species, to exclude the possibility of the influence of sex of the in-
dividuals on comparisons between ages and/or species. We used the
samples from grid M3 for E. russatus, but we pooled together, just
for this analysis, the samples from three grids for S. angouya, because
the sample size of this species precluded such detailed statistical ap-
proach to verify dimorphism. There were no statistical differences
between males and females of both species for §'3C and §'9N val-
ues (all p>0.05; Table S3). Therefore, we pooled both sexes on all
subsequent univariate analyses.

We used the samples of E. russatus from the area M2 and the sample
of S. angouya from area M3 to verify separately the variation related
to age. We constructed scatterplots with 95% confidence interval bars
(Zar, 1996; Simpson et al., 2003) using the §'3C and 819N values for
age classes and food sources by area. We considered that when confid-
ence intervals do not overlap, there is a statistically significant differ-
ence between the means at the 5% level (Cox and Hinkley, 1974; Zar,
1996; Cumming et al., 2007; Krzywinski and Altman, 2013).

Interspecific variation analyses

For interspecific comparisons, we used the data only from M1 and M3
grids, because we did not obtain stomachs with food items in the grid
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M2. We used the isotopic data from E. russatus, S. angouya and the
food sources from M1 and M3 separately, to avoid possible habitat in-
fluence in the statistical analyses. Also, we constructed scatterplots
plotted with individual values as well as the 95% confidence interval
bars (Zar, 1996; Simpson et al., 2003) for each isotopic value for spe-
cies and food sources (plants: species or morpho-group; arthropod:
order or family) from each area (Ben-David and Flaherty, 2012).

We further created 9 Linear Mixed Effects Models using maximum
likelihood estimation (in the 1me4 package; (Bates et al., 2015) in pro-
gram R to test the effects of grid, plant and arthropod sources and their
interactions in the models (Table S4) for the isotopic values of Car-
bon/Nitrogen ratio of E. russatus and S. angouya. We fitted models
to a Gaussian distribution for isotope values. Having fitted these mod-
els, we then compared them by their AIC value (where the best model
had the lowest AIC value). For the best model we assessed the relative
importance of variables using model averaging by the MuMIn package
(Barton, 2014) in R.

Results

Small mammals

Our total trapping effort was 9,680 trap-nights for each grid, including
5,280 live trap-nights and 4,400 pitfall trap-nights. We captured 100
individuals of E. russatus (Table S1) and 32 S. angouya in M1, M2
and M3 (Table S2). For E. russatus we captured 84 adults, 9 sub-adults
and 7 juveniles and for S. angouya we capture 10 adults, 12 sub-adults,
10 juveniles. We captured most of individuals of S. angouya in M3
(N=25), and most of E. russatus in M2 (N=40).

Food sources

The fruits and seeds collected belonged to eight plant species in grid
M1 (Solanum sp., Ocotea sp., Pauterea sp., Dicella holosericea, Mero-
stachys riedeliana, Rubiaceae sp.2, Syagrus rommanzoffiana, Miconia
cinnamomifolia), 10 species in M2 (Campomanesia sp., Eugenia sp.,
Mollinedia sp., Myreia sp., Tovomitopsis paniculata, Psychotria suter-
ella, Mendoncia velloziana, Scheflera sp., Alibertia edulis, Cupania
oblongifolia) and 11 species on grid M3 (Podocarpus sellowii, Eugenia
sp., Cedrela ordorata, Lytocarium hoehnei, Geonoma sp., Psychotria
sp., Euterpe edulis, Rubiaceae sp.1, Rubiaceae sp.2, Syagrus romman-
zoffiana, Miconia cinnamomifolia).

Regarding the arthropod sampling, we collected and identified 13
arthropod groups present in all grids: Acari, Araneae, Archaeognatha,
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Figure 2 — Scatterplot showing the carbon (§'*C) and nitrogen (§'°N) stable isotope
composition of hair from juvenile (pink square) and adult (red square) individuals of
Euryoryzomys russatus from M2 sampling area, and its arthropod (blue triangles) and
plant (green circles) food sources. The bars represent 95% confidence intervals and they
cross at the mean value of each isotope composition of each category of correspondent
color.

Blattodea, Coleoptera, Crustacea (woodlouse), Dermaptera, Diptera,
Hymenoptera Fomicidae, Hemiptera, Hymenoptera (excluding Formi-
cidae), Opiliones and Orthoptera.

Intraspecific variation

We found that age differences were significant between juveniles and
adults for E. russatus only for §'°N, as their confidence intervals did
not overlap (Fig. 2). Juveniles presented significantly enriched values
of 813N in comparison to adult E. russatus and food sources. Both age
classes for E. russatus had significantly higher carbon isotope mean
values than the food sources. However, S. angouya did not show sig-
nificant variation due to age for isotopic values (Fig. 3), and both ages
showed lower 815N values than arthropod items and higher than plant
ones. The species also presented higher §'3C mean value than plant
sources.

