TESTING FOUNDATIONAL TENETS OF STABLE ISOTOPE ECOLOGY ANALYSES IN
NEOTROPICAL MAMMALIAN COMMUNITIES, AND IMPLICATIONS FOR

TERRESTRIAL PALEOECOLOGY

Julia Victoria Tejada Lara

Submitted in partial fulfillment of the
requirements for the degree of
Doctor of Philosophy
under the Executive Committee
of the Graduate School of Arts and Sciences

COLUMBIA UNIVERSITY

2020






© 2020
Julia Victoria Tejada Lara

All Rights Reserved



"#$%8&'S

TESTING FOUNDATIONAL TENETS OF STABLE ISOTOPE ECOLOGY ANALYSES IN
NEOTROPICAL MAMMALIAN COMMUNITIES, AND IMPLICATIONS FOR
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Julia V. Tejada Lara

Stable isotope analyses are powerful tools for reconstructing ancient ecologies and
ecosystems, as they are independent of morphology and directly reflect dietary ecology. The
application of stable isotope analyses, however, is not without limitations, as determination of
food web dynamics using these methods often relies on poorly tested assumptions. The guiding
thread of this thesis is the testing of foundational cornerstones on which these methods rely, in
order to validate the suitability of applying these techniques to different mammalian clades, and
to more reliably and confidently interpret the isotopic signals preserved in extinct organisms.

The first chapter of this thesis tests the validity of an important assumption behind the
interpretation of stable carbon isotope analyses for understanding diet in terrestrial mammalian
herbivores: if, as assumed for almost two decades, mammalian bioapatite ! " C is enriched by
14%o relative to dietary ! " C. By analyzing new isotopic data from a never before assessed
herbivorous group spanning a broad range of body masses—sloths (Xenarthra, Mammalia)—

and other mammals with experimentally controlled or observationally known diets, I discovered



considerable variation in diet-bioapatite ! " C enrichment among mammals. Statistical tests
(ordinary least squares, quantile, robust regressions, Akaike information criterion model tests)
documented independence from phylogeny, and a previously unrecognized strong and significant
correlation of ! C enrichment with body mass for all mammalian herbivores. A single-factor
body mass model outperformed all other single-factor or more complex combinatorial models
evaluated, including for physiological variables (metabolic rate and body temperature proxies),
and indicated that body mass alone predicts ! " C enrichment. These analyses, spanning more
than 5 orders of magnitude of body sizes, yield a size-dependent prediction of isotopic
enrichment across Mammalia and for distinct digestive physiologies, permitting reconstruction
of foregut versus hindgut fermentation physiologies for fossils and refined mean annual
paleoprecipitation estimates based on ! " C of mammalian bioapatite.

Second, I sought to evaluate the existing paradigm governing identification of closed
canopy rainforests in the fossil record using mammalian ! " C data: the presence of mammals
with dietary ! "' C <-31%o, which has only been observed in closed canopy rainforests in
Equatorial Africa, the only other tropical ecosystem sampled extensively. This chapter provides a
characterization of ! " Cagweggd " Cresand ! » Negg:of a modern mammalian community in
western Amazonia, in Peru, to test if the isotopic structure of mammals in this Neotropical
ecosystem is similar to those in African tropical rainforests. The results indicate that despite their
marked geographical and taxonomic differences, median ! " C.g) values from closed canopy
rainforests in Amazonia (-27.4%o) and equatorial Africa (-26.9%o) are not significantly different.
Amazonian mammals, however, seem to exploit a narrower spectrum of dietary resources than
equatorial African mammals, as depicted by the absence of highly negative ! " C.g) values

previously proposed as indicative of rainforests (<-31%o). I hypothesize that differential effects



of late Pleistocene extinction may be responsible for the ecological disparities among the two
rainforests, by significantly reducing evolutionary time and dietary breadth reflected in the
modern Amazonian mammalian community.

Finally, the third chapter of this dissertation evaluates assumptions behind ! * N amino acid
compound specific analyses in order to test the controversial hypothesis of carnivory and
consumption of proteins of animal origin in fossil sloths. This analytical technique relies on three
main assumptions. First, that the offset between the ! * N of glutamic acid (!** N o) and
phenylalanine (! N1+)) in the organism under study will increase with increasing trophic level.
Second, that the offset between ! N jo and !'" N1 at the base of the food chain is relatively
constant and has a value of -8.4%o for C3 ecosystems. Third, that the trophic discrimination
factor in all ecosystems (the difference in ! N o relative to ! N1sowith increasing trophic
level) is 7.6%o. The results of my experiments conducted on extant xenarthrans (sloths and
anteaters) with controlled diets document that only the first assumption holds true. Rather than
relying on an equation with constants introducing uncertainties and that are not applicable to
organisms feeding on a combination of items of different origin (e.g., C3 + C4 plants), ! " N, o
and !'* N14 values by themselves can accurately reconstruct the trophic position of organisms.
Indeed, the results on ! " N o and !'" N1+ herein obtained for five xenarthran species in
controlled feeding experiments, combined with mammalian data available from the literature,
show strong and significant correlations between these two AAs and with trophic positions. Both
the TP equation and the regression analyses of ! " Njo and ! * N1+ suggest that the Pleistocene
fossil ground sloths "#$%$&%()*+&+and ,$- .)$-./)+$01'1.(1-/&1+1Ivere not pure herbivores as
commonly presumed, but rather that they were both mixed feeders/omnivores, incorporating

