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The analyses of the stable isotope ratios of carbon (δ13C), nitrogen (δ15N),

and oxygen (δ18O) in animal tissues are powerful tools for reconstructing the

feeding behavior of individual animals and characterizing trophic interactions

in food webs. Of these biomaterials, tooth enamel is the hardest, most

mineralized vertebrate tissue and therefore least likely to be affected by

chemical alteration (i.e., its isotopic composition can be preserved over

millions of years), making it an important and widely available archive
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for biologists and paleontologists. Here, we present the first combined

measurements of δ13C, δ15N, and δ18O in enamel from the teeth of

modern fauna (herbivores, carnivores, and omnivores) from the well-studied

ecosystem of Gorongosa National Park (GNP) in central Mozambique. We use

two novel methods to produce high-precision stable isotope enamel data:

(i) the “oxidation-denitrification method,” which permits the measurement

of mineral-bound organic nitrogen in tooth enamel (δ15Nenamel), which

until now, has not been possible due to enamel’s low organic content,

and (ii) the “cold trap method,” which greatly reduces the sample size

required for traditional measurements of inorganic δ13Cenamel and δ18Oenamel

(from ≥0.5 to ≤0.1 mg), permitting analysis of small or valuable teeth

and high-resolution serial sampling of enamel. The stable isotope results

for GNP fauna reveal important ecological information about the trophic

level, dietary niche, and resource consumption. δ15Nenamel values clearly

differentiate trophic level (i.e., carnivore δ15Nenamel values are 4.0h higher,

on average, than herbivores), δ13Cenamel values distinguish C3 and/or C4

biomass consumption, and δ18Oenamel values reflect local meteoric water

(δ18Owater) in the park. Analysis of combined carbon, nitrogen, and oxygen

stable isotope data permits geochemical separation of grazers, browsers,

omnivores, and carnivores according to their isotopic niche, while mixed-

feeding herbivores cannot be clearly distinguished from other dietary groups.

These results confirm that combined C, N, and O isotope analyses of a single

aliquot of tooth enamel can be used to reconstruct diet and trophic niches.

Given its resistance to chemical alteration, the analysis of these three isotopes

in tooth enamel has a high potential to open new avenues of research in

(paleo)ecology and paleontology.

KEYWORDS

diet, ecology, trophic level reconstruction, food webs, vertebrate, savanna

Introduction

In modern ecosystems, stable isotope geochemistry can
complement traditional ecological approaches (e.g., field
observations and behavioral studies) and help researchers to
better understand the dietary niche and habitat use of animals
in the wild. The stable carbon (δ13C), nitrogen (δ15N), and
oxygen (δ18O) isotope compositions of body tissues can provide
information about an individual’s metabolism and feeding
behavior, trophic interactions, and even record aspects of the
(paleo)environment such as aridity, seasonality, and vegetation
composition (e.g., DeNiro and Epstein, 1981; Ambrose, 1986;
Cerling et al., 1997; Bocherens and Drucker, 2003; Kingston and
Harrison, 2007; Segalen et al., 2007; Bocherens, 2009; Lüdecke
et al., 2016, 2018).

In modern fauna, isotopic measurements are routinely
conducted on a variety of biological materials such as collagen
(from bone or dentin), soft tissues (e.g., muscle), and body
fluids (e.g., blood and urea). Paleontologists have long sought

a reliably preserved tissue (i.e., without diagenetic alteration) in
which to measure isotope ratios of all three elements—carbon,
nitrogen, and oxygen—in deep time contexts. Tooth enamel,
as the densest and most mineralized vertebrate tissue, has great
potential in this respect (Leichliter et al., 2022). Hydroxyapatite
content is about 95% wt. in mature enamel (Sakae et al., 1997;
Passey and Cerling, 2002; Lacruz et al., 2017; Gil-Bona and
Bidlack, 2020), which makes it more resistant to diagenetic
alteration during fossilization than more porous and poorly
mineralized tissues such as bone or dentin (mineralization ca.
70% wt.; Goldberg et al., 2011).

As such, the inorganic mineral phase of tooth enamel
has long been the focus of carbon (δ13Cenamel) and oxygen
(δ18Oenamel) stable isotope analyses for the reconstruction of the
diet of extinct and extant species (Ambrose and Norr, 1993).

Typically, 500–1,000 µg of tooth enamel, which contains less
than 5% structural carbonate, is needed for precise δ13Cenamel

and δ18Oenamel analysis with traditional continuous-flow isotope
ratio mass spectrometry. The “cold trap method” presented in
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this study permits high-precision δ13Cenamel and δ18Oenamel

analysis of as little as 50 µg tooth enamel. The method employs
a cryofocusing step during which the sample gas is collected in
a liquid N2 trap (Vonhof et al., 2020a,b). This results in >80%
reduction in the sample size typically required for conventional
analyses (refer to e.g., Merceron et al., 2021; Jaouen et al., 2022).

Recently, Leichliter et al. (2021) showed that δ15Nenamel

records the nitrogen isotopic composition of an animal’s diet
under controlled conditions in a feeding experiment with
rodents. The significant advantage of measuring δ15N in tooth
enamel (δ15Nenamel) instead of (bone/dentin) collagen is that
enamel is more resistant to digenesis (Lee-Thorp and Van
der Merwe, 1987; Wang and Cerling, 1994; Koch et al.,
1997; Koch, 2007). The dense mineralization of enamel thus
has a high potential to protect inorganic components from
isotopic alteration during fossilization (Leichliter et al., 2022).
In fact, the tooth enamel biomineral matrix appears to act
as a closed system during oxidative attack, dissolution, and
thermal alteration, leaving the δ15Nenamel value of a fossil
unchanged (Martinez-Garcia et al., 2022), demonstrating the
potential utility of δ15Nenamel as a new trophic proxy in
paleoecological studies. However, high-precision analysis of
δ15Nenamel in tooth enamel-bound nitrogen has been hampered
by its low nitrogen content (about 0.5–2.5 g N/100 g in
mature mammalian enamel; Teruel et al., 2015). To fill this
gap in our isotopic toolbox, we recently developed a method
to determine the nitrogen isotopic composition of the organic
matter preserved in tooth enamel (Leichliter et al., 2021).
This method, adapted from studies of marine microfossils (i.e.,
diatoms and foraminifera; Sigman et al., 2001; Robinson et al.,
2004; Ren et al., 2009) and macrofossils (Wang et al., 2014,
2015, 2017; Lueders-Dumont et al., 2018; Kast et al., 2022),
involves the oxidation of nitrogen in enamel-bound organic
matter to nitrate, followed by bacterial conversion of nitrate to
N2O. This “oxidation-denitrification method” requires 5 nmol of
N (i.e., 5 mg of enamel; Leichliter et al., 2021), which reflects
ca. 1% of the material needed for conventional combustion
measurements and ca. half the material used for nano-
elemental analyzer measurements (e.g., Polissar et al., 2009;
Fulton et al., 2018). Importantly, the “oxidation-denitrification
method” drastically improves analytical precision from ∼1.0h
1σ standard deviation for nano-EA measurements at 8 nmol of
N (Fulton et al., 2018) to <0.2h at 5 nmol of N. This precision
is more than sufficient to resolve the 3–5h trophic level
enrichment in δ15N observed in large-scale ecological studies
(Schoeninger and DeNiro, 1984; Bocherens and Drucker, 2003;
Caut et al., 2009).

Here, we present the first combined δ13Cenamel, δ15Nenamel,
and δ18Oenamel isotope data measured in the same aliquot
of tooth enamel. We analyzed the tooth enamel of modern
mammalian fauna (17 taxa; bovids, equids, suids, elephants,
hippos, primates, felids) and one reptile (crocodiles) from
Gorongosa National Park (GNP), a well-studied ecosystem in

central Mozambique (refer to e.g., Wilson, 2014; Correia et al.,
2017; Atkins et al., 2019; Martinez et al., 2019; Pansu et al., 2019;
Stalmans et al., 2019; Bobe et al., 2020; Guyton et al., 2020). In
addition, we analyzed δ18Owater of (permanent and ephemeral)
lakes, ponds, streams, floodplains, rain-, and groundwater to
evaluate isotope patterns of available drinking water, which are
the main determinants of δ18Oenamel in large mammals (Kohn
and Cerling, 2002). With this dataset, we test two novel methods,
as well as gain new insight into wild animal foraging behavior
and the food web dynamics of GNP.

Tooth enamel as dietary proxy material

Dental material chronologically records the diet of
an individual during a distinct time period in their life.
During enamel maturation, the organic matrix is removed
and replaced with inorganic minerals over a period of
weeks, months, or years, depending on taxon, rate of
wear, and tooth size (Ungar, 2010). Once mature enamel
has fully mineralized, it has no regenerative capacity,
and thus preserves an animal’s isotopic composition
during the time of tooth formation. This differentiates
enamel from other tissues (e.g., soft tissues, but also bone
or dentin) that undergo continuous remodeling (e.g.,
Balasse et al., 1999; Kohn and Cerling, 2002; Passey and
Cerling, 2002; Zazzo et al., 2005; Abou Neel et al., 2016;
Yang et al., 2020). Tooth enamel is, therefore, one of the
only archives in the vertebrate body that records dietary
information from early life stages (i.e., infant to young-
adult) and that is also preserved in the fossil record. To
reconstruct the adult diet and avoid the isotopic effect of
breast milk consumption (Fuller et al., 2006; Tsutaya and
Yoneda, 2015; Dailey-Chwalibóg et al., 2020; Chinique
de Armas et al., 2022), we targeted the latest-forming
permanent tooth (i.e., usually M3) in each specimen
(for details refer to Supplementary Data Sheet 1 and
Supplementary Table 1).

For this study, we sampled bulk enamel, meaning that the
resulting isotope data are time-averaged and record several
months or even years depending on tooth mineralization rate
(which can vary between taxa), as well as sampling strategy.

Isotope ratios for tooth enamel are reported using per mil
(h) notation relative to VPDB (Vienna Pee Dee Belemnite) for
carbon, AIR for nitrogen, or VSMOW (Vienna Standard Mean
Ocean Water) for oxygen, where aX is the heavier and bX is the
lighter isotope (13C/12C, 15N/14N, or 18O/16O) for δ13Cenamel,
δ15Nenamel, δ18Oenamel, and δ18Owater, respectively:

δa/bX =
(aX/bX)sample

(aX/bX)standard
− 1

δ18Oenamel values were converted from VPDB into VSMOW
after Coplen (1988).
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Nitrogen isotopes in tooth enamel
All living organisms require nitrogen as a major nutrient,

which animals acquire from the food they consume (Ambrose
and Norr, 1993). Due to isotopic fractionation during
metabolism and subsequent excretion of waste, a consumer’s
15N/14N ratio is elevated compared to their diet. As a result,
animals typically have δ15N tissue values that are ca. 3–5h
higher than the foods they consume (Figure 1; Schoeninger and
DeNiro, 1984; Bocherens and Drucker, 2003; Fox-Dobbs et al.,
2007; Krajcarz et al., 2018; Leichliter et al., 2021).