Interspecific variation

Stomach contents

The bulk of dry weighed of food items on the stomach contents of E.
russatus present in both grids was plant material followed by unidenti-
fied material and arthropods (Tab. 1). We found that all stomachs from
E. russatus in both M1 and M3 areas contained ants (Formicidae) and
most of them also beetles (Coleoptera, Fig. S1 and S2). Although these
were the most frequently consumed arthropod groups, they presented
lower frequency of occurrence in the grids than Diptera, which was
the most common arthropod group sampled in both areas. Concerning
other arthropod groups, E. russatus from M1 presented Diptera, Aranae
and Myriapoda. The individuals from M3 consumed other groups, as
Blatoidea, Hymenoptera (excluding ants), Orthoptera, Psocoptera and
Acari. Groups as Archaeognatha, Crustacea, Dermaptera, Hemiptera,
and Opiliones, although were found in the grids, they were not identi-
fied in the stomach contents of E. russatus. Nevertheless, Myriapoda
and Psocoptera, which were detected as food items, were not found in
the pitfall traps. Concerning S. angouya, the contents of the only stom-
ach analyzed, 93.38% of the dry biomass was plant material, 6.62%
unidentified materials and only one small arthropod fragment belong-
ing to Araneae (Fig. S2), with negligible mass.

Stable isotopic signatures

E. russatus and S. angouya presented different enrichment patterns of
8N and 8'3C compared to each other (Tab. 2). Both species presen-
ted significantly enriched values of 89N and §'3C in comparison to
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Figure 3 — Scatterplot showing the carbon (8'3C) and nitrogen (§'3N) stable isotope
composition of hair from juvenile (pink crosses) and adult (purple crosses) individuals
of Sooretamys angouya from M3 sampling area, and its arthropods (blue triangles) and
plants (green circles) food source. The bars represent 95% confidence intervals and they
cross at the mean value of each isotope composition of each category of correspondent
color.
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Table 1— The mean percentage (Mean), standard deviation (SD), minimum(Min) and maximum (Max) values of dry weighed of plant material, arthropod, and unidentified material of the

stomach contents of Euryoryzomys russatus in grid Ml and M3.

Species Resources Grids Mean SD Min Max
Euryoryzomys russatus  Plant material Ml 72.1% 44%  658%  75.7%
M3 84.7% 14% 82.8%  86.2%

Artropods Ml 1.2%  0.9% 0.1% 2.4%

M3 1.0%  0.6%  0.1% 1.7%
Unidentified material Ml 26.6% 5.3% 21.7%  34.0%
M3 142% 12% 12.8%  16.1%

Table 2 — Stable isotopes Nitrogen (6'5N) and Carbon (8'3C) mean values (Mean) with standard deviation (SD), minimum (Min), maximum (Max) and significance difference (Sig; *=p<0.05)

between Euryoryzomys russatus and Sooretamys angouya on grids M1 and M3.

Species Grids  Stable isotopes = Mean SD Min Max Sig
Euryoryzomys russatus M1 SBN 6.52 0.94 4.54 8.87 *
§3¢ 22397 111 2544 -2046 @ *
M3 SBN 3.99 120  2.69 8.48
§3¢ 2518  0.85 -26.14 -21.89
Sooretamys angouya M1 8BN 443 0.67 3.95 4.90 *
3¢ 2373 0.62 2420 2326 %
M3 85N 341 056 257 4.01
§3¢ 22524 0.67 2588 -24.28
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Figure 4 — Scatterplot showing the carbon (8§'C) and nitrogen (§'°N) stable isotope
composition of hairs from adult individuals of Sooretamys angouya (purple crosses) and
Euryoryzomys russatus (red squares) from two trapping grids (M1 and M3) and arthropod
(blue triangles) and plant (green circles) food sources for each grid. The bars represent
95% confidence intervals and they cross at the mean value of each isotope composition
of each category of correspondent color.

plant food sources, and E. russatus presented significantly enriched
value for "N in both M1 and M3 grids in comparison to S. angouya
(Fig. 4). E. russatus and S. angouya did not present significant differ-
ence between them concerning §'3C in M1 and M3. S. angouya from
grid M3 presented significantly lower 85N values when compared to
the arthropod food items. Although both species presented higher iso-
topic values in M1 in comparison to M3, the adults of E. russatus and
S. angouya differed significantly on §'>N and §'3C in M1, but not in
M3.
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Factors influencing isotopic values

The variable Grid explained best the variation in C:N ratio for E. rus-
satus (AICc=317.46; AICcWt=0.40; F=45.6; p<0.0001; Table S7).
The relative importance of variables in the averaged models for this
species was higher for Grid with 1.00, followed by plant sources with
0.31 and arthropod sources with 0.24 (Table S8). In the other hand,
arthropod explained best the variation in C:N ratio for S. angouya
(AICc=42.03; AICcWt=0.53; F=51.4; p<0.001; Table S9). The relat-
ive importance of variables in the averaged models for this species was
higher for arthropod sources with 0.76, followed by Grid with 0.16 and
plant sources with 0.15 (Table S10).

