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Distinct isotopic signatures reveal effect of ecoregion on small
mammals of Ghana

NYEEMA C. HARRIS,* REUBEN A. GARSHONG, AND MORGAN GRAY

Department of Environmental Science, Policy and Management, University of California, Berkeley, CA 94720, USA (NCH, MG)
Department of Ecology and Evolutionary Biology, University of Michigan, Ann Arbor, MI 48103, USA (NCH)
Department of Animal Biology and Conservation Science, University of Ghana, PO Box LG 67, Legon- Accra, Ghana

* Correspondent: nyeema@umich.edu

Species reside in dynamic environments, simultaneously experiencing variations in climatic conditions, habitat
availability and quality, interspecific interactions, and anthropogenic pressures. We investigated variation in
foraging ecology of the small mammal community between land-use classifications (i.e., protected national parks
and unprotected lands abutting them) in Mole National Park (MNP) and Digya National Park (DNP), representing
distinct ecoregions of Ghana. In 5,064 trap nights, we sampled 153 individuals of 23 species within the 2 national
parks and adjacent lands outside protected boundaries to describe variation in community composition. We also
used 613 C and 8'° N isotopic ratios from fresh feces to determine main effects and interactions between land use
and ecoregion on trophic structure in species and communities of small mammals. Small mammals exhibited
distinct community assemblages between ecoregions (i.e., national parks): Gerbilliscus guineae, Hybomys
trivirgatus, Malacomys edwardsi, Lemniscomys bellieri, L. zebra, and Taterillus gracilis were only captured
in the dry savanna ecoregion of MNP. Additionally, isotopic signatures for nitrogen were significantly lower
in MNP (2.83 + 0.17%0) compared to DNP (4.97 + 0.33%o), indicating that small mammals occupied different
trophic levels between ecoregions. The most common species, Praomys daltoni exhibited variation in isotopic
signatures between ecoregions and land use, with higher 6'5 N found within MNP boundaries. We found no
distinction in 8'* C at the community or species level within or across protected areas. Ultimately, understanding
shifts in the ecology of species can inform predictions about community structure and ecosystem function under
future environmental and anthropogenic scenarios.
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Geography and ecology interact in a complex and sometimes
unpredictable manner. Individuals must cope with variation in
environmental conditions as well as in habitat availability and
quality throughout their geographic distributions (Gaston 2009;
Khaliq et al. 2014). Concurrently, a suite of biotic factors govern
species ranges, patterns of behavioral activity, and movement
of individuals within their home ranges (Sexton et al. 2009;
Bozick and Real 2015; Lesmeister et al. 2015; Monterroso
et al. 2016). Changes in spatial patterns of community assem-
bly also influence access to resources through mutualisms and
competitive interactions (HilleRisLambers et al. 2012; Araujo
and Rozenfeld 2014). Further, anthropogenic pressures that
accelerate rates of climate change and land degradation can
limit the capacity of species to fill their ecological roles of pre-
dation, seed dispersal, etc. (Ellis 2015). Because species will

respond differently and asynchronously to these perturbations,
community composition also shifts with anthropogenic pres-
sures such that changes in the behavior, diet, phenology, or
physiology of a single species can have ecosystem-level rami-
fications (Bolnick et al. 2011). Species that occur in regions of
the world experiencing rapid change with ineffective protected
areas warrant particular attention as their persistence and eco-
logical function may be compromised in the future.

West Africa is expected to experience high levels of species
turnover for mammals from changing climates (Baker et al.
2015). Such predicted variation in species composition can alter
spatial patterns of biodiversity as well as numerous ecologi-
cal interactions in the future. Even more dramatic are expected
shifts in biomes that could result from extreme changes in cli-
mate. In Ghana, deciduous and evergreen forests may expand in

© The Author(s) 2017. Published by Oxford University Press on behalf of American Society of Mammalogists.
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License

(http://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any
medium, provided the original work is properly cited. For commercial re-use, please contact journals.permissions @oup.com

117


mailto:nyeema@umich.edu?subject=

118 JOURNAL OF MAMMALOGY

coverage, whereas contractions in savanna biomes may occur
according to projections for West Africa (Heubes et al. 2011).
Such changes modify wildlife habitat and site occupancy par-
ticularly for habitat specialists. Further, immediate pressures
from agriculture, urban expansion, and extractive resources to
support growing human populations and economies throughout
the continent degrade landscapes and increase vulnerabilities
to extinction (Seto et al. 2012; Edwards et al. 2014; Laurance
et al. 2014). Therefore, investigating current patterns of spe-
cies distributions, community structure, and functional traits
over extant gradients of land use and environmental conditions
are necessary to anticipate impacts under future global change
scenarios.