The living part of any terrestrial food web starts with plants
(which in turn use energy from the sun). Most plants obtain
nitrogen from the soil, and soil δ15N systematically decreases
with increasing mean annual precipitation and decreasing mean
annual temperature (Evans, 2001; Robinson, 2001; Amundson
et al., 2003). Soil δ15N has an effect on the δ15N values
of plants (Codron et al., 2005) which in turn determines
the δ15N tissue values of primary and secondary consumers.
Thus, climate influences the nitrogen isotope composition of
animals living in a given ecosystem, which can vary across
space and time (Ambrose, 1986, 1991; Ambrose and DeNiro,
1986). To avoid the confounding effects of regional baseline
variability in nitrogen, we focus on the vertebrate community
living in GNP. Our aim is to characterize the δ15Nenamel
values of herbivores (i.e., grazers, mixed-feeders, and browsers),
omnivores, and carnivores living within this single and well-
constrained ecosystem (Figure 2).

In addition to climate and habitat-driven baseline variation,
digestive physiology and water dependence have also been
proposed to affect the δ15N of animals’ tissues (Sealy et al.,
1987; Ambrose, 1991; Hartman, 2010). For instance, studies
suggest that the δ15N values of ruminant herbivores differ
from non-ruminants as the result of the incorporation of 15N-
enriched microbes community in their hindgut (Steinhour et al.,
1982; Sutoh et al., 1987). Additionally, herbivore species with
physiological adaptations for water conservation, such as the

FIGURE 1

Simplified summary of variations in δ13C and δ15N values in an
African terrestrial food web. Modified after Bocherens (2009).

excretion of concentrated urine, are proposed to have higher
δ15N values than water-dependent animals (Ambrose, 1991 and
references therein). However, the effects of digestive physiology
and water dependence are still poorly understood and not well-
tested (Ambrose, 1991; Cantalapiedra-Hijar et al., 2015). In this
study, herbivorous ruminants and non-ruminants, as well as
obligate drinkers and non-obligate drinkers were analyzed to
evaluate these hypotheses.

Carbon isotopes in tooth enamel
In contrast to δ15N, δ13C of animal tissues increases only

slightly with each step in the food chain (ca. 1h per trophic
level; DeNiro and Epstein, 1981; Schoeniger and DeNiro,
1984; Bocherens and Drucker, 2003; O’Connell et al., 2012).
In Africa, this signal is usually overprinted by the larger
δ13C differences between plants using different photosynthetic
pathways; therefore, δ13Cenamel cannot be reliably used for
trophic-level reconstructions. However, δ13Cenamel is a robust
and well-established tool for reconstructing the plant-based diet
of an animal (Figure 1; e.g., Cerling et al., 2015).

Dicots (trees, bushes, and herbs) use the C3 photosynthetic
pathway, whereas most tropical grasses and sedges use the C4

photosynthetic pathway (e.g., Pearcy and Ehleringer, 1984).
C4 photosynthesis is advantageous in warm and seasonally
dry, open environments with high light intensity, whereas
the C3 pathway is typically prevalent under low water stress
and high-pCO2 conditions (Kohn, 2010). Another pathway
(Crassulacean Acid Metabolism; Wolf, 1960; Lüttge, 2004) is
used by very arid-adapted plants like succulents, but these are
rare at GNP and do not contribute significantly to the diet of the
studied animals.

As a result of differential discrimination against 13CO2

during photosynthesis, C3 and C4 types can be distinguished
based on their δ13C values (Figure 1). The δ13C values of African
C4 plants range from –19h to –9h, while those of C3 plants
lie between –29h and –25h, resulting in bimodal and non-
overlapping δ13C values (Smith and Epstein, 1971; Pearcy and
Ehleringer, 1984; Cerling et al., 2003; Kohn, 2010). Plant δ13C
values are reflected in the tissues of the animals that consume
them, such that C4 grazing (>70% C4 grass consumption),
mixed-feeding (>30% C4 grass and >30% C3 browse), and
browsing (>70% C3 browse) taxa can be differentiated (Cerling
et al., 2003). Isotopic fractionation from diet to tooth takes place
during enamel biomineralization. Large herbivore δ13Cenamel

values are enriched by ∼14.5 to 12.0 ± 1.0h compared to the
plants that they consume, depending on their digestive strategies
(Cerling and Harris, 1999; Tejada-Lara et al., 2018, Cerling et al.,
2021). Generally, browsers have δ13Cenamel values lower than
–8h, grazers have values above –2h, and values in between
are typical for mixed-feeders (Cerling and Harris, 1999; Uno
et al., 2018). Carnivore δ13Cenamel values are determined by
the isotopic composition of their prey, with negligible isotopic
fractionation (Bocherens and Drucker, 2003).
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FIGURE 2

Map of Gorongosa National Park (red outline) and the Buffer Zone (green outline) indicating main vegetation types (modified after Stalmans and
Beilfuss, 2008) with faunal and meteoric water collection sites. GPS coordinates for fauna specimens and water samples can be found in
Supplementary Tables 1, 2. Note that the exact location of nine faunal specimens is not known, because they were collected before the start of
the PPPG, but all specimens are from inside the park or Buffer Zone. A black line drawing of Africa shows the position of GNP (white circle).

Stable oxygen isotopes in tooth enamel and
drinking water

The oxygen isotope composition of tooth enamel can be
measured in either structural carbonate (CO3) or phosphate
(PO4). Here, we report measurements on structural carbonate.
For mammals, the δ18O values of both components can be
converted with the equation δ18OPO4 ≈ 0.98 ∗ δ18OCO3 – 8.5
after Iacumin et al. (1996). While reptiles may have a slightly
different PO4 to CO3 relationship than mammals due to
physiological effects (Stanton and Carlson, 2004), this has not
been adequately studied to establish a separate equation for this
group.

The oxygen isotope composition of tooth enamel is directly
linked to the δ18O values of body water which itself is a complex
function of (micro)habitat, climate, diet, drinking behavior,

and physiology (e.g., Bryant and Froelich, 1995; Kohn, 1996;
Pederzani and Britton, 2019). The body’s main oxygen sources
are drinking water, food, and atmospheric O2.

In sub-Saharan Africa, meteoric water (i.e., available
drinking water) is often strongly influenced by the composition
of the source water and evaporation processes (for details
regarding GNP meteoric water, refer to the following section
and Steinbruch, 2010; Steinbruch and Weise, 2014). To interpret
variability in δ18Oenamel in the GNP fauna, we measured δ18O
of potential drinking water (i.e., permanent and ephemeral
lakes and streams, rain, and groundwater, in the park and
surrounding areas).

In warm-blooded mammals with an internally regulated
body temperature (ca. 37◦C for most mammals larger than
1 kg), biogenic hydroxyapatite is precipitated at a constant
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temperature, and thus the oxygen isotopic signature of ingested
food and water is recorded without temperature-dependent
fractionation. For large herbivores, digested water is assumed
to be equivalent to surficial water (Bryant and Froelich, 1995).
There is an offset between δ18O of body water and the δ18O
of the bioapatite (Bryant et al., 1996; Iacumin et al., 1996)
according to the generalized equation for mammalian taxa
of δ18Owater ≈ (δ18Oenamel(PO4) –23)/0.9 (Kohn and Cerling,
2002); taxon-specific variations (refer to e.g., Ayliffe et al., 1992),
relative humidity, and water temperature can, however, change
this correlation (Kohn, 1996). The oxygen isotope compositions
of Crocodylus correlate with those of ambient water according to
the equation δ18Oenamel(PO4) ≈ (δ18Owater + 19.13)/0.82 (Amiot
et al., 2007).

In additional consideration, African mammals can be
divided into obligate and non-obligate drinkers. δ18Oenamel
of large-bodied (>100 kg), obligate drinkers have been
shown to primarily reflect the δ18Owater values of consumed
water, and hence their δ18Oenamel is closely related to the
isotopic composition of their ambient environment (Bryant
and Froelich, 1995; Kohn, 1996; Hoppe, 2006). However, non-
obligate drinking animals, such as drought-adapted herbivores,
obtain large proportions (or even all) of their water from the
plant foods they consume (e.g., Nicholson, 1985). This behavior
can lead to an increase in δ18Oenamel values because leaf water
is sensitive to evaporation, resulting in high δ18O values in this
part of the plant (Levin et al., 2006).

Additionally, plant δ18O composition can vary as the
result of differences in feeding behavior (e.g., δ18Oenamel values
typically decrease with increasing fraction of C3 diet, because
C3 plants have lower δ18O values than coexisting C4 plants)
(Bocherens et al., 1996).

At GNP, both obligate drinkers, which mostly include
grazers and omnivores (e.g., hippos, equids, elephants, primates,
suids), as well as non-obligate drinkers, mainly browsers and
mixed-feeders (e.g., eland, bushbuck, kudu, nyala, and sable,
refer to Cain et al., 2012), were sampled (refer to Table 1).

Materials and methods

Gorongosa National Park

Gorongosa National Park is located in the Sofala Province
in central Mozambique (Figure 2) in the Urema Rift, the
southernmost part of the East African Rift System. The unfenced
park encompasses a 3,688 km2 mosaic of diverse habitats and
is surrounded by an inhabited “Buffer Zone” consisting mostly
of agricultural lands (Figure 2). The valley floor is ca. 40 km
wide and flanked to the east and west by hilly terrain rising
to 400 m (Stalmans and Beilfuss, 2008; Stalmans et al., 2019).
The region’s climate is influenced by the migration of the
Intertropical Convergence Zone and is dominated by hot wet

summers and cooler dry winters with a mean annual rainfall of
700–900 mm. Over 80% of the annual rainfall occurs between
November and March and is derived from the Indian Ocean,
although some rainfall can also occur in the dry months as a
result of the inflow of sub-polar mist cold air and continental
compression (Steinbruch and Weise, 2014; Stalmans et al., 2019;
Ma et al., 2021).

A central feature of the park is Lake Urema, which is
on average only 2 m deep (Böhme, 2005) and is drained
through a floodplain and the Urema River into the Pungwe
River (Figure 2). The lake is fed by several ephemeral rivers
that flow only in the wet season. In the dry season, the
lake water infiltrates aquifer systems at the transition of the
escarpments of the Urema Graben (Steinbruch, 2010; Arvidsson
et al., 2011). The Lake Urema floodplain extends for >300 km2

and floods annually (Steinbruch and Merkel, 2008), becoming
uninhabitable for most terrestrial animals during the wet season.
Stalmans and Beilfuss (2008) identified and mapped five major
habitat types within GNP (Figure 2). From west to east, these are
(i) Midlands miombo woodland (Brachystegia and Julbernardia
sp.) on the western rim of the Rift Valley (331 km2); (ii) Alluvial
Fan Acacia, Combretum, and palm savannas (1,265 km2); (iii)
floodplain grasslands (759 km2) around Lake Urema; (iv)
Colluvial Fan savannas (326 km2) within the Rift Valley; and (v)
Cheringoma Plateau miombo woodlands and forested limestone
gorges on the eastern rim of the Rift Valley (938 km2).