Discussion

Intraspecific variation: age

Our results showed that the shift in diet from juvenile to adult stage
is more noticeable in E. russatus than in S. angouya. These results
suggest that E. russatus juveniles presented a clear enrichment in 19N,
and a possible explanation is that juveniles exhibit a diet richer in pro-
tein, as a developmental requirement. This hypothesis is supported
by other study (Clark, 1980b), who suggested that juveniles of Rat-
tus rattus from Galapagos Islands tend to present more animal food
in their stomach contents than older individuals. The author sugges-
ted that growing rats could prefer more protein-enriched foods. The
smaller stomach capacity may also lead to the higher demand for an-
imal protein, since it is easier to digest animal items in comparison to
plant items, making the former more energetically efficient (Needham,
1964; Clark, 1980a). Although older individuals could present more
efficiency in capturing animal prey (Polsky, 1977), younger rats could
explore more animal food items due to their limited masticatory capa-
city at this age (Lakars and Herring, 1980). Juveniles do not present
a completely developed buco-masseteric apparatus, which could limit
their access to harder food items like some seeds and nuts, and res-
ulting in their preference for softer items such as larvae of arthropods,
soft seeds and nuts (Lakars and Herring, 1980). Thus, the high levels
of 813N and 8'3C of young E. russatus could be resultant of: i) milk
consumption (Babicky et al., 1975; Goode et al., 1981); ii) an incre-
ment of animal items on post-weaning diet (Babicky et al., 1975); iii)
or, more likely, a combination of both. Camargo et al. (2014) showed
that Gracilinanus agilis, a small Neotropical marsupial, exhibit a shift
on food items related to size, establishing that adults (larger) speci-
mens are more insectivorous in comparison to young (smaller) indi-
viduals, an opposite shit dietary pattern compared to our results, in
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which young specimens apparently uses more animal items than adult
specimens (Camargo et al., 2014). Nonetheless, authors highlight that
physiology of juveniles can differ than that of adults affecting Nitrogen
enrichment (Minagawa and Wada, 1984; Jenkins et al., 2001; Miller
et al., 2008). Nevertheless, some studies show that differences in Ni-
trogen values between juveniles and adults might not be simply be the
result of dietary differences, but can be related to different pathways
for milk production and processing in capital versus income breeders
(Miller et al., 2011) and the internal metabolic process (Minagawa and
Wada, 1984; Smith et al., 2010). Nitrogen isotopic enrichment is well
documented in the red-backed vole Clethrionomys gapperi (Sare et al.,
2005), and in other mammalian groups, such as ungulates, carnivores,
rodents and lagomorphs (Jenkins and Breck, 1998; Jenkins et al., 2001;
Polischuk et al., 2001; Dalerum et al., 2007).

The maintenance in !N and §13C values through age classes ob-
served in S. angouya suggests that juveniles and adults may be explor-
ing similar food sources in the REMG area. For S. angouya, similarity
of isotopic values between adult and juveniles remain yet to be invest-
igated, and it is unclear why they did not show the same pattern that
E. russatus (see below intespecific comparison, that may account to
this intraspecific difference). Nevertheless, our results of ontogenetic
variation for E. russatus agree to what should be expected for rodents
(Mendl, 1988; Jenkins et al., 2001; Bergallo and Magnusson, 2002;
Champagne et al., 2003; Miller et al., 2011; Stewart and McAdam,
2014).

Interspecific variation: area and species variation

Regarding food sources, our results were similar to those presented by
Pinotti et al. (2011), who registered plant material and high diversity of
arthropods (such as a frequency of 26% of Opiliones, 17% of Formi-
cidae, 17% of Orthoptera, 12% of Coleoptera and 0.27% of other arth-
ropods) in the stomach contents of E. russatus. Pinotti et al. (2011) also
showed that other terrestrial rodents from RFMG, Delomys sublineatus
and Thaptomys nigrita, consumed both plant and arthropod sources in
high quantities, as demonstrated for other terrestrial sigmodontine ro-
dents (Bergallo and Magnusson, 1999, 2002; Vieira et al., 2003, 2006).

To the best of our knowledge, no published studies have described in
detail the diet of S. angouya (Olmos, 1991; Fonseca et al., 1996). Here,
we report the presence of a fragment of Araneae and a predominance
of plant material in the stomach contents of S. angouya. When com-
pared to the stomach contents of E. russatus, the only stomach studied
presented higher dry weight of plant material and a very poor diversity
of arthropods. These results could be misleading, but considering that
the best model for isotopic ratio signature for this species is the vari-
able “arthropod sources” (indicating the enrichment of §'°N), that we
interpret as a consequence of a possible arthropod consumption.

The diversity of arthropod groups found in the stomach contents of
E. russatus may be influenced by the availability of each item in its
habitat (Ellis et al., 1976; Pinotti et al., 2011). As E. russatus is ex-
clusively terrestrial and S. angouya is predominantly arboreal (Olmos,
1991; Pardini et al., 2005; Graipel et al., 2006; Cademartori et al., 2008;
Melo et al., 2011), some insect groups and other animal food sources
could be more accessible for the terrestrial E. russatus compared to the
arboreal S. angouya. Pinotti et al. (2011) found few food items of an-
imal origin for other arboreal rodent (Rhipidomys mastacalis) in com-
parison to the terrestrial species mentioned above, a pattern already dis-
cussed by (Emmons, 1995), who suggested that arboreal species would
rely more on canopy products, as “fruits, leaves, and nectar”. A pos-
sible explanation for this general trend could be related to arboreal hab-
itats, where food items could be less diverse (Brown and Lugo, 1990;
Clark, 1996; Guariguata and Ostertag, 2001; Miller et al., 2011).

Regarding isotopic signatures, we also found clear discrimination
between E. russatus and S. angouya for 8N values, especially on
area M1. However, the §'3C mean values were statistically similar to
each other, with slightly higher values for S. angouya in both grids.
These differences are in concordance with the diets described above.
Although it was possible to detect differences in diet and isotopic com-
position between both species in both areas, this interspecific variation

seems to be affected by other environmental factors (Andreo et al.,
2009; Bergallo, 1994). However, the 813C mean close values between
species does not mean that these species do not differ on type of sources
used, but possibly they might feed on different items with similar iso-
topic signatures (Phillips and Gregg, 2003).