Small mammals include species of conservation concern that
exhibit varying sensitivities to changes in environmental and
land-use patterns (Schipper et al. 2008; Terry and Rowe 2015).
Small mammals play key roles in nutrient cycling, distribution
of vegetation, and disease transmission (Hillyer and Silman
2010; Davidson et al. 2012; Prugh and Brashares 2012). We
investigated variation in small mammal communities focus-
ing on variation in trophic niches between land use (i.e., pro-
tected and unprotected areas) in 2 distinct ecoregions of Ghana.
Specifically, we sampled within 2 national parks and adjacent
unprotected lands to describe variation in community compo-
sition of small mammals. We employed 6" C and 8" N iso-
topic ratios to determine effects of land use and ecoregion on
trophic structure in small mammals within individual species

Q Mole NP - Savanna

@ Digya NP - Transition

and across the whole community. Community assembly the-
ory simultaneously recognizes a convergence of functional
traits (e.g., diet, habitat use, etc.) under similar environmental
conditions and the resultant intra- and interspecific competition
that may emerge from employing similar adaptive strategies
(HilleRisLambers et al. 2012; Violle et al. 2012). Therefore, we
expect: 1) greater similarity in community composition within
an ecoregion than between ecoregions; 2) narrower diet breadth
(i.e., smaller range in 8'* C) but more trophic structure (i.e.,
higher 6" N) in diverse communities; and 3) land use to have
a greater influence than ecoregion on species richness and diet
selection.

MATERIALS AND METHODS

Study area.—We worked in a single protected area in 2
dominant ecoregions of Ghana: West Sudanian savanna and
Guinean forest-savanna mosaic (Fig. 1). Mole National Park
(MNP; 09°117-10°06” N and 01°22°-02°16" W) is the largest
protected area in the country spanning 4,840 km?. MNP exhib-
its extreme arid conditions with high temperatures averaging
36.5°C in the warmest month, and with relatively low rainfall
1,055 + 5.07 mm/year. The centrally located Digya National
Park (DNP; 07°067-07°44” N and 0°06’-0°42” W) spans 3,478
km? with a maximum average temperature in the warm-
est month of 35.5°C and receives 1,326 = 14.52 mm/year of
rainfall. We extracted park area from the World Database of

ECOREGIONS
:| Central African mangroves

B Eastem Guinean forests
- Guinean forest-savanna mosaic

[ | Guinean mangroves
- West Sudanian savanna

Fig. 1.—Map of ecoregions in Ghana, West Africa, with study areas outlined in white. (A) Mole National Park has high temperatures and receives
the least amount of rain, (B) Digya National Park located in the transition zone between savanna and forests has moderate temperatures and levels

of rainfall.
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Protected Areas (protectedplanet.org) and all climate data come
from the WorldClim database (Hijmans et al. 2005).

Study design and animal capture.—We constructed paired
grids of 70 m x 140 m inside and outside at each national
park that were separated by an average of 5 km to avoid edge
effects influencing the assemblages of small mammals. We
implemented 7 and 5 paired grids within and around MNP and
DNP, respectively. Each grid consisted of 49 Sherman traps
(7.6 x 9.5 x 30.5 cm; H. B. Sherman Co., Tallahassee, Florida)
spaced 20 m apart in a checkerboard pattern with 10 m mis-
alignment between columns. Traps were baited with ground-
nut paste, cassava, or powdered fish with palm oil to attract
multiple types of consumers. We also placed 9 Tomahawk
traps (50.8 x 17.8 x 17.8 cm, model number 204; Tomahawk
Live Trap Co., Hazelhurst, Wisconsin) spaced 60 m apart in
the center and perimeter columns of grids at DNP. The inclu-
sion of Tomahawk traps led to the addition of only 1 species
(Cricetomys gambianus) that was captured both inside and out-
side DNP boundaries; we removed this species from cross-park
comparisons. All traps were checked twice daily (0600-0800
and 1600-1800 h) and we trapped grids for 4 consecutive
nights. Land use activities immediately outside protected area
boundaries consisted of human settlements, charcoal produc-
tion, aquaculture, livestock husbandry, and various farming
activities (e.g., cocoa, rice). We sampled MNP in May to June
2012 and DNP in November to December 2012 to reduce het-
erogeneity in precipitation and thus, the effects of seasonality
when making cross-park comparisons. This work was con-
ducted under Animal Care and Use Committee #R304 at the
University of California Berkeley and adheres to American
Society of Mammalogists (ASM) guidelines (Sikes et al. 2016).