These landscapes have an overall proportional tree cover
of 0.39 (Daskin et al., 2016) and support a large diversity
of herbivores, including grazers, browsers, and mixed-feeders
(Tinley, 1977; Stalmans and Beilfuss, 2008; Daskin et al., 2016;
Stalmans et al., 2019; Gaynor et al., 2021). However, while
Gorongosa was once renowned for its large mammal population
(Tinley, 1977), the ecosystem experienced severe perturbation
during 15 years of civil war (1977–1992), from which it is still
recovering today. Most apex predators were extirpated from the
park during this time, including leopards, African wild dogs,
and spotted hyenas. Of these taxa, leopards have recently re-
colonized the Buffer Zone by migrating from surrounding areas,
and five additional adult leopards as well as two founding packs
of wild dogs have been re-introduced from different regions in
South Africa (Bouley et al., 2021). Lions and crocodiles are the
only apex predators that persisted throughout the periods of war
and recovery; however, the lions’ abundance was greatly reduced
(Pringle, 2017; Bouley et al., 2018). Herbivore populations were
similarly decimated. Before the war, elephants, hippos, buffalo,
zebra, and wildebeest dominated the herbivore fauna but today
are outnumbered by waterbuck and other small to mid-size
antelopes (Stalmans et al., 2019).

The Gorongosa Restoration Project, established in 2006,
is focused on long-term biodiversity conservation, sustainable
development of the neighboring Buffer Zone, training farmers
in new practices to improve crop yields, and improving the
health and education of communities in the greater Gorongosa
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TABLE 1 List of all 38 analyzed specimens including diet, common and Latin name, catalog ID, and stable nitrogen, carbon, and oxygen values in %
and nitrogen content. Mean values for each dietary group are shown in bold.

Diet Common
name

Taxon Catalog ID δ15Nenamel
(% vs. AIR)

δ13Cenamel
(% vs. VPDB)

δ18Oenamel
(% vs.

VSMOW)

N content
(nmol/mg)

Grazing Buffalo Syncerus caffer PPG2017-B-19 4.3± 0.3 (3) 1.5± 0.1 (2) 30.4± 0.3 (2) 7.9± 2.0 (3)

Buffalo Syncerus caffer PPG2017-B-41 7.6± 0.0 (2) –2.1± 0.3 (2) 28.9± 0.2 (2) 3.4± 0.3 (2)

Hippo Hippopotamus amphibius PPG2016-B-07 7.6± 0.4 (2) –4.0± 0.1 (2) 26.2± 0.0 (2) 3.7± 0.0 (2)

Reedbuck Redunca arundinum PPG2016-B-27 3.6± 0.6 (2) 0.5± 0.0 (2) 31.4± 0.3 (2) 6.8± 1.0 (2)

Reedbuck Redunca arundinum PPG2017-B-17 4.7± 0.3 (2) 0.6± 0.2 (3) 31.4± 0.2 (3) 6.1± 0.7 (2)

Reedbuck Redunca arundinum PPG2017-B-59 4.7± 0.3 (2) 0.3± 0.0 (2) 33.1± 0.2 (2) 5.7± 0.1 (2)

Sable Hippotragus niger PPG-B-01 4.8± 0.1 (2) 1.2± 0.0 (2) 31.3± 0.0 (2) 5.9± 0.9 (2)

Sable Hippotragus niger PPG2017-B-47 5.9± 0.0 (2) 1.8± 0.1 (2) 32.7± 0.2 (2) 3.6± 0.1 (2)

Warthog Phacochoerus africanus PPG2017-B-30 6.3± 0.4 (2) –1.9± 0.4 (2) 29.3± 0.3 (2) 3.8± 0.8 (2)

Warthog Phacochoerus africanus PPG2017-B-04 5.9 (1) –3.8± 0.3 (2) 28.7± 0.3 (2) 4.7 (1)

Warthog Phacochoerus africanus PPG2016-B-25 5.5± 0.1 (2) –2.7± 0.1 (2) 30.1± 0.3 (2) 4.7± 1.7 (2)

Warthog Phacochoerus africanus PPG2017-B-29 5.1± 0.2 (2) –1.3± 0.6 (2) 31.8± 0.6 (2) 4.9± 0.4 (2)

Waterbuck Kobus ellipsiprymnus PPG2016-B-15 7.5± 0.3 (2) 0.6± 0.1 (2) 32.7± 0.2 (2) 4.8± 0.0 (2)

Waterbuck Kobus ellipsiprymnus PPG2016-B-24 7.9± 0.1 (2) –4.3± 0.0 (3) 31.1± 0.5 (3) 4.9± 0.3 (2)

Zebra Equus quagga crawshaii PPG-B-02 6.9 (1) –3.3± 0.0 (2) 29.1± 0.5 (2) 2.2 (1)

Grazers mean values (n = 15) 5.9± 1.4 –1.1± 2.2 30.5± 1.9 4.9± 1.5

Mixed-feeding Elephant Loxodonta africana PPG-B-08 7.3± 0.2 (2) –10.7± 0.1 (2) 28.9± 0.1 (2) 6.0± 0.6 (2)

Elephant Loxodonta africana PPG-B-03 8.1± 0.2 (2) –10.5± 0.1 (2) 29.8± 0.3 (2) 5.8± 1.5 (2)

Impala Aepyceros melampus PPG2017-B-28 7.0± 0.4 (3) –3.6± 0.0 (2) 29.8± 0.3 (2) 4.8± 0.8 (3)

Nyala Tragelaphus angasii PPG2017-B-45 4.5± 0.2 (2) –14.8± 0.1 (4) 31.4± 0.1 (4) 4.8± 0.2 (2)

Mixed-feeders mean values (n = 4) 6.7± 1.6 –9.9± 4.7 30.0± 1.1 5.4± 0.6

Browsing Bushbuck Tragelaphus scriptus PPG2017-B-44 7.2± 0.1 (2) –11.8± 0.0 (2) 31.9± 0.0 (2) 6.7± 2.0 (2)

Eland Tragelaphus oryx PPG2017-B-31 4.5± 0.0 (2) –14.7± 0.1 (2) 31.2± 0.2 (2) 4.9± 0.1 (2)

Greater Kudu Tragelaphus strepsiceros PPG-B-04 6.1± 0.1 (2) –15.1± 0.2 (2) 31.2± 0.4 (2) 4.4± 0.5 (2)

Greater Kudu Tragelaphus strepsiceros PPG-B-05 5.9± 0.2 (2) –14.4± 0.2 (2) 30.5± 0.2 (2) 4.0± 0.2 (2)

Greater Kudu Tragelaphus strepsiceros PPG2017-B-58 3.8± 0.0 (2) –15.8± 0.1 (2) 29.9± 0.3 (2) 3.8± 0.4 (2)

Browsers mean values (n = 5) 5.5± 1.5 14.3± 1.5 31.0± 0.8 4.8± 1.2

All herbivores mean values (n = 24) 5.9± 1.4 –5.4± 6.2 30.5± 1.2 4.9± 1.3

Omnivorous Bushpig Potamochoerus larvatus PPG2017-B-32 4.5± 0.2 (2) –13.7± 0.0 (2) 26.0± 0.2 (2) 8.3± 1.2 (3)

Bushpig Potamochoerus larvatus PPG2017-B-25 6.2± 0.6 (3) –9.5± 0.0 (2) 28.4± 0.0 (2) 3.6± 0.2 (2)

Baboon Papio ursinus PPG2016-B-05 4.6± 0.4 (3) –12.78± 0.0 (2) 30.5± 0.2 (2) 3.5± 0.4 (2)

Baboon Papio ursinus PPG2018-B-28 2.2± 0.2 (2) –13.1± 0.2 (3) 28.4± 0.3 (3) 4.9± 0.7 (2)

Baboon Papio ursinus PPG2017-B-34 5.5± 0.5 (2) –8.2± 0.3 (2) 28.9± 0.3 (2) 4.6± 0.3 (2)

Baboon Papio ursinus PPG2016-B-10 3.9± 0.2 (2) –7.9± 0.0 (2) 28.5± 0.2 (2) 4.8± 1.1 (2)

Baboon Papio ursinus PPG2016-B-16 6.3± 0.3 (2) –8.4± 0.2 (3) 29.2± 0.1 (3) 3.9± 0.3 (2)

Baboon Papio ursinus PPG2016-B-20 5.9± 0.4 (2) –11.7± 0.3 (3) 29.0± 0.4 (3) 2.0± 0.1 (2)

Baboon Papio ursinus PPG2017-B-28 6.6± 0.2 (2) –9.9± 0.1 (3) 28.5± 0.3 (3) 2.5± 0.2 (3)

Omnivores mean values (n = 9) 5.1± 1.4 –10.6± 2.3 28.6± 1.2 4.2± 1.8

Carnivorous Leopard Panthera pardus PPG2019-B-09 7.2± 0.3 (2) –11.0± 0.0 (2) 28.1± 0.3 (2) 4.0± 0.2 (2)

Lion Panthera leo PPG2018-B-02 12.3± 0.2 (2) –8.1± 0.3 (3) 29.9± 0.5 (3) 4.0± 0.4 (2)

Crocodile Crocodylus niloticus PPG2016-B-39 10.9± 0.4 (2) –6.4± 0.2 (2) 27.1± 0.2 (2) 9.7± 1.0 (2)

Crocodile Crocodylus niloticus PPG2016-B-38 9.3± 0.3 (3) –6.9± 0.1 (2) 27.2± 0.5 (2) 8.4± 1.5 (3)

Crocodile Crocodylus niloticus PPG-B-06 10.0± 0.1 (2) –3.1± 0.3 (2) 29.0± 0.0 (2) 10.6± 1.2 (2)

Carnivores mean values (n = 5) 9.9± 1.9 –7.1± 2.9 28.3± 1.2 7.4± 3.1

The number of analyses, typically duplicate, is given in brackets.
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region. Due to these efforts, the GNP ecosystem is slowly
recovering and offers a unique setting in which to study the
adaptation of mammals to dynamic and complex environments.
Today, numerous projects are underway in GNP. These studies
use a combination of methods including motion-triggered
cameras (Gaynor et al., 2018, 2021; Easter et al., 2019),
biologgers (often including Global Positioning System units,
triaxial accelerometers, and sometimes video recorders; e.g.,
Branco et al., 2019a,b; Becker et al., 2021; Bouley et al., 2021),
aerial counts (Cumming et al., 1994; Dutton and Carvalho, 2002;
Dunham, 2004; Stalmans, 2012; Stalmans et al., 2019), animal
follows (Hammond et al., 2022), molecular studies (Martinez
et al., 2019; Santander et al., 2022), and other field observation
tools (e.g., Muschinski et al., 2019) to gain insights in the park’s
ecology. The δ13Cenamel, δ15Nenamel, and δ18Oenamel datasets
of Gorongosa’s fauna presented here—the first stable isotopes
result for any terrestrial fauna in Mozambique—will help us to
better understand dietary patterns of the large-bodied animals
which roam GNP today.