The best model showed that amongst all variables considered, “grid”
was the main variable responsible for the variation on the ratio of iso-
topic values for E. russatus. In addition, arthropod and plant sources
were important predictors for E. russatus models. These results sug-
gest that even with the small variations in the sources between grids E.
russatus may respond to them (Bergallo and Magnusson, 1999). On
the other hand, arthropod sources were the best factor explaining the
variation on the ratio of isotopic values for S. angouya, independently
of grid. The isotopic values of S. angouya were not different between
grids and the other factors had no strong relative importance on mean
values amongst the set of models fitted.

These results on the stable isotopic signatures for E. russatus and S.
angouya and their relationship with the food sources and area, may ex-
hibit some relation to the predictions of the responses of species to en-
vironmental disturbances based on their habitat requirements (Wiegand
et al., 2005; Swihar et al., 2006; Pandit et al., 2009; Filippi-Codaccioni
et al., 2010; Piittker et al., 2013). E. russatus is a species that is
affected by landscape habitat fragmentation and percentage of forest
cover (Pardini et al., 2010), indicating that habitat changes associated
to this fragmentation affect its abundance (Piittker et al., 2013). Our
results show that E. russatus exhibit tolerance to some level of habitat
change, as this species apparently shifted its diet and, consequently, its
isotopic signature in response to minor habitat differences: even though
the areas (M1 and M3) were considered to represent similar succes-
sional stages (Piittker et al., 2013), there are some differences between
the areas, as demonstrated by the isotopic signatures of our plant and
arthropod sources. We expect that this species will not exhibit a flexible
feeding strategy that will allow it to cope with more profound changes
on the habitat (as evidence available shows that this species is one of
the most affected in small mammal assemblages by fragmentation pro-
cess), but future analysis will be needed to test this hypothesis or altern-
ative hypothesis, as a high plasticity of E. russatus to adapt to deeper
habitat changes. On the other hand, S. angouya is a species more tol-
erant to habit fragmentation (Pardini et al., 2010; Piittker et al., 2013)
and is apparently more conservative on its diet, exhibiting lesser iso-
topic signature variation regardless of the isotopic differences observed
on the habitat.

Hence, we argue that there are differences in dietary strategies among
the sympatric species E. russatus and S. angouya. These differences
could be related to their diet segregation, and also to their terrestrial
versus arboreal behavior, as it is expected that syntopic species gener-
ally exhibit different dietary strategies (Fonseca et al., 1996; Vieira and
Monteiro Filho, 2003). Nonetheless, these isotopic responses suggest
differences in niche specialization between both species and that this
variation needs to be taken into account to predict responses to disturb-
ance events based on their niche requirements.

Conclusion

Isotopic evaluation indicates a pronounced inter- and intraspecific plas-
ticity in resource use between E. russatus and S. angouya. Plant source
consumption may be most developed in these two rodents with small to
intermediate consumption of arthropod by E. russatus. Due the under-
story or canopy foraging by S. angouya, plants it appears to be dominant
in the stomach content, even we have only one sample. In understory
or canopy arthropod sources may be less abundant that on the forest
ground, but nevertheless arose as an important source for S. angouya.
E. russatus a ground dwelling species showed more isotopic variation
between grids, seeming to be the more affected by habitat changes than
S. angouya. Future studies designed to answer questions of ontogen-
etic dietary shifts on these species using stable isotope and physiology
technique should enlighten the patterns observed in this study for E.
russatus and S. angouya, and if these patterns we found are applicable
to other populations. {%

219



Hystrix, It. J. Mamm. (2017)  28(2): 214-221

References

Almeida L.M., Ribeiro-Costa C.S., Marinoni L., 1998. Manual de Coleta, Conservacao,
Montagem e Identificacdo de Insetos. Holos, Ribeirao Preto. [in Portuguese]

Andreo V.,Provensal C., Scavuzzo M., Lamfri M., Polop J., 2009. Environmental factors
and population fluctuations of Akodon azarae (Muridae: Sigmodontinae) in central Ar-
gentina. Austral Ecol. 34: 132-142.

Babicky A., Pavlik L., Parizek J., Bibr B., Kolar J., Ostadalova 1., 1975. Maternal milk in-
take by infant rats temporarily denied acces to other food sources. Physiol. Bohemoslov.
24: 97-104.

Banks-Leite C., Pardini R., Tambosi L.R., Pearse W.D., Bueno A.A., Bruscagin R.T., Con-
dez T.H., Dixo M., Igari A.T., Martensen A.C., Metzger J.P., 2014. Conserving Brazil’s
Atlantic forests response. Science 346: 1193.

Barton K., 2014. MuMIn: Multi-model inference. R package version 1.10.0. http://cran.r-
project.org/package=MuMIin

Bates D., Maechler M., Bolker B., Walker S., 2015. Fitting Linear Mixed-Effects Models
Using Ime4. J. Stat. Softw. 67: 1-48.

Ben-David M., Flaherty E.A., 2012. Stable isotopes in mammalian research: a beginner’s
guide. J. Mammal. 93: 312-328.

Bergallo H.G., 1994. Ecology of a small mammal community in an Atlantic forest area in
southeastern Brazil, Stud. Neotrop. Fauna Environ. 29: 197-217.

Bergallo H.G., Magnusson W.E., 1999. Effects of climate and food availability on four
rodents species in southeastern Brazil. J. Mammal. 80: 472-486.