During processing, all newly caught animals were individu-
ally marked with a permanent marker or metal ear-tag (1005-1;
National Band and Tag Co., Newport, Kentucky). We collected
ear-notches from each individual and stored them in RNAlater
or 95% ethanol. Though some small mammals in the region
are distinguishable using physical characteristics, we used
molecular techniques to ensure species identifications and
enhance representation of sequence data from the region. As
such, we extracted DNA from tissue samples following guide-
lines of QIAamp DNA Micro Kits (QIAGEN, Germantown,
Maryland) and then amplified and sequenced DNA using
primers on ~815 base pairs of the mitochondrial cytochrome
b gene (L14723: ACCAATGACATGAAAAATCATCGTT and
H14896: TAGTTGTCGGGGTCTCCTA; Ducroz et al. 2001).
The resulting sequences were manually edited, aligned, and
checked against accessioned sequences in Genbank as well as
with study-confirmed sequences using the Geneious Pro soft-
ware v. 5.1.7 (Kearse et al. 2012).

Foraging ecology.—Stable isotopes are proving to be in-
sightful tools for investigating trophic ecology across taxa and
ecosystems with increasing application to small mammal sys-
tems (Post 2002; Newsome et al. 2007; Boecklen et al. 2011;
Ben-David and Flaherty 2012). We used carbon and nitrogen
isotopic ratios to determine differences in resource use and
trophic structure in assemblages of small mammals between

ecoregions and land uses. C3 plants have a ratio of '*C/'2C
between —33%o0 and —24%o in contrast to C4 plants that show
lower preference for the lighter isotope with ratios between
—14%0 and —11%0 (Ben-David and Flaherty 2012). Nitrogen
ratios in the tissue of consumers are generally 2-5%¢ higher
than those of their diets (Bearhop et al. 2004; Newsome et al.
2007). Therefore, carbon ratios provide insights about con-
sumption patterns while nitrogen ratios elucidate trophic po-
sition within the community. We processed oven-dried scat
samples collected from small mammals trapped within and
around MNP (n = 37; 59% inside) and DNP (n = 44; 43% in-
side). Carbon (**C) and nitrogen (**N) in finely homogenized
scat samples were analyzed by continuous flow dual isotope
analysis using a CHNOS Elemental Analyzer interfaced to an
IsoPrime100 mass spectrometer at the Center for Stable Isotope
Biogeochemistry at University of California, Berkeley. Long-
term external precision for C and N isotope analyses is 0.10%o
and 0.15%o, respectively. 3C/'2C and 'N/"N are expressed in
standard delta notation () in per mil units (%o) and calibrated
against international references (atmospheric N and V-PDB).
Repeated measures of scat samples (70% were run twice)
resulted in a sample precision of + 0.1%o for 8"*C and 8"°N.

Analyses.—We compared community dissimilarity of small
mammals captured inside and outside grids as well as between
protected areas using ordination methods. Permutational mul-
tivariate analysis of variance (PERMANOVA) was performed
on Bray-Curtis distance matrices (999 permutations for R sta-
tistics) to determine the significance of differences between
land use and ecoregions. If environmental conditions (i.e., ec-
oregion) exert a greater influence on small mammal communi-
ties than land use (i.e., protected versus unprotected area), we
expect greater similarity in species richness and composition
between sampling locations in close proximity that are experi-
encing similar environmental conditions. In contrast, if land use
exerts greater influence than ecoregion, then dissimilarity will
be highest when comparing assemblages inside versus outside
national park boundaries regardless of the ecoregion sampled.
All analyses were completed in “vegan” package of R version
3.1.2 (R Development Core Team).

We used nonparametric tests to evaluate attributes of trophic
structure in small mammals. Specifically, we made infer-
ences about diet breadth and trophic level at the community
level using 8"3C and 6N, respectively. Within species, we ex-
pected a greater degree of specificity inside the boundaries of
the protected areas (i.e., smaller range of 8'C values). We also
expected a greater degree of community structure reflected in
wider 8'°N values inside park borders as a function of species
richness.

RESsuLTS

Animal capture.—Our sampling effort comprised 5,064 trap
nights, yielding the capture of 153 individuals of 23 species
in 12 genera of small mammals in the 2 study areas. Species
richness was highest at MNP with 18 species in total compared
to 11 species at DNP. Only 5 species were shared between
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the 2 ecoregions, indicating distinct small mammal commu-
nities between parks. Gerbilliscus guineae, Hybomys trivir-
gatus, Malacomys edwardsi, Lemniscomys bellieri, L. zebra,
Steatomys sp., and Taterillus gracilis were only captured in
the dry savanna ecoregion of MNP. In addition to park-level
differences, only one-third of the number of individuals were
captured outside MNP boundaries compared to inside the park,
with slightly lower species richness. In contrast, species rich-
ness and capture rates were comparable between grids inside
and outside of DNP, though slightly higher outside. Based on
Bray-Curtis dissimilarity distances, the greatest dissimilarities
were between the inside—outside grid locations in DNP, which
degraded through space with higher similarities in the north
(Dissimilarities - DNP: 0.47; MNP: 0.36).