Material and sampling protocol

Tooth enamel
Since 2016, remains of modern fauna have been collected

from different regions of the park and the surrounding Buffer
Zone (Figure 2 and Supplementary Table 1) by members of
the Paleo-Primate Project Gorongosa (PPPG). We selected as
many different vertebrate taxa as possible and analyzed the
tooth enamel of 38 adult individuals (17 mammalian taxa and
one reptile; refer to Table 1) for organic δ15Nenamel as well as
inorganic δ13Cenamel and δ18Oenamel. These include 15 grazers,
four mixed-feeders, five browsers, nine omnivores, and five
carnivores. The bone weathering stage was 0–1, suggesting that
all animals died within the last few years prior to field collection
(after Behrensmeyer, 1978).

During sampling, the topmost ca. 0.2 mm of enamel was
discarded to avoid contamination by any adherent sediment.
Tooth enamel powder was sampled using a Dremel handheld
drill with a diamond ball head drill tip (0.9 mm diameter) at low
to medium speed (1,000–2,000 RMP). For herbivore specimens,
which generally have thick enamel, the sampling depth was 0.5–
1 mm. For carnivores and some omnivores which have only a
thin layer of enamel, great care was taken to avoid the underlying
dentin, and sampling was conducted to a shallower depth, over a
larger area of the tooth. Bulk enamel samples were usually taken
longitudinally, between the cusp and the cervix, integrating at
least 3 months of the dietary signal. We collected 10–50 mg of
enamel for carbon, nitrogen, and oxygen isotope analyses, which
were measured in duplicate or triplicate whenever possible.

Meteoric water
Water samples from the lake (n = 15), river (n = 18),

rain (n = 4), and groundwater (n = 5) sources were collected

from GNP and the surrounding Buffer Zone between 2016
and 2019 (Figure 2 and Supplementary Table 2) in both dry
seasons (May to October; n = 32; mostly permanent lakes
and rivers, groundwater) and wet season (November to April;
n = 10; rainwater, ephemeral and permanent lakes/water holes,
floodplain). These water sources represent potential drinking
water for the Gorongosa fauna.

At each sampling site, 30 ml of unfiltered water was collected
with as little air volume as possible in high-density polyethylene
bottles. Rainwater was captured directly from the runoff of an
aluminum roof at Camp Chitengo (Figure 2). Groundwater was
sampled from water pumps which were run for at least 3 min
prior to sampling. Samples were stored at room temperature and
in the dark until returned to the laboratory for refrigeration and
subsequent analysis.

Analyses

Nitrogen isotope analysis of tooth enamel
using a novel “oxidation-denitrification
method”

We use the “oxidation-denitrification method” to measure
the δ15Nenamel of mineral-bound nitrogen in tooth enamel at
the Max Planck Institute for Chemistry (MPIC). The “oxidation-
denitrification method” was first used for marine-dissolved
organic nitrogen (Knapp et al., 2005) and marine microfossil-
bound nitrogen (Robinson et al., 2004; Ren et al., 2009).
The protocol used here for enamel-bound nitrogen follows
Leichliter et al. (2021). It includes reductive-oxidative cleaning
of enamel powder followed by oxidation of enamel-bound
organic matter to nitrate using a basic solution of potassium
peroxydisulfate in a specially designed clean room. Nitrate is
subsequently converted to N2O using the bacteria Pseudomonas
chlororaphis, grown, cultured, and harvested at the MPIC
following the methods outlined by Sigman et al. (2001) and
Weigand et al. (2016). The isotopic composition of the N2O is
extracted, purified, and analyzed by an automated purge-trap,
gas chromatography-isotope ratio mass spectrometry, in this
case by a custom-built system online to a Thermo Scientific
MAT253-Plus isotope ratio mass spectrometer (Weigand
et al., 2016). Coupled with the denitrification step for N2O
production, this system results in high-precision measurements
(1σ < 0.1h) of nitrogen isotopes of nitrate down to 5 nmol N
(Weigand et al., 2016).

We cleaned and measured each sample (5–7 mg of enamel
powder) in duplicate or triplicate (exceptions are PPG-B-
02 and PPG2017-B-04 due to limited sample amounts) in
different batches, resulting in 78 individual measurements in five
different batches.

Individual nitrate isotopic analyses are referenced to
injections of N2O and standardized using international nitrate
reference materials IAEA-NO3 and USGS34. Additionally,
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sample data were corrected for the contribution of the blank
using the nitrogen content and δ15N values of oxidation blanks
after Leichliter et al. (2021). Blank N content was between 0.3
and 0.4 nmol/ml, resulting in an average blank contribution of
3% or less. Inter-batch precision (±1σ) in δ15N for international
standards is <0.2h for USGS65 (glycine; n = 7); <0.3h for
USGS 40 (L-glutamic acid; n = 16); and <0.4h for USGS41
(L-glutamic acid; n = 11; Supplementary Table 3). For in-
house standards (refer to Leichliter et al., 2021), this precision
is <0.4h for coral standard PO-1 (Porites sp.; n = 18) and
LO-1 (Lophelia pertusa; n = 17) and <0.5h for tooth enamel
standards AG-Lox (modern Loxodonta africana; n = 18) and
Noto-1 (Late-Pleistocene Notochoerus scotti; n = 17), across all
analytical batches (Supplementary Table 4).

Stable carbon and oxygen isotope analyses of
tooth enamel

High-precision stable carbon and oxygen isotope analysis of
small sample amounts (∼50–100 µg of untreated enamel) was
performed using the “cold trap method” (Vonhof et al., 2020a)
at the laboratories of the Climate Geochemistry Department
at MPIC in Mainz, Germany. We used a Thermo Delta-V
mass spectrometer in continuous flow configuration, directly
interfaced with a GasBench II gas preparation unit with
an integrated pneumatically operated cold trap system. In
automated mode, digestion of enamel occurs in 12 ml He-
flushed exetainer vials with >99% H3PO4 at 70◦C for 90 min.
Then, the CO2 sample is carried with ultrapure He to the cold
trap where it is cryogenically focused for 6–7 min by cooling
the trap with liquid N2. After lifting the trap out of the liquid
N2, the carrier gas with the sample CO2 passes through a
standard Poraplot-Q Gas Chromatography (GC) column where
the entire CO2 sample is delivered to the mass spectrometer for
carbon and oxygen isotope analyses in a single peak, preceded
by five reference gas peaks. Calculation of isotope values follows
Vonhof et al., 2020a,b with the international standards IAEA-
603, NBS18, and/or NBS120c in addition to two internal house
standards: a carbonate standard (VICS) and tooth enamel
standard AG-Lox, the latter was also used as a standard for
δ15Nenamel for reference (Supplementary Table 5). Overall
analytical uncertainties are better than 0.09h for δ13Cenamel and
0.14h for δ18Oenamel (1σ standard deviation of AG-Lox within
batches). Carbonate contents were derived from standard vs.
sample total peak area ratios (7.5% structural carbonate content
for AG-Lox; after Vonhof et al., 2020b).

Oxygen isotope analyses of meteoric waters
Oxygen isotope ratios were measured on 1 ml aliquots

using an LGR 24d liquid water isotope analyzer at the Goethe
University-Senckenberg BiK-F Joint Stable Isotope Facility,
Frankfurt, Germany (Schemmel et al., 2013). The δ18Owater

values are calibrated and reported against VSMOW, with an
analytical precision of <0.2h (2σ).

Statistical analyses
Statistical analyses of elemental content and univariate

isotope values were performed using Paleontological Statistics
(PAST4) version 4 (Hammer et al., 2001). Statistical significance
between isotopic groups was determined using one-way
ANOVA with a Tukey–Kramer HSD post hoc test if not stated
otherwise with a level of significance of p = 0.050. Pearson
correlation coefficient (r) is given for correlations.

Statistical analyses of multivariate isotope comparisons were
performed in R (version 4.2.0; R Core Team, 2022). Isotopic
niches were analyzed using the Stable Isotopes Bayesian Ellipses
(SIBER) package (version 2.1.6; Jackson et al., 2011) and the
Turner et al. (2010) statistical code. Data normality was first
checked using the Shapiro–Wilk test for both individual groups
by element using the nor.test function from the onewaytests
package (Dag et al., 2018), and with a multivariate Shapiro–
Wilk test for the entire dataset using the mshapiro_test function
from the rstatix package (Kassambra, 2021). Data normality was
assumed if p > 0.050 for all tests. The isotopic niches of the four
different a priori dietary groups with n ≥ 5 were determined
by fitting their distribution of δ13Cenamel, δ15Nenamel, and
δ18Oenamel isotope values with estimated standard ellipse areas
corrected for sample size (SEAC; Jackson et al., 2011). The
SEAC contains 40% of the variation of a group and was
chosen over SEA as it limits calculation biases due to small
and unbalanced sample sizes and is appropriate when the
analyzed groups contain fewer than 30 individuals (Syväranta
et al., 2013; Pinzone et al., 2019). However, the mixed feeding
group was not included in the multivariate analyses because
of its sample size (n = 4) which does not meet the minimum
sampling requirements for SEAC as recommended by Jackson
et al. (2011). Its mean value, standard deviation, and convex hull
were still calculated and plotted for visual comparisons.

Geometric overlap between ellipses was calculated and
compared between analyzed groups, both in total overlap
(in h2) and in proportional overlap (Jackson et al., 2011;
refer to Supplementary Tables 6–8). Niche standard ellipse
areas for each group were further explored using Bayesian
modeling (SEAB) and 50, 75, and 95% credible intervals were
calculated and compared across groups. Finally, to determine
whether the location of each group’s niche differed in isotopic
space, the Euclidean distance between the centroids of each
group was calculated and compared in pairs. A residual
permutation procedure and Hotelling T2 test were used to
evaluate significance, with p < 0.050 indicating that the two
compared niches occupy significantly different areas in isotopic
space (Turner et al., 2010).