Bergallo H.G., Magnusson W.E., 2002. Effects of weather and food availability on the con-
dition and growth of two species of rodents in Southeastern Brazil. Mammalia 66: 17—
31.

BiroZ., LanszkiJ., Szemethy L., Heltai M., Randi E., 2005. Feeding habits of feral domestic
cats (Felis catus), wild cats (Felis silvestris) and their hybrids: trophic niche overlap
among cat groups in Hungary. J. Zool. 266: 187-196.

Bliithgen N., Gebauer G., Fiedler K., 2003. Disentangling a rainforest food web using stable
isotopes: dietary diversity in a species-rich ant community. Oecologia 137: 426-435.

Bonvicino C.R., de Oliveira J.A., D’ Andrea P.S., 2008. Guia dos Roedores do Brasil, com
chaves para géneros baseados em caracteres externos. Centro Pan-Americano de Febre
Aftosa - OPAS/OMS, Rio de Janeiro. [in Portuguese]

Brown S., Lugo A.E., 1990. Tropical Secondary Forests. Trop. Ecol. 6: 1-32.

Cademartori C.V.,Marques R.V., Pacheco S.M., 2008. Estratificac@o vertical no uso do es-
paco por pequenos mamiferos (Rodentia, Sigmodontinae) em drea de Floresta Ombroéfila
Mista, RS, Brasil. Revista Brasileira de Zoociéncias 10: 189-196. [in Portuguese]

Camargo N.F., Ribeiro J.F., de Camargo A.J.A., Vieira EM., 2014. Intra- and inter-
individual variation show distinct trends as drivers of seasonal changes in the resource
use of a neotropical marsupial. Biol. J. Linnean Soc. 111: 737-747.

Carvalho FM.V., Pinheiro P.S., Fernandez F.A.S., Nessimian J.L., 1999. Diet of small
mammals in Atlantic forest fragments in southeastern Brazil. Revista Brasileira de
Zoociencias 1: 91-101.

Casella J., Caceres N.C., 2003. Diet of four small mammal species from Atlantic forest
patches in South Brazil. Neotrop. Biol. Conserv. 1: 5-11.

Catharino E.L.M., Bernacci L.C., Franco G.A.D.C., Durigan G., Metzger J.P., 2006. As-
pectos da composi¢do e diversidade do componente arbéreo das florestas da Reserva
Florestal do Morro Grande, Cotia, SP. Biota Neotrop. 6. http://www.biotaneotropica.
org.br/vén2/pt/abstract?article+bn00306022006

Champagne F.A., Francis D.D., Mar A., Meaney M.J., 2003. Variations in maternal care in
the rat as a mediating influence for the effects of environment on development. Physiol.
Behav. 79: 359-371.

Clark D.B., 1980a. Population Ecology of an Endemic Neotropical Island Rodent:
Oryzomys bauri of Santa Fe Island, Galapagos, Ecuador. J. Anim. Ecol. 49: 185-198.

Clark D.B., 1980b. Population ecology of Rattus rattus across a desert-montane forest
gradient in the Galapagos Islands. Ecology 61: 1422-1433.

Clark D.B., 1996. Abolishing virginity. Trop. Ecol. 12: 735-739.

Cox D.R., Hinkley D.V., 1974. Theoretical Statistics. Chapman and Hall/CRC.

Cryan PM., Bogan M.A., Rye R.O., Landis G.P., Kester C.L., 2004. Stable hydrogen iso-
tope analysis of bat hair as evidence for seasonal molt and long-distance migration. J.
Mammal. 85: 995-1001.

Cumming G., Fidler F., Vaux D.L., 2007. Error bars in experimental biology. J. Cell Biol.
177: 7-11.

da Silva J.M.C., de Sousa M.C., Castelletti C.H.M., 2004. Areas of endemism for passerine
birds in the Atlantic forest, South America. Glob. Ecol. Biogeogr. 13: 85-92.

Dalerum F., Angerbjorn A., 2005. Resolving temporal variation in vertebrate diets using
naturally occurring stable isotopes. Oecologia 144: 647-658.

Dalerum F., Bennett N.C., Clutton-Brock T.H., 2007. Longitudinal differences in 15-N
between mothers and offspring during and after weaning in a small cooperative mam-
mal, the meerkat (Suricata suricatta). Rapid Commun. Mass Spectrom. 21: 1889-1892.

Dufty D.C., Jackson S., 1986. Diet studies on seabirds: a review of methods. Colon. Wa-
terbirds 9: 1-17.

Ellis J.E., Wiens J.A., Rodell C.F., Anway J.C., 1976. A conceptual model of diet selection
as an ecosystem process. J. Theor. Biol. 60: 93—108.

Elton C.S., 1927. Animal Ecology. The University of Chicago Press, London.

Emmons L.H., 1995. Mammals of rain forest canopies. In: Lowman M.D., Nadkarni N.M.
(Eds.) Forest canopies. Academic Press, London. 199-223.

Filippi-Codaccioni O., Devictor V., Bas Y., Julliard R., 2010. Toward more concern for
specialisation and less for species diversity in conserving farmland biodiversity. Biol.
Cons. 143: 1493-1500.

Fonseca G., Kierulff M., 1989. Biology and natural history of Brazilian Atlantic forest small
mammals. Bull. Fla. Mus. Nat. Hist. 34: 99-152.