Community-level comparisons.—We used stable isotopes
from fecal samples to examine resource use and trophic lev-
els by comparing communities between 2 parks, for which we
pooled grid data and aggregated species (Fig. 2). Though species
assemblages were different, we found almost complete dietary
overlap among species occurring within MNP and DNP based
on 8'3C values: —23.17 + 0.23%0 at MNP and —23.88 + 0.45%o
at DNP (Mann—Whitney U-test: P = 0.929). In contrast, sig-
nificant differentiation in 8'"N values indicated more com-
munity structure and higher trophic levels for species in the
small mammal community occurring in DNP (4.97 + 0.33%o)
compared to MNP (2.83 = 0.17%0). Next, we investigated
how land use may alter patterns of consumption and trophic
levels at each park by comparing grids inside and outside of
the parks. At DNP, consumption patterns (mean difference in
83C =-1.31) as well as community structure (mean difference
in 0"°N = 0.33) were comparable between grids inside and out-
side of the park, although both indicators were higher outside
park boundaries. We found similar results for MNP, with lit-
tle difference in what small mammals consumed inside versus
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Fig. 2.—Spatial variation in 8'*C and "N values of the small mam-
mal communities sampled in Ghana, West Africa. Data represent
means and SE from 153 individuals across 23 species captured inside
and outside Mole National Park and Digya National Park.

outside park boundaries (mean difference in 6'3C = —0.23) or
in their community structure (mean difference 8N = 0.63),
although trophic level indicators from &'°N values were higher
inside park boundaries.

Species-level comparisons—We explored spatial variation
in diet between parks and grid locations for the most dominant
species (Table 1). Praomys daltoni represented 36% and 31%
of all individuals captured at MNP and DNP, respectively. We
found that P. daltoni occupied different trophic levels within
the small mammal communities with significantly higher
ON values observed in DNP (Fig. 3, Mann—Whitney U-test:
P < 0.001). We did not detect any difference in consumption
patterns via 8'3C across parks. At DNP, P. daltoni appeared to
occupy the same trophic level in the small mammal community
regardless of grid location (Mann—Whitney U-test: P = 0.69)
and exhibited similar consumption patterns (Mann—Whitney
U-test: P = 0.37). However, P. daltoni did occupy a higher
trophic level inside MNP boundaries compared to outside
(Mann—Whitney U-test: P = 0.04), although no differences in
consumption were detected (Mann—Whitney U-test: P = 0.37).

DiscussioN

Land use and environmental conditions can synergistically
or independently alter the ecology of species through various
antagonistic and mutualistic pathways. Here, we evaluated the
influence of ecoregion versus protected area status on commu-
nity attributes and foraging ecology of small mammals using
isotopic ratios from fecal samples. We found distinct differ-
ences in the small mammal species richness and composition
between parks. With higher temperatures and less rainfall in
MNP, the small mammal community was comprised of dry
savanna species. Community composition results were largely
consistent with broad-scale range maps, though few empirical
studies exist for comparison. Our study provides many new
records where species occurrence data are lacking—see Amori
and Luiselli (2011) for a meta-analysis of small mammal com-
munities from West Africa.

Species are expected to benefit from residing inside pro-
tected areas that are effectively managed due mostly to reduced
anthropogenic disturbances (Geldmann et al. 2013; Pimm et al.
2014; Watson et al. 2014). Small mammals are no exception,
as evident with positive associations between habitat quality
and species richness (Parsons et al. 2013; Dambros et al. 2015).
However, greater heterogeneity in vegetation cover and other
habitat characteristics outside protected area boundaries could
result in unexpectedly high levels of species richness and simi-
larities in composition across land uses (Seiferling et al. 2012;
Wegmann et al. 2014). For example, Caro (2001) found higher
species diversity and abundances of small mammals outside
protected areas in Tanzania. Many other studies have exam-
ined the effect of land-use by comparing species composition,
richness, and habitat characteristics inside and outside pro-
tected areas (Bruner et al. 2001; Naughton-Treves et al. 2005).
Subsequently, it is essential to understand how protected areas
alter ecological functions and processes for individual species
as well as entire communities (Gaston et al. 2008).
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Table 1.—Mean 8"C and &"N values with associated variation (SD) for individual species of small mammal captured in Digya and Mole
National Parks, Ghana, West Africa in 2012. Only species with more than 2 incidences are reported.