Results

We report δ15Nenamel, δ13Cenamel, δ18Oenamel, and N
content data from 35 mammals and three reptiles sampled
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in GNP, and the results are given in Table 1. For calculated
δ18Odrinking−water, carbonate contents, tooth position, sex, GPS
coordinates, and collection date and locality (habitat), refer
to Supplementary Table 1. Additionally, we report δ18Owater

data from 42 meteoric water samples, results with water
type (rain, river, lake, and groundwater), GPS coordinates,
elevation, and collection date are given in Supplementary
Table 2.

Nitrogen isotope values

δ15Nenamel values of all 38 specimens range from 2.2 to
12.3h, with mean δ15Nenamel values of 5.9 ± 1.4h (n = 24)
for herbivores, 5.1 ± 1.4h (n = 9) for omnivores, and
9.9 ± 1.9h (n = 5) for carnivores (Figure 3A). Carnivore
nitrogen isotope ratios differ significantly from herbivores
and omnivores (p < 0.001), while the δ15Nenamel values of
omnivores (bushpigs and baboons) do not differ significantly
from herbivores (p = 0.324). Grazers (6.9 ± 1.4h, n = 15),
mixed-feeders (6.7 ± 1.6h, n = 4), and browsers (5.5 ± 1.3h,
n = 5) show no significant difference in their δ15Nenamel
values (p = 0.428). Herbivore taxa do not display significantly
different δ15Nenamel values when grouped according to digestive
physiology (p = 0.104) or water dependency (p = 0.128;
Figure 4A).

Nitrogen content in tooth enamel

The nitrogen content of clean tooth enamel ranges from
2.0 to 10.6 nmol/mg with an average of 5.1 ± 1.9 nmol/mg
(Figure 5 and Table 1). No significant correlation is observed
between δ15Nenamel and nitrogen content (r = 0.285; p = 0.083;
Figure 5A). Carnivores have slightly higher N contents
compared to the other dietary groups (p = 0.008). However,
this difference is entirely driven by the high nitrogen
content of crocodile enamel, and crocodiles were the only
reptiles sampled (Figure 5B). No other differences in the
N content of tooth enamel were observed between dietary
groups.

Carbon isotope values

The complete range of C3 to C4 δ13C values is represented
in the Gorongosa fauna. δ13Cenamel values range from –15.7
to 1.8h, with mean δ13Cenamel values for herbivores of
–5.4± 6.2h (n = 24), –10.6 ± 21.4h (n = 9) for omnivores,
and –7.1 ± 2.9h (n = 5) for carnivores. δ13Cenamel values for
grazing herbivores (mean = –1.1 ± 2.2h; n = 15), mixed-
feeders (–9.9 ± 4.7h, n = 4), and browsers (–14.3 ± 1.5h;
n = 5) are significantly different (p < 0.001). Herbivores

do not display significant differences in δ13Cenamel values
when grouped according to digestive physiology [ruminant
(n = 16) vs. non-ruminant (n = 8); p = 0.761]. Herbivorous
obligate drinkers (n = 16) have higher δ13Cenamel values
compared to non-obligate drinkers (n = 8; p = 0.002;
Figure 4B).

The structural carbonate component of enamel powder
ranges from 3 to 9% (Supplementary Table 1) with a mean of
6 ± 1%. Herbivores have slightly higher carbonate content than
omnivores (p < 0.001), while the other dietary groups do not
differ (p > 0.050).

Oxygen isotope values

The δ18Oenamel values for the Gorongosa fauna range from
26.0 to 33.1h with mean values of 30.5 ± 1.6h (n = 24) for
herbivores, 28.6± 1.2h (n = 9) for omnivores, and 28.3± 1.2h
for carnivores (n = 5). Herbivores differ statistically from other
dietary groups (p < 0.008), while carnivores and omnivores
are similar (p = 0.907). Ruminant δ18Oenamel values are
significantly higher than those of non-ruminants (p < 0.001).
δ18Oenamel values for herbivorous non-obligate drinkers are not
significantly different than those of obligate drinkers (p = 0.108;
Figure 4C).

The δ18Owater values of drinking water range from –6.2 to
13.1h with a mean value of –0.8 ± 5.3h (n = 42; Figure 6
and Supplementary Table 2). Groundwaters have the lowest
δ18Owater values with an average of –5.2 ± 0.6h (n = 5),
followed by waters sampled from rivers (–3.4 ± 1.8h; n = 18),
rainfall (–2.5± 1.3h; n = 4), and lakes (4.1 ± 6.1h; n = 15);
this difference is statistically significant only when comparing
lake water to samples from other reservoirs (p < 0.020). Lake
δ18Owater values sampled in the wet season (–4.9 to –1.5h;
mean = –3.2 ± 1.4h, n = 5) are significantly (p < 0.001) lower
than dry season data (2.9–13.1h; mean = 7.8 ± 3.4h; n = 10),
and there is no overlap in these two datasets.

Isotope niche analyses

Isotopic niche overlap, niche area, and distinction of niche
space differed depending on the pairing of isotope values
analyzed (Figure 7 and Supplementary Tables 6–8). We could
not reject the null hypotheses for all Shapiro–Wilks tests
indicating data were normal for both the individual feeding
group by element (all groups p > 0.050) as well as the entire
multivariate dataset (p = 0.212).

For δ13Cenamel vs. δ15Nenamel, there is no SEAC overlap
present (Figure 7A), and the Bayesian modes of niche size
ranged from 4.0 to 13.1h2 with no statistical differences based
on 95% credible intervals (Figure 7B). All dietary groups were
statistically distinct in isotopic space (p < 0.035).
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FIGURE 3

δ15Nenamel (A), δ13Cenamel (B), and δ18Oenamel (C) values for Gorongosa fauna by diet. Boxplots show the interquartile range (note outliers in
omnivore δ18Oenamel dataset), with the median indicated by the solid line. Symbols correspond to individual specimens.

For δ18Oenamel vs δ15Nenamel, SEAC overlap ranged from
0 to 78%, and the Bayesian modes of niche size ranged from
2.2 to 7.2h2 with no statistical differences based on 95%
credible intervals (Figure 7C). Isotopic niches were indistinct
between grazers and browsers (p = 0.790) and were nearly

indistinct between browsers and omnivores (p = 0.048). All
other dietary groups were statistically distinct in isotopic space
when compared to one another (p < 0.010).

For δ13Cenamel vs. δ18Oenamel, SEAC overlap ranged from
0 to 30% (Figure 7E), and the Bayesian modes of niche size
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FIGURE 4

δ15Nenamel (A), δ13Cenamel (B), and δ18Oenamel (C) values for
Gorongosa herbivores grouped by digestive physiology and
water dependency. Boxplots show the interquartile range, with
the median indicated by solid lines and outliers by open circles.
Water dependency after Hamilton (1986), Bothma (2005),
Wilson and Mittermeier (2009), and Hempson et al. (2015); see
Supplementary Table 1.

ranged from 2.4 to 9.1h2 with no statistical differences based
on 95% credible intervals (Figure 7F). All dietary groups were
statistically distinct in δ13Cenamel vs δ18Oenamel space when
compared to one another (p < 0.020).

Sample sizes for some groups analyzed could affect
calculated niche values. Small sample sizes (i.e., ∼5) have been
shown to underrepresent ellipse area (Jackson et al., 2011) and
increase niche size uncertainty (Syväranta et al., 2013), although
SEAC aims to minimize this (Jackson et al., 2011). Increased
replication could possibly change the niche overlap, shape,
and areas of dietary groups. However, SEAB accounts for this
variability in its credible intervals, and the Turner et al. (2010)
analysis of centroid position remains statistically valid.

Discussion

We use stable isotope values in the tooth enamel of modern
fauna living in and around GNP to (a) understand food web
dynamics and dietary behavior in this well-constrained faunal
community, (b) provide the first test of the suitability of using
δ15Nenamel data in a natural ecosystem to reconstruct trophic
level, (c) apply a new method for measuring δ13Cenamel and
δ18Oenamel of ≤100 µg of tooth enamel, and (d) investigate
isotopic niche overlap, size, and separation within and between
groups by analyzing the three isotope systems (δ13Cenamel,
δ15Nenamel, and δ18Oenamel).

Reconstructing trophic levels using
δ15Nenamel

Gorongosa carnivores have an average of 4.0h higher
δ15Nenamel values and occupy distinct isotopic niche space
compared to herbivores (Figures 3, 7). This trophic enrichment
agrees well with a documented 3–5h increase in δ15N between
diet and consumer reported by numerous large-scale ecological
studies using other biological tissues (e.g., Schoeninger and
DeNiro, 1984; Bocherens and Drucker, 2003; Caut et al., 2009).
These results clearly show that δ15Nenamel values obtained with
the “oxidation-denitrification method” reflect expected patterns
in natural settings and have great potential for reconstructing
(paleo)food webs.

Herbivore δ15Nenamel

In our dataset, herbivore δ15Nenamel values vary by 4.3h,
with values ranging from 3.8 to 8.1h (Figure 3A). Similar
variability has been reported for herbivores in studies using
bone collagen and is believed to be related to differences
in feeding strategies (e.g., grazing vs. browsing), digestive
physiology (e.g., ruminant vs. non-ruminant), the nutritional
value of the consumed plant material (e.g., low vs. high protein
content), foraging habitat (e.g., savanna vs. forest) (Ambrose,
1991; Robbins et al., 2005), and location (Leichliter et al.,
2022). However, we do not observe any significant differences
in δ15Nenamel between herbivores grouped according to grazing,
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FIGURE 5

Biplot of δ15Nenamel values vs. N content of modern tooth enamel from GNP fauna (A) and N content grouped according to diet (B). For
taxon-specific symbols, refer to Figures 2, 3.

FIGURE 6

Map of mean annual precipitation (MAP) for Gorongosa National Park (red line), Buffer Zone (green line), and the surrounding region indicating
the locations of water sampling sites included in this study (A). Mean annual precipitation data were generated using WorldClim version 2.1
bioclimatic variables (1970–2000) at a resolution of ∼1 km2 (Fick and Hijmans, 2017). δ18Owater values of meteoric water sampled in and around
GNP during the dry (open symbols) and wet (closed symbols) seasons from 2016 to 2019 (B). Colored boxplots show the range of possible
drinking water for each dietary group when bioapatite δ18Oenamel to is converted to δ18Owater (after Kohn and Cerling, 2002); stars indicate
outliers (C).

browsing, or mixed-feeding (Figure 3A), ruminant vs. non-
ruminant, or water dependency (Figure 4A).