Fonseca G.A.B., Herrmann G.,. Leite Y.L.R, Mittermeier R.A., Rylands A.B., Patton J.L.,
1996. Lista anotada dos mamiferos do Brasil. Occasional Papers Conservation Interna-
tional 4: 1-38. [in Portuguese]

Forsberg B.R., Araujolima C.A.R.M., Martinelli L.A., Victoria R.L., Bonassi J.A., 1993.
Autotrophic Carbon-Sources for Fish of the Central Amazon. Ecology 74: 643-652.
Fry B., 1988. Food Web Structure on Georges Bank from Stable C, N, and S Isotopic Com-

positions. Limnol. Oceanogr. 33: 1182-1190.

Galetti M., Rodarte R.R., Neves C.L., Moreira M., Costa-Pereira R., 2016. Trophic niche
differentiation in rodents and marsupials revealed by stable isotopes. PLoS One 11:
€0152494.

220

Gallo D., Nakano O., Neto S.S., Carvalho R.P.L., Batista G.C.D., Filho E.B., Parra J.R.P,,
Zucchi R.A., Alves S.B., Vendramim J.D., 1988. Manual de entomologia agricola. Ag-
ronomico Ceres, Sao Paulo. [in Portuguese]

Gause G.F., 1934. The struggle for existence New York, Hafner.

Goode J.A., Peaker M., Weir B.J., 1981. Milk composition in the plains viscacha (La-
gostomus maximus). J. Reprod. Fertil. Abstr. Ser. 62: 563-566.

Graipel M.E., Cherem J.J., Monteiro Filho E.L.A., Glock L., 2006. Population dynamics
of marsupials and rodents in Parque Municipal da Lagoa do Peri, Santa Catarina Island,
southern Brazil. Mastozool. Neotrop. 13: 31-49.

Guariguata M.R., Ostertag R., 2001. Neotropical secondary forest succession: changes in
structural and functional characteristics. For. Ecol. Manage. 148: 185-206.

Hansson L., 1970. Methods of Morphological Diet Micro-Analysis in Rodents. Oikos 21:
255-266.

Hughes J.B., Daily G.C., Ehrlich P.R., 1997. Population diversity: its extent and extinction.
Science 278: 689-692.

Hutchinson G.E., 1957. Population Studies — Animal Ecology and Demography — Con-
cluding Remarks. Cold Spring Harb. Symp. Quant. Biol. 22: 415-427.

Hynes H.B.N., 1950. The Food of Fresh-Water Sticklebacks (Gasterosteus aculeatus and
Pygosteus pungitius), with a Review of Methods Used in Studies of the Food of Fishes.
J. Animal Ecol. 19: 36-58.

Ishiwatari R., Uzaki M., 1987. Diagenetic Changes of Lignin Compounds in a More Than
0.6 Million-Year-Old Lacustrine Sediment (Lake Biwa, Japan). Geochim. Cosmochim.
Ac. 51: 321-328.

Jenkins S.G., Partridge S.T., Stephenson T.R., Farley S.D., Robbins C.T., 2001. Nitrogen
and carbon isotope fractionation between mothers, neonates, and nursing offspring. Oe-
cologia 129: 336-341.

Jenkins S.H., Breck S.W., 1998. Differences in food hoarding among six species of hetero-
myid rodents. J. Mammal. 79: 1221-1233.

Kotler B.P., Brown J.S., 1988. Environmental Heterogeneity and the Coexistence of Desert
Rodents. Annu. Rev. Ecol. Syst. 19: 281-307.

Krzywinski M., Altman N., 2013. Error bars. Nature Publishing Group 10: 921-922.

Lajtha R., Michener K., 1994. Stable isotopes in ecology and environmental science. Ox-
ford, Blackwell Scientific Publications.

Lakars T.C., Herring S.W., 1980. Ontogeny of oral function in hamsters (Mesocricetus
auratus). J. Morph. 165: 237-254.

Lambin X., 1994. Natal Philopatry, Competition for Resources, and Inbreeding Avoidance
in Townsend’s Voles (Microtus Townsendii). Ecology 75: 224-235.

Melo G.L., Sponchiado J., Machado A.F., Caceres N.C., 2011. Small-mammal community
structure in a South American deciduous Atlantic forest. Community Ecol. 12: 58-66.

Mendl M., 1988. The Effects of Litter Size Variation on Mother-Offspring Relationships
and Behavioral and Physical Development in Several Mammalian-Species (Principally
Rodents). J. Zool. 215: 15-34.

Metzger J.P., Alves L.F., Pardini R., Dixo M., Nogueira A.d.A., Negrdo M.d.F.F., Martensen
A.C., Catharino E.L.M., 2006. Caracteristicas ecoldgicas e implicagdes para a conser-
vacdo da Reserva Florestal do Morro Grande. Biota Neotrop. 6: 1-13. [in Portuguese]

Miller J.F., Millar J.S., Longstaffe F.J., 2008. Carbon- and nitrogen-isotope tissue-diet dis-
crimination and turnover rates in deer mice, Peromyscus maniculatus. Can. J. Zool. 86:
685-691.

Miller J.F., Millar J.S., Longstaffe F.J., 201 1. Stable nitrogen and carbon isotope discrimin-
ation between juveniles and adults in an income-breeding small mammal (Peromyscus
maniculatus). Mamm. Biol. 76: 563-569.