Species n Park Mean 6"°C (SD) Mean 8N (SD)
Cricetomys gambianus 7 Digya -27.2 (0.6) 3.1(1.2)
Gerbilliscus guineae 13 Mole -23.2(1.7) 2.5(0.9)
Gerbilliscus kempi 1 Digya -20.1 (NA) 1.4 (NA)
3 Mole -24.7(1.2) 2.6 (0.7)
Gerbilliscus sp. 6 Digya -22.5(1.9) 29 (1.1)
2 Mole —24.8(1.2) 2.0 (1.4)
Mastomys erythroleucus 9 Digya -23.4 (3.1) 5.91.7)
6 Mole -24.2(1.7) 3.4(1.7)
Mastomys natalensis 3 Digya —25.7 (1.4) 7.3(3.3)
Praomys daltoni 13 Digya -23.7(2.7) 5.9 (1.8)
22 Mole -24.7 (1.2) 2.9(1.4)
Taterillus gracilis 4 Mole -25.3(1.2) 2.7 (0.6)
& S fB T oo et al. 2015), while opposite results were found for rodents of
° : . o South America (Galetti et al. 2016). We found the greatest dif-
~ & ferences between parks in 6N values, with values being sig-
= ; ——— nificantly higher in DNP compared to MNP. However, we must
‘«:_o § ' - view this result cautiously given that environmental conditions
«© o - ’ also can influence enrichment values of nitrogen in the tissue
Dl : i of consumers (Newsome et al. 2007). We intentionally sampled
- IR - in different seasons to reduce heterogeneity in precipitation
v T ' ' T patterns across parks. DNP is located within a transition zone
Inside Outside Inside Outside . . .
comprised of a mosaic of savanna and forest plant species and
surrounded by water on 3 sides. We suspect that such variation
© -| Digya NP Mole NP promoted the observed differences in community attributes.
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Fig. 3.—Comparison of 8'*C and 8N isotopic ratios of Praomys dal-
toni to evaluate variation in consumption patterns (via carbon ratios)
and trophic level (via nitrogen ratios) by park and grid locations.

Because land use can influence habitat quality, individuals
residing within particular conditions will have varied access
to resources and therefore may exploit different food items
(Aratjo et al. 2011; Fischer et al. 2012). Previous research
highlighted the importance of environmental conditions and
land use in structuring small mammal communities (Amori
and Luiselli 2011; Hurst et al. 2013; Kelt et al. 2013; Smiley
et al. 2016). Rautenbach et al. (2014) found that rodent and
shrew communities varied seasonally and across vegetative
types in South Africa. We explored how the foraging ecology
of small mammals varied based on ecoregion (i.e., park) and
land use (i.e., grids inside or outside the parks). We found an
extremely narrow distribution of 8'3C values that indicated the
exclusive use of C3 plants by small mammals in the communi-
ties sampled in our study. A similarly narrow dietary breadth
has been reported in small mammals of Canada (Baltensperger

Interestingly, greater divergence was found for consumption
patterns based on 8'3C values in DNP between grids inside and
outside the park, whereas MNP exhibited more differentiation
in community structure via 8N values. We attribute this dis-
tinction between grids in DNP (though not significantly differ-
ent) to increased access to anthropogenic food sources as well
as the presence of domestic animals and agricultural plants.

We observed a narrower dietary breadth in the small mam-
mal community where species richness was highest in MNP. As
a result, we also found some evidence of resource partitioning,
with P. daltoni occupying a higher trophic level where species
richness was highest at the northern site. These results are con-
sistent with the findings of Jiang et al. (2015), who demonstrated
the importance of intraspecific interactions and environmental
variables in explaining spatial-temporal communities in small
mammals from arid grasslands in China. Additionally, Codron
et al. (2015) reported species occupying similar isotopic niches
exhibited spatial separation for small mammals in South Africa.
For small mammals in Illinois, there was also an interaction
between small mammal species and geographic location in iso-
topic values (Van der Merwe and Hellgren 2016).