items of animal origin in their diets.
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Understanding the structure and history of modern ecosystems and vertebrate
communities requires detailed knowledge of extinct and extant animal feeding ecology. This
information permits assessment of paleoclimate, vegetation structure, niche partitioning and
predator—prey interactions in fossil ecosystems, so is crucial to understanding habitat use and
trophic specializations over time. Inferences of feeding ecology of extinct vertebrates, however,
typically can be inferred only indirectly from morphological data (e.g., dental hypsodonty, tooth
microwear and mesowear, cranial shape adaptations, etc.) constrained by correlations between
diet and habitats in modern taxa and ecosystems. This reliance on modern analogs, however, can
greatly limit our interpretations of faunas predominantly composed by completely extinct
lineages, or taxa with no ecological analogs which is the case for the majority of native South
American fossil mammal communities.

Stable isotope analyses are powerful tools for reconstructing ancient ecologies and
ecosystems, as they are independent of morphology and can directly reflect dietary ecology.
These techniques rely on two underlying premises. First, that isotopic values of any given
chemical element differ across diverse pools and reservoirs in the biosphere, and therefore that
different foods and waters are isotopically varied. Second, because an individual’s body tissues
are synthesized from the food and water they ingest, their body tissues are isotopically linked in
a predictable way to their food/water intake. Thus, stable isotope analyses offer a rare route to
document the consumed diet itself, rather than inferences based on indirect morphological
indicators, representing a particularly useful and potentially more reliable method to be applied

to fossil samples.



The application of stable isotope analyses, however, is not without caveats, as
determination of food web dynamics using these methods relies on some poorly tested
assumptions. The guiding thread of this thesis is the testing of foundational cornerstones on
which these methods rely, in order to validate the appropriateness of applying these techniques to
different mammalian clades, and to more reliably and confidently interpret the isotopic signals
preserved in extinct terrestrial organisms.

The first chapter of this thesis evaluates an important assumption behind the
interpretation of stable carbon isotope analyses in mammalian herbivores: that the signatures
recorded in tissues accurately reflect the ingested diet. Indeed, carbon isotopic signatures
recorded in vertebrate tissues derive from ingested food and thus do reflect ecologies and
ecosystems. For almost two decades, however, most carbon isotope-based ecological
interpretations of extant and extinct herbivorous mammals have used a single diet—bioapatite
enrichment value (14%o) applied to all taxa (e.g., (1)). Recognition of the body mass dependence
of carbon isotope enrichment in mammals is essential for accurate understanding of the relative
I'"" C differences among members of a herbivore community, which are used to reconstruct
feeding niches and environments, and to evaluate ecological and environmental changes through
time. For instance, species with similar ! " C values, which would be interpreted as overlapping
in resource usage when using a single standard diet-bioapatite enrichment value, could reveal
distinct niche partitioning if body mass is taken into account. Similarly, imprecise or even
misleading reconstructions of dietary changes through time can arise if the ! " C of the plants
consumed have been inferred with a single enrichment value for all herbivores. For instance,
application of my proposed body mass-corrected diet-bioapatite enrichment could refine

determination of the precise time when hominins began incorporating C4 plants in their diets and