Minagawa M., Wada E., 1984. Stepwise enrichment of 15N along food chains: further
evidence and the relation between 15N and animal age. Geochim. Cosmochim. Ac. 48:
1135-1140.

Myers N., Mittermeier R.A., Mittermeier C.G., da Fonseca G.A., Kent J., 2000. Biod-
iversity hotspots for conservation priorities. Nature 403: 853—858.

Nakagawa M., Hyodo F., Nakashizuka T., 2007. Effect of forest use on trophic levels of
small mammals: an analysis using stable isotopes. Can. J. Zool. 85: 472-478.

Nardoto G.B., Ferraz P.D.G., de Barros E.S., Ometto J.P.H.B., Martinelli L.A., 2006. Stable
carbon and nitrogen isotopic fractionation between diet and swine tissues. Sci. Agric.
63: 579-582.

Navarro S.M., 2009. Anélise isotopica de diferentes tecidos de capivara (Hydrochoerus hy-
drochaeris) de criadouro e vida livre. Centro de Energia Nuclear da Agricultura. Escola
Superior de Agricultura “Luiz de Queiroz” Universidade de Sdo Paulo. [in Portuguese]

Needham A.E., 1964. The raw materials for growth. In: Needham A.E. (Ed.) The growth
process in animals. Pitman Publishing, London. 265-302.

Norman F.I., 1970. Food Preferences of an Insular Population of Rattus rattus. J. Zool. 162:
493-503.

Oliveira-Filho A.T., Fontes M.A.L., 2000. Patterns of Floristic Differentiation among At-
lantic Forests in Southeastern Brazil and the Influence of Climate. Biotropica 32: 793—
810.

Olmos F., 1991. Observations on the Behavior and Population Dynamics of some Brazilian
Atlantic Forest Rodents, Mammalia 55: 555-565.

Paglia A.P., da Fonseca G.A.B., Rylands A.B., Herrmann G., Aguiar L.M.S., Chiarello
A.G., Leite Y.L.R., Costa L.P., Siciliano S., Kierulff M.C.M., Mendes S.L., Tavares V.C.,
Mittermeier R.A., Patton J., 2012. Lista anotada dos mamiferos do Brasil. Occasional
Papers in Conservation Biology 6: 1-76.

Panarello H.O., Ferndndez J., 2002. Stable carbon isotope measurements on hair from wild
animals from altiplanic environments of Jujuy, Argentina. Radiocarbon 44: 709-716.

Pandit S.N., Kolasa J., Cottenie K., 2009. Contrasts between habitat generalists and spe-
cialists: an empirical extension to the basic metacommunity framework. Ecology 90:
2253-2262.

Pardini R., 2004. Effects of forest fragmentation on small mammals in an Atlantic forest
landscape. Biodivers. Conserv. 13: 2567-2586.

Pardini R., Bueno Ade A., Gardner T.A., Prado P.I., Metzger J.P., 2010. Beyond the frag-
mentation threshold hypothesis: regime shifts in biodiversity across fragmented land-
scapes. PLoS One 5: e13666.

Pardini R., de Souza S.M., Braga-Neto R., Metzger J.P., 2005. The role of forest structure,
fragment size and corridors in maintaining small mammal abundance and diversity in
an Atlantic forest landscape. Biol. Conserv. 124: 253-266.

Pardini R., Umetsu F. , 2006. Pequenos mamiferos nao-voadores da Reserva Florestal
do Morro Grande: distribui¢do das espécies e da diversidade em uma drea de Mata
Atlantica. Biota Neotrop. 6: 1-22. [in Portuguese]



Isotopic variation of two sympatric rodents in Neotropical Forest

Percequillo A.R., 2003. Sistemdtica de Oryzomys Baird, 1858: defini¢do dos grupos de
espeécies e revisdo taxonodomica do grupo albigularis (Rodentia, Sigmodontinae), Zo-
ology. Universidade de Sdo Paulo, Sdo Paulo. [in Portuguese]

Percequillo A.R., 2015a. Genus Euryoryzomys Weksler, Percequillo and Voss, 2006. In:
Patton J.L., Pardinas U.E.J., D’Elia G. (Eds.) Mammals of South America, Volume 2:
Rodents. University of Chicago Press, Chicago and London. 312-320.

Percequillo A.R., 2015b. Genus Sooretamys Weksler, Percequillo and Voss, 2006. In: Pat-
ton J.L., Pardinas U.F.J., D’Elia G. (Eds.) Mammals of South America, Volume 2: Ro-
dents. University of Chicago Press, Chicago and London. 451-453.

Peterson B.J., Fry B., 1987. Stable Isotopes in Ecosystem Studies. Annu. Rev. Ecol. Syst.
18: 293-320.

Phillips D.L., Gregg J.W., 2003. Source partitioning using stable isotopes: coping with too
many sources. Oecologia 136: 261-269.

Pinotti B.T., Naxara L., Pardini R., 2011. Diet and food selection by small mammals in an
old-growth Atlantic forest of south-eastern Brazil. Stud. Neotrop. Fauna Environ. 46:
1-9.

Polischuk S.C., Hobson K.A., Ramsay M.A., 2001. Use of stable-carbon and -nitrogen
isotopes to assess weaning and fasting in female polar bears and their cubs. Can. J. Zool.
79: 499-511.