We documented dramatic differences in community com-
position of small mammals across ecoregions, which raises
concerns if future climates shift the distribution of biomes as
predicted for West Africa (Heubes et al. 2011). Specifically,
contraction in savannas such as those at MNP could lead to
the loss of several species we found only present at this site.
Furthermore, alterations to the small mammal community
highlight public health concerns in and around protected areas,
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given several species such as C. gambianus and Mastomys eryth-
roleucus detected in this study have implications for disease
transmission (Friggens and Beier 2010; Han et al. 2015). Such
conditions may further exacerbate community dissimilarities
across space and promote construction of novel communities
(Lurgi et al. 2012). The response of species to environmental
perturbations also has consequences for community assem-
bly and structure (Rowe et al. 2014; Terry and Rowe 2015).
We documented variation in ecological function (e.g., trophic
level) for individual species and communities based on geogra-
phy. Species capable of adapting their behaviors, demography,
or physiology may promote their future viability at the cost of
increasing competition. Alternatively, species that succumb
and are extirpated release available resources for other species
to expand niches and may cause affiliated species to suffer the
same fate—all of which are circumstances that alter spatial pat-
terns of diversity, ecosystem functioning, and possibly human
health risks.

A CKNOWLEDGMENTS

We thank numerous field technicians and guards that were
helpful in capturing small mammals and facilitating field-
work. We also acknowledge the local communities and chiefs
in Ghana that provided access to communal lands for trapping
efforts outside protected areas. We appreciate logistic support
from Ghana Wildlife Division, particularly M. Sam as well as
J. Brashares and his lab for assistance with research prepara-
tions. We appreciate assistance from R. Vemula with sample
preparation, L. Smith in the Evolutionary Genetics Lab with
guidance on DNA extraction and sequencing at UC Berkeley,
V. Nicolas for species confirmation of molecular sequences
from individuals captured in this study, and T. Dawson and
S. Mambelli for isotope consultation and running mass spec-
trometry at UC Berkeley. NCH was supported by a University of
California Chancellor’s Postdoctoral Fellowship and National
Science Foundation Postdoctoral Fellowship in Biology (DBI-
1103661). MG was supported by National Science Foundation
Graduate Research Fellowship (DGE-1106400).

LITERATURE CITED

AmoRri, G., anND L. LuiseLrt. 2011. Small mammal community struc-
ture in West Africa: a meta-analysis using null models. African
Journal of Ecology 49:418-430.

Araulo, M. B., aAND A. RozenreLD. 2014. The geographic scaling of
biotic interactions. Ecography 37:406—415.

Araulo, M. S., D. I. BoLnick, AND C. A. Layman. 2011. The ecological
causes of individual specialisation. Ecology Letters 14:948-958.
Baker, D. J., ET AL. 2015. Assessing climate change impacts for
vertebrate fauna across the West African protected area network
using regionally appropriate climate projections. Diversity and

Distributions 21:991-1003.

BALTENSPERGER, A. P., F. HUETTMANN, J. C. HAGELIN, AND J. M. WELKER.
2015. Quantifying trophic niche spaces of small mammals using
stable isotopes (delta N-15 and delta C-13) at two scales across
Alaska. Canadian Journal of Zoology 93:579-588.

Bearuop, S., C. E. Apawms, S. WALDRON, R. A. FULLER, AND
H. MacLeop. 2004. Determining trophic niche width: a novel
approach using stable isotope analysis. Journal of Animal
Ecology 73:1007-1012.

Ben-Davip, M., anD E. A. FLaHerTY. 2012. Stable isotopes in mam-
malian research: a beginner’s guide. Journal of Mammalogy
93:312-328.

BoeckLEN, W. J., C. T. YARNES, B. A. Cook, aND A. C. JamEs. 2011.
On the use of stable isotopes in trophic ecology. Annual Review of
Ecology, Evolution, and Systematics 42:411-440.

Bownick, D. 1., ET AL. 201 1. Why intraspecific trait variation matters in
community ecology. Trends in Ecology & Evolution 26:183-192.

Bozick, B. A., anp L. A. REAL. 2015. integrating parasites and patho-
gens into the study of geographic range limits. The Quarterly
Review of Biology 90:361-380.

BRUNER, A. G., R. E. GuLLIsoN, R. R. Ricg, aAND G. A. B. DA FoNSECA.
2001. Effectiveness of parks in protecting tropical biodiversity.
Science 291:125-128.

Caro, T. M. 2001. Species richness and abundance of small mam-
mals inside and outside an African national park. Biological
Conservation 98:251-257.

CoproN, J., ET AL. 2015. Stable isotope evidence for trophic niche
partitioning in a South African savanna rodent community. Current
Zoology 61:397-411.

DamBros, C. S., N. C. CAceres, L. MacNus, AND N. J. GOTELLL
2015. Effects of neutrality, geometric constraints, climate, and
habitat quality on species richness and composition of Atlantic
Forest small-mammals. Global Ecology and Biogeography
24:1084-1093.