These results suggest that local variation in plant δ15N values
(likely associated with variation in soil δ15N) appears to be the
principal mechanism influencing herbivore δ15N values. The
observed 4.3h variation in δ15Nenamel within the herbivore
trophic level agrees well with the reported 4h baseline variation

in δ15N of savanna plants from different microhabitats of Kruger
National Park in South Africa (Codron et al., 2005). This
dry savanna biome lies ca. 650 km southwest of GNP and is
similar in size to GNP and its Buffer Zone. In Kruger, some
deciduous trees (e.g., Cassia abbreviate) and tussock-forming
grasses (e.g., Heteropogon contortus and Themeda triandra)
have low δ15N values (≤1.5h), while other trees (e.g., Ficus
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FIGURE 7

Biplots (A,C,E) and calculated SEAB boxplots (B,D,F) for δ13Cenamel vs. δ15Nenamel (A,B), δ18Oenamel vs. δ15Nenamel (C,D), and δ13Cenamel vs.
δ18Oenamel (E,F). Biplots show raw isotope values with 1σ standard deviation, convex hulls encompass the full variation in the data, and ellipses
indicate 40% estimated SEAC for Gorongosa fauna grouped by diet (light green: grazers; bright green: mixed-feeders; dark green: browsers;
purple: omnivores; blue: carnivores; for taxon-specific symbols refer to Figure 2). Boxplots show the variability of SEAB, with 50, 75, and 95%
credible intervals represented by light, medium, and dark colored boxes, respectively. Black dots are the SEAB mode and stars are the calculated
SEAc, which correspond to biplot ellipses. Box plots and SEAC of mixed-feeders are not shown due to their small sample size (n = 4) instead,
their mean values and 1σ standard deviation are given (green cycle with error bar).
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sycomorus, Grewia sp., and Ziziphus mucronate) and grasses
(e.g., Dactyloctenium australe) have much higher δ15N values
(>5.0h). All these plant taxa are present in GNP and, therefore,
available as a food resource for the studied herbivores. Different
ungulate individuals occupy different habitats within GNP (e.g.,
floodplain vs. savanna), where they are observed to eat radically
different diets (Becker et al., 2021), and therefore possibly
consume plants with varying nitrogen isotope values.

Therefore, the large variety of herbivore δ15Nenamel is
expected and probably reflects variations in plant δ15N values
in GNP with its diverse microhabitats, soil types, plant taxa, and
water availability, even if faunal migration ranges are relatively
small (Stalmans and Beilfuss, 2008).

Omnivore δ15Nenamel

The δ15Nenamel values for omnivores are significantly
different from those of carnivores, but not herbivores
(Figure 3A and Table 1). Our omnivore dataset includes seven
baboons (Papio ursinus with genetic variants of P. cynocephalus,
Santander et al., 2022) and two bushpigs (Potamochoerus
larvatus); the two taxa are indistinguishable in their δ15Nenamel

values.
Plant material consumed by baboons mainly consists of

specific plant parts such as fruits, drupes, tubers, and other
underground materials, depending on the habitat and foraging
season (Nowak, 1999). The baboons sampled for this study
have δ15Nenamel values between 2.2 and 6.6h, a large range
of variation in δ15Nenamel despite the fact that six of the
seven specimens were collected within a small geographic area
(0.6 km2) of open C4 grasslands with some isolated acacia
trees and could possibly have even belonged to the same troop
(Figure 2 and Supplementary Table 2). This large intra-taxon
variation indicates a diverse and flexible diet and possibly
distinct individual dietary preferences.

Baboons and bushpigs are omnivorous generalists, their
diet often consisting of up to 30% of animal resources
(e.g., insects, small mammals, small reptiles, eggs, and
nestlings). GNP baboons have been observed to consume
mussels and snails, as well as to hunt small mammals (e.g.,
warthog, reedbuck or bushbuck infants, and ducklings) on
rare occasions, usually during the birthing season (L. Lewis-
Bevan, personal communication). However, only adults (usually
dominant males) have been directly observed consuming meat,
although high-ranking adult females occasionally consume
scraps discarded by the males. Young, low-ranking troop
members, however, whose teeth are still mineralizing, rarely
have access to these protein-rich resources before vultures
claim leftovers. The teeth sampled for this study would have
formed during this juvenile period, which likely explains the
low δ15Nenamel values observed for the GNP baboons. Moreover,
while occasional meat consumption should increase omnivore
δ15Nenamel values, available data on bone collagen and fecal
samples show that chacma baboons tend to have low δ15N values

compared to sympatric herbivores (Ambrose and DeNiro, 1986;
Codron et al., 2006). This pattern is possibly related to the
consumption of N2-fixing plants, underground storage organs,
fruits, roots, and termites, all of which have relatively low δ15N
values (Codron et al., 2005, 2007).

Despite the fact that the two sampled bushpigs
(Potamochoerus larvatus) were found over 120 km apart,
they have similar δ15Nenamel values, which are comparable
to those of the baboons (Figure 3A). While baboons are
not observed to scavenge, bushpigs do eat carrion, and their
opportunistic diet includes roots, crops, bulbs, insects, and
fallen fruit (e.g., discarded by baboons; Ghiglieri et al., 2008).

Carnivore δ15Nenamel

Carnivore δ15Nenamel values are significantly higher than
the values of the other dietary groups (p < 0.001; Figure 3A).
Compared to their potential prey the GNP carnivores had,
on average 4.0h higher δ15Nenamel values. This trophic
enrichment falls well within the expected range of 3–5h
between trophic levels (Figure 1). While our carnivore dataset
is small, niche separation between carnivore taxa is observed.
The lion (Panthera leo) has the highest δ15Nenamel value (12.3h)
recorded in the GNP dataset, indicating that it fed on prey
with high δ15Nenamel values. In contrast, the only other felid,
a single leopard (Panthera pardus), has the lowest δ15Nenamel

value of all the carnivores and is the only individual that overlaps
with herbivores (but not omnivores). Its δ15Nenamel value of
7.2h is several permil lower than the other analyzed carnivores.
δ15Nenamel values lower than coexisting carnivores have also
been reported from two leopards from Angola (Leichliter et al.,
2022). This is probably the result of different habitat use and
prey preference, which is also apparent in the leopard’s more
negative δ13Cenamel values compared to the GNP lion and
crocodiles (refer to δ13Cenamel section; Figure 3B). Accordingly,
our bulk δ15Nenamel data possibly reflect a time in the animal’s
life where it fed on prey with low δ15N tissue values.

Only one apex predator, the Nile crocodile (Crocodylus
niloticus), sustains a stable population in GNP (Stalmans
et al., 2014). In this study, only fully grown C. niloticus
were sampled, as physiological and ontogenetic factors such
as body size can influence their δ15N values (Villamarin et al.,
2018). GNP crocodiles are reported to be highly generalized
predators, feeding on carnivorous and herbivorous fish species
(i.e., Siluriformes) as well as mammalian prey (Wilson, 2014).
However, crocodilians which consume a large variety of prey
from tropical coastal floodplains derive the majority of their
nutrition from the consumption of (occasional) terrestrial prey
(Adame et al., 2018). Thus, while the aquatic prey consumed by
GNP crocodiles may influence the δ15N values of the crocodiles
to some degree (these resources derive from the aquatic food
chain with a possibly different N isotope baseline), the nitrogen
isotope values of the crocodilians should reflect mostly their
terrestrial prey. The GNP crocodilian’s δ15Nenamel values fall well
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between those of the two felids, suggesting that both groups
share isotopic niche space.

We analyzed all carnivore specimens available from GNP
at the time of this study. The lion died naturally within the
park’s boundaries (Figure 1) and the leopard was poached
within the Buffer Zone (the body was later confiscated by
park rangers, exact coordinates were not reported). Planned
analyses will incorporate additional GNP predators as well
as aquatic resources for their isotopic composition once they
become available, to fully understand the observed patterns.
However, even our small dataset shows promising results
from an ecological perspective, and more importantly, shows
expected δ15N patterns in enamel.

Nitrogen contents in tooth enamel

Nitrogen contents of mammalian tooth enamel from GNP
fauna have a relatively small range (2.0–8.3 nmol/mg) and
do not show any correlation with δ15Nenamel. Moreover, N
contents are remarkably similar across different individuals and
dietary groups (p = 0.357) and are in good agreement with
those previously reported for rodents in a controlled feeding
experiment (Leichliter et al., 2021) and other mammals from
different sites across Africa (Leichliter et al., 2022). These
findings suggest that mammalian tooth enamel N content is
relatively consistent regardless of feeding strategy.

Interestingly, the nitrogen content of crocodile tooth enamel
is, on average, nearly 5 nmol/mg higher than any of the
mammalian taxa [9.6 ± 1.1 nmol/mg for crocodiles (n = 3) vs.
4.7 ± 1.4 nmol/mg for mammalians (n = 35); Figure 5 and
Table 1]. While the structure of reptilian enamel is reported
to be generally similar to mammalian enamel (Dauphin and
Williams, 2008), we were unable to find any information
regarding the N content of reptilian tooth enamel. Our results
suggest that reptilian tooth enamel contains more nitrogen than
mammalian tooth enamel, possibly as the result of differences
in their respective physiology or mineralization mechanisms.
We considered the possibility that the higher N content of the
reptilian specimens was caused by contamination with dentin
during sampling. Measurements of dentin N content of in-
house standard AG-Lox (n = 3) indicate that the nitrogen
content is substantially lower in dentin than in enamel after the
reductive-oxidative cleaning (Supplementary Table 9). This is
not surprising because dentin has a lower proportion of mineral-
bound organic material that can survive the cleaning treatment.
Therefore, possible contamination with dentin cannot be the
cause of the elevated N contents of the analyzed crocodile
enamel.

Overall, the fact that mammalian tooth enamel N content
is relatively consistent and is not correlated with δ15Nenamel

suggests that N content could be used in paleodietary studies as a
diagnostic tool to asses potential signs of diagenetic alteration or

contamination by exogenous organic N, as it has been suggested
for invertebrate organisms, such as foraminifera and corals
(Ren et al., 2009; Straub et al., 2013; Martinez-Garcia et al.,
2014; Ren et al., 2017; Wang et al., 2017; Kast et al., 2019,
Auderset et al., 2022).

Reconstructing plant-based diet using
δ13Cenamel

Our δ13Cenamel data reflects the niche partitioning that is
present between taxa feeding on different plants, and animals
consuming prey with different feeding strategies (Figures 3B, 7).

Herbivore δ13Cenamel

Herbivore δ13Cenamel data from GNP indicate a wide range
of foraging strategies, including mixed-feeders, browsers, and
grazers (Figure 3B), reflecting the wide range of ecosystems
present in the park (Figure 2).