Polsky R.H., 1977. The Ontogeny of Predatory Behaviour in the Golden Hamster (Meso-
cricetus a. auratus): 1. The Influence of Age and Experience. Behaviour 61: 26-57.
Piittker T., Bueno A.A., de Barros C.D., Sommer S., Pardini R., 2013. Habitat specialization
interacts with habitat amount to determine dispersal success of rodents in fragmented

landscapes. J. Mammal. 94: 714-726.

Ricklefs R.E., 1990. Ecology, 3'¢ Ed. W.H. Freeman and Company.

Sare D.T.J., Millar J.S., Longstaffe F.J., 2005. Nitrogen- and carbon-isotope fractionation
between mothers and offspring in red-backed voles (Clethrionomys gapperi). Can. J.
Zool. 83: 712-716.

Sikes R.S., 2016. 2016 Guidelines of the American Society of Mammalogists for the use
of wild mammals in research and education J. Mammal. 97: 663—-688.

Simpson G.G., Roe A., Lewontin R.C., 2003. Quantitative zoology. Dover Publications Inc,,
Mineola

SMA, 2014. Lista de espécies da fauna silvestre ameacadas de extingdo no Estado de Sao
Paulo. Didrio oficial da Assembleia legislativa do Estado de Sdo Paulo Decreto 60.133:
1-69. [in Portuguese]

Smith J.J., Millar J.S., Longstaffe F.J., Boonstra R., 2010. The effect of metabolic rate on
stable carbon and nitrogen isotope compositions in deer mice, Peromyscus maniculatus.
Can. J. Zool. 88: 36-42.

Stewart F.E.C., McAdam A.G., 2014. Seasonal plasticity of maternal behaviour in Peromy-
scus maniculatus. Behaviour 151: 1641-1662.

Swihar, R.K., Lusk J.J., Duchamp J.E., Rizkalla C.E., Moore J.E., 2006. The roles of land-
scape context, niche breadth, and range boundaries in predicting species responses to
habitat alteration. Divers. Distrib. 12: 277-287.

Swynnerton G.H., Worthington E.B., 1940. Note on the food of fish in Haweswater (West-
morland). J. Animal Ecol. 9: 183-187.

Tieszen L.L., 1991. Natural Variations in the Carbon Isotope Values of Plants - Implications
for Archaeology, Ecology, and Paleoecology. J. Archaeol. Sci. 18: 227-248.

Tieszen L.L., Boutton T.W., Tesdahl K., Slade N.A., 1983. Fractionation and turnover of
stable carbon isotopes in animal tissues: implications for §13C analysis of diet. Oeco-
logia 57: 32-37.

Turnbull L.A., Levine J.M., Loreau M., Hector A., 2013. Coexistence, niches and biod-
iversity effects on ecosystem functioning. Ecol. Lett. 16: 116-127.

Umetsu F., Metzger J.P., Pardini R., 2008. Importance of estimating matrix quality for mod-
eling species distribution in complex tropical landscapes: a test with Atlantic forest small
mammals. Ecography 31: 359-370.

Umetsu F,, Pardini R., 2007. Small mammals in a mosaic of forest remnants and anthropo-
genic habitats-evaluating matrix quality in an Atlantic forest landscape. Landsc. Ecol.
22: 517-530.

Veloso H.P,, Filho A.LR.R., Lima J.C.A., 1991. Classificagdo da vegetacao brasileira, ad-
aptada a sistema universal. IBGE. [in Portuguese]

Vieira E.M., Monteiro Filho E.L.A., 2003. Vertical stratfication of small mammals in the
Atlantic rain forest of south-eastern Brazil. J. Trop. Ecol. 19: 501-507.

Vieira E.M., Paise G., Machado P.H.D., 2006. Feeding of small rodents on seeds and fruits:
a comparative analysis of three species of rodents of the Araucaria forest, southern
Brazil. Acta Theriol. 51: 311-318.

Vieira E.M., Pizo M.A,, Izar P., 2003. Fruit and seed exploitation by small rodents of the
Brazilian Atlantic forest. Mammalia 67: 533-539.

Visconti P., Pressey R.L., Giorgini D., Maiorano L., Bakkenes M., Boitani L., Alkemade
R., Falcucci A., Chiozza F., Rondinini C., 2011. Future hotspots of terrestrial mammal
loss. Philos. Trans. R. Soc. Lond., B, Biol. Sci. 366: 2693-2702.

Voigt C.C., Rex K., Michener R.H., Speakman J.R., 2008. Nutrient routing in omnivorous
animals tracked by stable carbon isotopes in tissue and exhaled breath. Oecologia 157:
31-40.

Wiegand T., Revilla E., Moloney K.A., 2005. Effects of habitat loss and fragmentation on
population dynamics. Conserv. Biol. 19: 108-121.

Zar J.H., 1996. Biostatistical analysis. Prentice-Hall International, London.

Associate Editor: G. Amori

Supplemental information

Additional Supplemental Information may be found in the online ver-

sion of this article:

Table S1 Individuals of Euryoryzomys russatus.

Table S2 Individuals of Sooretamys angouya.

Table S3 Mann-Whitney test.

Table S4 Concurrent candidate models for E. russatus and S. angouya
isotopes values.

Figure S5 Frequency of occurrence of arthropod groups - grid M1.

Figure S6 Frequency of occurrence of arthropod groups - grid M3.
Table S7 Linear mixed effect models - E. russatus.

Table S8 Relative variable importance on predict models - E. russatus.

Table S9 Linear mixed effect models - S. angouya.

Table S10 Relative variable importance on predict models - S.
angouya.

221