Davipson, A. D., J. K. DETLING, anD J. H. BRown. 2012. Ecological
roles and conservation challenges of social, burrowing, herbivo-
rous mammals in the world’s grasslands. Frontiers in Ecology and
the Environment 10:477-486.

Ducroz, J. F., V. VoLoBOUEV, AND L. GRANJON. 2001. An assessment of
the systematics of Arvicanthine rodents using mitochondrial DNA
sequences: evolutionary and biogeographical implications. Journal
of Mammalian Evolution 8:173-206.

Epwarps, D. P, ET AL. 2014. Mining and the African environment.
Conservation Letters 7:302-311.

ELuis, E. C. 2015. Ecology in an anthropogenic biosphere. Ecological
Monographs 85:287-331.

Fischer, J. D., S. H. CLeeTON, T. P. LYONS, AND J. R. MILLER. 2012.
Urbanization and the predation paradox: the role of trophic
dynamics in structuring vertebrate communities. BioScience
62:809-818.

FriGGENs, M. M., aND P. BEier. 2010. Anthropogenic disturbance and
the risk of flea-borne disease transmission. Oecologia 164:809-820.

GALETTL, M., R. R. RODARTE, C. L. NEVES, M. MOREIRA, AND R. COSTA-
PEREIRA. 2016. Trophic niche differentiation in rodents and marsu-
pials revealed by stable isotopes. Plos One 11:e0152494.

GasToN, K. J. 2009. Geographic range limits of species. Proceedings
of the Royal Society B-Biological Sciences 276:1395-1406.

GasToN, K. J., S. E. JacksoN, L. CANTU-SALAZAR, AND G. Cruz-PINON.
2008. The ecological performance of protected areas. Annual
Review of Ecology Evolution and Systematics 39:93—113.

GELDMANN, J., ET AL. 2013. Effectiveness of terrestrial protected
areas in reducing habitat loss and population declines. Biological
Conservation 161:230-238.

Han, B. A., J. P. Scumipt, S. E. BowpEN, anD J. M. DRAKE. 2015.
Rodent reservoirs of future zoonotic diseases. Proceedings of the
National Academy of Sciences 112:7039-7044.



HARRIS ET AL.—SMALL MAMMAL ISOTOPIC RATIOS 123

HEeuses, J., ET AL. 2011. Modelling biome shifts and tree cover change
for 2050 in West Africa. Journal of Biogeography 38:2248-2258.

Humans, R. J., S. E. CAMERON, J. L. PARRA, P. G. JONES, AND A. JARVIS.
2005. Very high resolution interpolated climate surfaces for global
land areas. International Journal of Climatology 25:1965-1978.

HiLLERISLAMBERS, J., P. B. AbLER, W. S. HARPOLE, J. M. LEVINE,
AND M. M. MavrELD. 2012. Rethinking community assembly
through the lens of coexistence theory. Annual Review of Ecology,
Evolution, and Systematics 43:227-248.

HiLLyer R., AND M. R. Sitman. 2010. Changes in species interactions
across a 2.5 km elevation gradient: effects on plant migration in
response to climate change. Global Change Biology 16:3205-3214.

Hurst, Z. M., ET aL. 2013. Dynamic edge effects in small mammal
communities across a conservation-agricultural interface in swazi-
land. Plos One 8:74520.

JiaNG, G., ET AL. 2015. Intra- and interspecific interactions and envi-
ronmental factors determine spatial-temporal species assemblages
of rodents in arid grasslands. Landscape Ecology:1643—1655.

KEARSE, M., ET AL. 2012. Geneious basic: an integrated and extenda-
ble desktop software platform for the organization and analysis of
sequence data. Bioinformatics (Oxford, England) 28:1647-1649.

KeLr, D. A., ET AL. 2013. Small mammals exhibit limited spatiotem-
poral structure in Sierra Nevada forests. Journal of Mammalogy
94:1197-1213.

KnaLg, I., C. Hor, R. PrINZINGER, K. BOHNING-GAESE, AND
M. PrENNINGER. 2014. Global variation in thermal tolerances and
vulnerability of endotherms to climate change. Proceedings of the
Royal Society B-Biological Sciences 281:20141097.

Laurance, W. E,, J. SAYEr, aAND K. G. CassmaN. 2014. Agricultural
expansion and its impacts on tropical nature. Trends in Ecology &
Evolution 29:107-116.

LESMEISTER, D. B., C. K. NIELSEN, E. M. SCHAUBER, AND E. C. HELLGREN.
2015. Spatial and temporal structure of a mesocarnivore guild in
midwestern North America. Wildlife Monographs 191:1-61.