Within the GNP herbivores, browsers have δ13Cenamel
values of –11.8h to –15.8h, reflecting diets consisting almost
exclusively of C3 plants (≥93%; calculated after Cerling et al.,
2011). Most grazers, in contrast, have δ13Cenamel values > –2h
which reflect at least 70% of C4 consumption. Three individuals
are hypergrazers with >95% C4 grass consumption (one
buffalo and two sable antelopes). However, five individuals
(two warthogs and one zebra, waterbuck, and hippo) that
are typically considered to be grazing species have somewhat
low δ13Cenamel value (–2.7h to –4.3h), reflecting up to
45% of C3 intake (refer to Figure 3B). This unusually
high C3 consumption may be the result of grazing on C3

grasses (Oryza longistaminata), which grow in the floodplain
grasslands near Lake Urema, or feeding on forbs and other
C3 understory vegetation. For example, hippos are reported
to feed on Oryza (Noirard et al., 2008), and we observed
warthogs in GNP digging up the underground rhizomes of
Oryza and sedges.

Mixed-feeders usually have a diet of >30% C4 grass and
>30% C3 browse, resulting in δ13Cenamel values between –2h
and –8h. In the GNP dataset, only the impala (Aepyceros
melampus) has a mixed-feeder δ13Cenamel value (Figure 3B).
Impalas are known to exhibit dietary flexibility and rely on
browse in some areas and graze in others, sometimes on a
seasonal basis which can result in a large range of δ13Cenamel
values (Monro, 1980; Sponheimer et al., 2003). The single
impala specimen from GNP has a δ13Cenamel value of –3.6h
corresponding to ca. 37% C3 consumption. In contrast, the
analyzed nyala (Tragelaphus angasii) and the two elephants
(Loxodonta africana) primarily browsed (≥85% C3 biomass).
African elephants are also mixed-feeding generalists, but with
a diet that consists largely of C3 browse (Codron et al., 2012),
agreeing well with our data. Gorongosa elephants have been
regularly observed raiding nutritious crops (e.g., fruits, maize,
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and tubers) in the Buffer Zone when the quality and abundance
of natural forages are low within the park (Branco et al.,
2019b). The majority of these crops are C3 plants (e.g., banana,
tomato, papaya, peas, sweet potato, pumpkin, and sorghum;
Sage and Zhu, 2011); only maize and sugar cane are C4. Hence,
crop raiding probably contributed to the low δ13Cenamel values
observed for the elephants.

Herbivore δ13Cenamel values do not differ when grouped
by digestive physiology (Figure 4B), as ruminants include
bovids with diverse feeding behaviors (grazers, mixed-feeders,
and browsers) and have a large range in δ13Cenamel values
which overlap with the non-ruminants. In our dataset, the non-
ruminants are mostly grazers with high δ13Cenamel values, but
also include elephants that ate C3 plants. Obligate drinkers have
statistically higher δ13Cenamel values compared to non-obligate
drinkers, likely reflecting the higher water content of browse
compared to graze (i.e., mostly C4 grasses) which must be
supplemented with drinking water.

Overall, δ13Cenamel data reflects the diversity of GNP
habitats, providing niches for herbivores with different feeding
behaviors, ranging from hyperbrowsers to hypergrazers.

Omnivore δ13Cenamel

Omnivore δ13Cenamel values (–13.7 to –8.2h) indicate a
predominantly C3 diet for Gorongosa baboons and bushpigs
(Figure 3B). Grasses and other C4-based foods comprise less
than a third of the bulk diet of all sampled individuals, and
three individuals (two primates and one suid) consumed an
exclusively C3 diet (Figure 3C and Supplementary Table 1).
One of the bushpigs, which are typically forest-dwelling, was
collected in a C4-dominated grassland (Digitaria swaziensis;
Supplementary Table 1), yet its low δ13Cenamel value (–13.7h)
reflects pure browsing, suggesting that dietary preference rather
than the locally dominant vegetation drove the feeding behavior
in this individual. Overall, our findings are consistent with
previously published δ13C data for baboons and bushpigs which
also indicate a diet consisting largely of C3 foods (e.g., Ambrose
and DeNiro, 1986; Thackeray et al., 1996; Codron et al., 2006;
Venter and Kalule-Sabiti, 2016 and references therein).

Carnivore δ13Cenamel

Few studies have investigated the δ13C (or δ18O) ecology
of carnivores in Africa (Codron et al., 2007, 2016, 2018; Voigt
et al., 2018; Hopley et al., 2022), which makes interpretation
of the GNP dataset challenging. The GNP carnivores have
δ13Cenamel values which fall between those of herbivores and
omnivores, indicating that grazers, browsers, mixed-feeders,
and/or omnivores were all potentially consumed (Figure 3B).
The three crocodiles have the highest δ13Cenamel values
(between –6.9h and –3.1h), which could be the result of
the consumption of aquatic resources, or grazers and mixed-
feeders, while the single leopard individual’s low δ13Cenamel

value (–11.0h) indicates that it was feeding almost exclusively

on browsing taxa. The lion’s higher δ13Cenamel (–8.1h) indicates
that this individual preyed on more grazers compared to
the leopard. According to field observations (Bouley et al.,
2018), waterbuck (δ13Cenamel = –4.3 to 0.6h) make up ca.
60% of the prey biomass consumed by Gorongosa’s lions. The
lion’s intermediate δ13Cenamel value indicates that it must have
also consumed some prey with lower δ13C values such as
browsers (e.g., kudu, eland, and bushbuck) or mixed-feeders
with a C3-dominated diet (e.g., nyala). The specimen for this
study was collected in the tall-grass margins that border the
savanna woodlands, which is a preferred hunting habitat for
lions as it provides access to abundant grazing, browsing,
and mixed-feeding prey. The lion’s δ13Cenamel is nearly 3h
higher than that of the leopard, indicating that it focused more
on grazing prey while the leopard consumed more browsers.
A similar difference in δ13Cenamel between leopard and lion is
observed in a modern felid dataset from Turkana Basin (Kenya;
Hopley et al., 2022).

Reconstructing drinking behavior
using δ18Oenamel and δ18Owater

δ18Owater of meteoric water sampled between 2016 and
2019 within GNP agree well with data reported from meteoric
water stations of the Global Network of Isotopes (GNI)
in Precipitation (sampled in Chitengo in 2010 to 2011;
IAEA/WISER, 2020a) and GNI in Rivers (Pungwe River in
2009; IAEA/WISER, 2020b). Moreover, data fall on the Local
Meteoric Water Line (LMWL) and Local Evaporation Line
(LEL) established with δ18Owater and deuterium (δ2Hwater) data
of samples from springs, boreholes, river, and Lake Urema
taken in the Urema catchment in the period 2006–2010
(Steinbruch and Weise, 2014). Note that the δ2Hwater values are
reported in Supplementary Table 2 but are not discussed in
this study.

δ18Owater of available drinking water reported in this study
has a range of >20h (Figure 6), and varies much more
than the δ18Oenamel values measured for the fauna (i.e., ∼7h,
Figure 3C). After converting bioapatite δ18Oenamel to δ18Owater

(using equations by Kohn and Cerling, 2002), the measured
range of 26.0 to 33.1h in δ18Oenamel translates into the intake
of water with δ18Owater values between –6.6h and 1.0h,
which falls, with the exception of a hippo and a baboon
specimen, in low to medium range of measured meteoric
waters (–6.2 to 13.1h; Figure 6). This indicates that the
animals in this study consumed primarily fresh water that
was only moderately influenced by evaporative enrichment.
Time-averaging of temporal signals during the progressive
mineralization of tooth enamel could dampen the variation
in δ18Owater ingested by a single individual through time
(i.e., information about seasonal variability of the drinking
water is lost).
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Meteoric water δ18Owater

Potentially available drinking water for animals living in
GNP overlaps greatly in their δ18Owater values and falls generally
between –6.2 and 0.8h, with the exception of dry season
lake waters, which range from 2.9h up to 13.1h (Figure 6).
Therefore, dry season lake water displays significantly higher
δ18Owater values, compared to all other types of water (p < 0.001;
there is no overlap with other δ18Owater datasets; Figure 6).
During the dry season, standing water in lakes or ponds is
most strongly influenced by evaporation (Clark and Fritz,
1997; Kendall and McDonnell, 1998). δ18Owater of rainwater
sampled during the wet season and rain samples were taken
from the end of the dry season overlap. This agrees well with
previously published isotope data from Gorongosa meteoric
waters, which indicate that wet season rainfall was formed
over the Indian Ocean without undergoing major fractionation,
while dry season rainfall comes partly from the same source,
and also indicates locally evaporated or recycled waters from the
floodplains of the Urema Graben (Steinbruch and Weise, 2014).

Herbivore δ18Oenamel

With a mean of 30.6 ± 1.6h (n = 24) herbivores have
the highest δ18Oenamel values compared to other dietary groups
(Figure 3C), but no differences are observed for browsing,
mixed-feeding, or grazing taxa, indicating similar drinking
behaviors, from a mix of sources, among these groups. Ranging
from 26.2 to 33.1h, δ18Oenamel values of grazers have the
largest spread of any dietary group. In herbivores, ruminants
have significantly higher δ18Oenamel values compared to non-
ruminants, but obligate drinkers do not have significantly
different δ18Oenamel values compared to non-obligate drinkers
(Figure 4C). This indicates that animals had regular access to
fresh water that has experienced only limited evaporation, or
to leaf water and/or parts of plants that are not affected much
by evaporation (e.g., stems, roots, bark, and fruits) in mesic
environments.

No significant correlation was observed between δ13Cenamel
and δ18Oenamel for most groups; however, a strong and
significant positive relationship exists between δ13Cenamel and
δ18Oenamel in grazers and obligate drinkers (r = 0.700; p = 0.004
for grazers; r = 0.493; p = 0.052 for obligate drinkers), indicating
increased intake of 18O-depleted water (e.g., from Lake Urema
or waterholes) associated with greater C4 plant consumption
(e.g., grasses from the floodplain) for these groups.

Omnivore δ18Oenamel

Omnivore δ18Oenamel values are significantly lower than
those of herbivores but overlap with those of carnivores. The
two bushpigs show slightly lower δ18Oenamel values compared
to the seven baboons. As obligate drinkers, both δ18Oenamel
values in both taxa reflect the oxygen isotope composition of
local meteoric waters as expected (Moritz et al., 2012; Steinbruch
and Weise, 2014). Their relatively low δ18Oenamel values point

toward a regular recharge of their body water by drinking
from meteoric sources which are only moderately influenced
by evaporation (Fricke and O’Neil, 1996; Levin et al., 2006;
Blumenthal et al., 2017), limited intake of evaporated plant
tissues or animal fats (refer to nitrogen section; Crowley, 2012;
Nelson, 2013; Carter and Bradbury, 2016), and little sweating or
panting (thermoregulatory processes which induce evaporative
fractionation; Kohn et al., 1996; Sponheimer and Lee-Thorp,
1999).

Carnivore δ18Oenamel

Studies about the water requirements of African savanna
carnivores are rare and observations of drinking behavior in
Gorongosa’s felids are anecdotal; thus, oxygen stable isotope data
can provide valuable additional information regarding water
intake in predators.

Most African felids have low water needs and receive their
moisture from the metabolic water of their prey (Bothma
and Walker, 2013), but drink water from waterholes when
it is available (Wilson and Mittermeier, 2009; Hayward and
Hayward, 2012). Through this intake of prey body fluids
and standing water, δ18Oenamel data of lions and leopards
from eastern Africa are strongly influenced by local meteoric
δ18Owater, similar to what has been documented for herbivores
(Kohn, 1996; Hopley et al., 2022). Gorongosa carnivores have,
on average, ca. 2h lower δ18Oenamel values compared to
their prey (Figure 3C), and therefore relatively low calculated
δ18Odrinking−water. This suggests that the GNP carnivores
had access to freshwater and drank regularly. While the
lion’s δ18Oenamel value overlaps with those of the herbivores,
the leopard’s does not, possibly indicating that the leopard
consumed more fresh river water rather than evaporated lake
water.

A rough linear correlation is reported between the oxygen
isotopic ratios of crocodiles’ phosphate tooth enamel and
ambient water which is influenced by mean air temperature,
diet, and physiology (Amiot et al., 2007). GNP crocodile
carbonate δ18Oenamel values are generally low, indicating that
the sampled individuals lived in relatively fresh water that was
rarely influenced by evaporation.

Isotopic niches and inferred ecology
from paired δ13Cenamel, δ15Nenamel, and
δ18Oenamel data

Traditionally, paired carbon and nitrogen isotope values
are analyzed in ecological studies to reconstruct isotopic niches
and infer some trophic information (Newsome et al., 2007).
Until recently, this type of reconstruction using tooth enamel
has not been possible due to the methodological limitations
of measuring δ15Nenamel (Leichliter et al., 2021). This study
is the first to combine nitrogen, carbon, and oxygen stable
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isotope values obtained from diagenetically robust tooth enamel,
permitting ecological interpretations based on the combination
of these three isotopes. We compare the different pairs of
isotope values (δ13Cenamel-δ15Nenamel, δ15Nenamel-δ18Oenamel,
and δ13Cenamel-δ18Oenamel; Figure 7) to investigate niche
overlap, size, and separation within and between dietary groups
of modern fauna from GNP. Isotopic niches calculated in this
way can be used to infer information about trophic ecology
and resources used by determined groups (Layman et al., 2007;
Newsome et al., 2007; Layman and Allgeier, 2012). Given the
small sample size of the mixed-feeder (n = 4; not included
in niche analysis), browser (n = 5), and carnivore (n = 5)
groups, we consider our statistical conclusions to be preliminary
but promising. Our isotopic niche results are best interpreted
as (1) relative but not absolute values for niche overlap;
(2) SEAB is variable and increased sample size would likely
decrease the uncertainty around the estimates and lead to a
more robust analysis resolving potential size differences, but
generalities are valid; and (3) unique locations in isotopic space
are statistically accurate, and small changes to niche size from
additional sampling would likely not move centroids enough
to effect centroid distance. Additional Bayesian analyses are
becoming increasingly popular in ecological studies and could
also be included in future multi-isotope tooth enamel studies if
sample sizes are increased. For example, 3-dimensional isotopic
analysis using SIBER has proven useful for determining isotopic
niches of complex trophic systems such as coral reef atolls
(Cybulski et al., 2022), and other analyses such as nicheROVER
allow for incorporation of additional dimensions of isotopes
or other continuous ecological indicators (Swanson et al.,
2015). Even with uncertainties, isotopic investigations coupled
with Bayesian statistics have significant implications for future
(paleo)ecological reconstructions.

In the GNP fauna, the niches of different dietary
groups are completely distinct in δ13Cenamel-δ15Nenamel space
(Figure 7A), with no SEAC overlap between any dietary groups
(Supplementary Table 6). Thus, animals with these diets
can be classified into distinct isotopic niches based on their
carbon and nitrogen isotope values in our dataset. Although
we cannot quantify the niche of the mixed-feeders due to
limited sampling, we can explore potential overlap with other
groups. For example, even with only four samples, mixed-
feeders convex-hull overlaps with the omnivores niche in
δ13Cenamel-δ15Nenamel space. This overlap would be expected, as
it occurs around typical δ13Cenamel values for C3 dominated diets
(Cerling et al., 2003), on which GNP omnivores and some of the
analyzed mixed-feeders (nyala and elephants) rely (Figure 3B
and Supplementary Table 1). We would expect that even with
additional sampling, isotopic niche overlap between these two
groups would remain.

δ18O data are not frequently used in ecological studies;
however, some research has shown that δ18O can complement
the information provided by carbon and nitrogen (e.g.,

Crowley et al., 2015; Roberts, 2017). Gorongosa grazers exhibit a
wide range of δ18Oenamel values and share δ15Nenamel-δ18Oenamel

niche space with browsers (Figures 7B,E). Omnivores tend
to have lower δ18Oenamel values and only overlap slightly
with grazers in δ15Nenamel-δ18Oenamel niche space. Due to the
trophic enrichment in δ15Nenamel and relatively low δ18Oenamel

values, carnivores do not overlap with any other group in
δ15Nenamel-δ18Oenamel space. This shows that animals with a
plant-dominated diet (i.e., herbivores and omnivores) cannot
be distinguished in δ15Nenamel-δ18Oenamel alone. In contrast,
carnivores with their specialized diet occupy a distinct isotopic
space and can be clearly distinguished from other groups, even
though terrestrial mammalian and aquatic reptilian carnivores
were combined in this group. While δ15Nenamel vs. δ18Oenamel

comparisons can potentially reveal isotope niche distinction
between some dietary groups, niche separation is mostly driven
by trophic elevation in δ15Nenamel in this dataset.

In δ13Cenamel–δ18Oenamel space (Figure 7C), the SEAC of
the grazers and browsers are well separated, while omnivores
and carnivores overlap by 20–30%. The convex hull of the
four sampled mixed-feeders overlaps with all isotopic niches
except the grazers, indicating that further sampling may lead to
significant niche overlaps. In the δ13Cenamel vs. δ18Oenamel biplot,
most of the dietary information is derived from carbon. The
small trophic enrichment of 1% sometimes observed in δ13C
of tissues (DeNiro and Epstein, 1981; Schoeniger and DeNiro,
1984; Bocherens and Drucker, 2003; O’Connell et al., 2012)
is obscured by differences in δ13C between consumed C3 and
C4 plants (or prey that consumed those plants; Cerling and
Harris, 1999; Hopley et al., 2022), while δ18Oenamel cannot serve
as a trophic proxy (but can reveal information about drinking
behavior and source waters instead). This shows that there is
a minimal ecologically expected organization of isotopic niches
without the information gained from δ15Nenamel data.

In conclusion, analysis of combined carbon, nitrogen, and
oxygen stable isotope values leads to the isotopic separation of
grazers, browsers, omnivores, and carnivores dietary groups,
with significant niche overlap of mixed-feeding herbivores with
all groups expected upon further sampling. Niche separation is
clearest in δ13Cenamel-δ15Nenamel space with no overlap between
any of the dietary groups. This illustrates the high potential of
δ15Nenamel combined with δ13Cenamel and δ18Oenamel measured
from a single aliquot of tooth enamel for reconstructing
isotopic niches and inferring dietary and trophic information.
Carnivores—arguably the most isotopically distinguishable
group—provide a useful example of the benefits of this type
of combined isotopic approach. Typical and recent studies of
trophic behavior using stable isotope data from teeth and/or
bone have been limited to δ13C and δ18O (e.g., Domingo et al.,
2020), though zinc (Bourgon et al., 2020, 2021; McCormack
et al., 2021; Jaouen et al., 2022) and calcium (Martin et al.,
2015, 2020, 2022) are also used for trophic studies. If we
consider only δ13Cenamel vs. δ18Oenamel, carnivores would not
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occupy a distinct isotopic niche space since they would overlap
with omnivores (20%) and with the mixed-feeders convex
hull. Ecologically, however, carnivores occupy a distinct dietary
niche, as they consume animal resources almost exclusively.
In contrast, GNP omnivores (baboons and bushpigs) consume
meat only occasionally while mixed-feeders rely exclusively
on plant biomass. Thus, carnivores should not overlap with
either group unless there is wide variation in baseline δ15N
(refer e.g., Schmidt and Stewart, 2003; Codron et al., 2005).
The addition of δ15Nenamel to both δ13Cenamel and δ18Oenamel
analysis clearly shows that carnivores do occupy a statistically
significant isotopic niche space, with no SEAC overlap with any
other groups’ niche.

Conclusion

We present the first stable carbon, nitrogen, and oxygen
isotope data from tooth enamel for fauna from GNP. We
validate two novel geochemical methods and draw conclusions
about the dietary patterns of animals living within this well-
constrained and well-studied African ecosystem. While field
observations are extremely useful for understanding the dietary
ecology of modern fauna, they are very labor intensive, requiring
following an individual (or a group of animals) for days
or months, or the deployment and evaluation of hours of
camera trap footage. Moreover, such studies often only record
a snapshot in time (e.g., one single feeding event) rather than
capturing long-term behavior. In contrast, our bulk stable
isotope data of herbivores (including grazers, mixed-feeders,
and browsers), omnivores, and carnivores, reflect δ13C, δ15N,
and δ18O of consumed food and water averaged over the course
of tooth enamel mineralization.

Our results generally exhibit robust isotopic patterns and
therefore support ecological information about the trophic
level, dietary niche, and resource consumption. We show that
δ15Nenamel analyzed with the “oxidation-denitrification method”
records the trophic position of an individual within its local food
web. This is evidenced by a trophic enrichment of 4.0h between
herbivores and carnivores in the GNP dataset. This method
applies not only to a wide range of sample-limited ecosystems
but also has potential applications in paleoecology. δ13Cenamel
analysis using the “cold trap method,” tailored to measure small
sample sizes (down to 50 µg tooth enamel), distinguishes
C3 and/or C4 biomass consumption, while δ18Oenamel values
reflect drinking water.

This first tri-isotope approach conducted on the tooth
enamel of fauna from a single, well-constrained ecosystem
indicates that combined C, N, and O isotope data analyses
permit the separation of grazers, browsers, omnivores, and
carnivores according to their isotopic niche, while preliminary
analysis of mixed-feeding herbivores indicate that they cannot
be clearly distinguished from other groups. This illustrates the

high potential of our multi-isotope approach for paleontological
applications using diagenetically robust tooth enamel. We
plan to apply this novel multi-isotope approach to recently
discovered vertebrate fossils from GNP, which represent the
only Miocene fossil locality in the southern East African Rift
(Habermann et al., 2019; Bobe et al., 2021). Thus, the datasets
presented here will serve as an excellent comparison for the
interpretation of fossil stable isotope data.
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