Lural, M., B. C. Lorez, AND J. M. MonTOYA. 2012. Novel communi-
ties from climate change. Philosophical Transactions of the Royal
Society B-Biological Sciences 367:2913-2922.

MONTERROSO, P., P. REBELO, P. C. ALVES, AND P. FERRERAS. 2016. Niche
partitioning at the edge of the range: a multidimensional analysis
with sympatric martens. Journal of Mammalogy 97:928-939.

NauGHTON-TREVES, L., M. B. HoLLAND, AND K. BraNDON. 2005. The
role of protected areas in conservating biodiversity and sustaining
local livelihoods. Annual Review of Environment and Resources
30:219-252.

NEewsoME, S. D., C. M. peEL Rio, S. BEARHOP, AND D. L. PHILLIPS.
2007. A niche for isotopic ecology. Frontiers in Ecology and the
Environment 5:429-436.

Parsons, E. W., J. L. Maron, anp T. E. MarTiN. 2013. Elk herbivory
alters small mammal assemblages in high-elevation drainages. The
Journal of Animal Ecology 82:459-467.

Pmmm, S. L., ET AL. 2014. The biodiversity of species and their rates of
extinction, distribution, and protection. Science (New York, N.Y.)
344:1246752.

Post, D. M. 2002. Using stable isotopes to estimate trophic position:
models, methods, and assumptions. Ecology 83:703-718.

PrucH, L. R., AND J. S. BRASHARES. 2012. Partitioning the effects of
an ecosystem engineer: kangaroo rats control community struc-
ture via multiple pathways. The Journal of Animal Ecology
81:667-678.

RAUTENBACH, A., T. DICKERSON, AND M. C. ScHOEMAN. 2014. Diversity
of rodent and shrew assemblages in different vegetation types of
the savannah biome in South Africa: no evidence for nested subsets
or competition. African Journal of Ecology 52:30—40.

Rowg, K. C., ET AL. 2014. Spatially heterogeneous impact of climate
change on small mammals of montane California. Proceedings
of the Royal Society of London B: Biological Sciences 282:
20141857.

SCHIPPER, J., ET AL. 2008. The status of the world’s land and marine
mammals: diversity, threat, and knowledge. Science (New York,
N.Y.) 322:225-230.

SEIFERLING, I. S., R. Prourx, P. R. PEres-NETo, L. FAHRIG, AND
C. MEssier. 2012. Measuring protected-area isolation and corre-
lations of isolation with land-use intensity and protection status.
Conservation Biology 26:610-618.

SEto, K. C., B. GUNERALP, AND L. R. HuTYRrA. 2012. Global forecasts
of urban expansion to 2030 and direct impacts on biodiversity and
carbon pools. Proceedings of the National Academy of Sciences of
the United States of America 109:16083-16088.

SexTON, J. P, P. J. McCINTYRE, A. L. ANGERT, AND K. J. Rice. 2009.
Evolution and ecology of species range limits. Annual Review of
Ecology Evolution and Systematics 40:415-436.

Sikes, R. S., aND ANIMAL CARE AND USE COMMITTEE OF THE
AMERICAN SOCIETY OF MAMMALOGISTS. 2016. 2016 Guidelines
of the American Society of Mammalogists for the use of wild
mammals in research and education. Journal of Mammalogy
97:663-688.

SmiLEy, T. M., J. M. CortoN, C. BADGLEY, AND T. E. CERLING. 2016.
Small-mammal isotope ecology tracks climate and vegetation gra-
dients across western North America. Oikos 125:1100-1109.

Terry, R. C., anp R. J. Rowe. 2015. Energy flow and functional
compensation in Great Basin small mammals under natural
and anthropogenic environmental change. Proceedings of the
National Academy of Sciences of the United States of America
112:9656-9661.

VAN DER MERWE, J., AND E. C. HELLGREN. 2016. Spatial variation in
trophic ecology of small mammals in wetlands: support for hydro-
logical drivers. Ecosphere 7:e01567.

VioLLE, C., ET AL. 2012. The return of the variance: intraspecific var-
iability in community ecology. Trends in Ecology & Evolution
27:244-252.

Wartson, J. E., N. DupLEY, D. B. SEGaN, AND M. Hockings. 2014. The
performance and potential of protected areas. Nature 515:67-73.
WEGMANN, M., ET AL. 2014. Role of african protected areas in main-
taining connectivity for large mammals. Philosophical Transactions
of the Royal Society of London. Series B, Biological Sciences

369:20130193.

Submitted 31 March 2017. Accepted 9 November 2017.

Associate Editor was Jacob Goheen.