the proportion that these represented in the evolution of hominin diets over time. Indeed,
assuming that this single value applies to all herbivorous mammals, from tiny monkeys to giant
elephants, overlooks potential effects of distinct physiological and metabolic processes on carbon
fractionation that might yield different enrichment patters across species. This study is built on a
few other studies that identified enrichment pattern differences between diet intake and tissues in
some mammalian herbivore clades( e.g. (2-5)). The concern of corroborating the validity of this
diet-bioapatite enrichment value was particularly warranted because I aimed to evaluate the
feeding ecology of fossil sloths. Sloths (Folivora: Xenarthra) represent one of the least studied
groups of mammals, although they are crucial to understanding many pre-Pleistocene South
American mammal faunal communities given the taxonomic abundance and variety of habitats
occupied by this group over the past 35 Myr. Prior interpretations of extinct sloth ecologies
relied predominantly on morphology. Consequently, I aimed to test those interpretations by
means of stable isotope analyses, to provide ecological reconstructions independent of
morphology. However, because sloths are outliers in a number of life-history traits characteristic
of other mammals (6,7), the standard ungulate-based assumption of a 14%o diet—bioapatite
enrichment (8) is tenuous until directly tested. This study evaluated ! " C diet-bioapatite
enrichment for herbivores across a wide diversity of mammal clades (including modern sloths, a
herbivore group never before assessed). Because modern sloths vastly underrepresent the
ecological and morphological diversity the group had until as late as 10 000 years ago, proper
representation of the group in isotopic analyses demands inclusion of extinct representatives.
Thus, I analyzed dental bioapatite of the Pleistocene ground sloth "#$%$&'%()*+&tMylodon

Cave, Chilean Patagonia).



The second chapter of this dissertation evaluates the way carbon stable isotope analyses
are used to identify closed canopy rainforests in the fossil record. Closed canopy rainforests are
important for climate (influencing atmospheric circulation, albedo, carbon storage, etc.) and
ecology (harboring the highest biodiversity of continental regions). Of all rainforests, Amazonia
is the world’s most diverse, including the highest mammalian species richness. But little is
known about niche structure, ecological roles, and food resource partitioning of Amazonian
mammalian communities over time. Through analyses of ! " Cusweagd " Cregand ! Neggy |
isotopically characterized aspects of feeding ecology in a modern western Amazonian
mammalian community in Peru, to create the first comprehensive sampling of this ecosystem,
further serving as a baseline for understanding the evolution of Neotropical rainforest
ecosystems. By comparing these results with data from equatorial Africa, the only broadly
sampled mammalian communities from closed canopy rainforests, which to date has served as
the %/";(5-$baseline for all later studies (1,9,10), I evaluated the potential influences of distinct
phylogenetic and biogeographic histories on the isotopic niches occupied by mammals in
analogous tropical ecosystems. Indeed, the unique presence of mammalian herbivores with
I'"" C_g)( values <-30%o in equatorial Africa led to hypothesize that this is a defining trait for
closed canopy rainforest identification using mammalian ! * C data. By comparing the isotopic
structure of these two mammalian communities, equatorial Africa and Western Amazonia, this
study aimed to define the ! C range for closed canopy rainforests across continents serving as a
baseline for understanding changes in the Amazonian ecosystem through time. Moreover,
evaluation of resource exploitation within and among mammalian clades across both ecosystems

provides a new perspective on the ecological complexities of tropical South American mammals.



Finally, the third chapter of this dissertation involves the novel application of ! N
analyses (11-16) on specific amino acids to test a controversial hypothesis of carnivory and
consumption of proteins of animal origin on fossil sloth species. Traditionally, bulk nitrogen
stable isotope analyses (! " N) have been used to evaluate trophic interactions due to an often-
found increase of 3-5%o in ! N per trophic level change (17,18). However, substantial variation
in!'" N values has also been observed among trophic guilds (18,19), showing that the use of ! " N
alone can be a misleading proxy to identify trophic levels. Indeed, interpretation of bulk !'* N
values often fail to acknowledge variations in ecosystems’ baseline ! " N values which can
greatly differ depending on the way primary producers synthesize nitrogen and the isotopically
different types of inorganic nitrogen available (e.g., Ns, NH-, NO%, (20)).

Studies relating population densities and body mass suggested that pre-Pleistocene South
American mammalian communities were imbalanced because the biomass of herbivores
significantly surpassed the energetic requirements of carnivore (21). Likewise, it has been
suggested that fossil ecosystems could not have supported the plant biomass demands of all of
the presumed large herbivores, and as a consequence there must be secondary consumers
disguised as herbivores in the South American fossil record (21). Because of their simple (and
potentially functionally versatile) dentition, fossil sloths have been identified as the most likely
putative herbivore candidates to have instead occupied scavenger niches (22). Fossil sloths are
generally considered herbivores (23,24), like their modern relatives, but their extremely high
diversity (in terms of body weight [4-4000 kg], geographical distribution [from Patagonia to
Alaska], habitats [coast, mountains, rainforest] and inferred locomotion [terrestrial, fossorial,
arboreal, semiarboreal, and semiaquatic]) suggests that these were ecologically more versatile

than traditionally thought. Considering that 1 out of 3 fossil mammals in South America was a



xenarthran (the group including sloths, armadillos, and anteaters (25)), the discovery that fossil
sloths could have had ecologies differing from those traditionally attributed to them would
radically alter understanding of how the mammalian communities were structured in ancient
South American ecosystems. The technique of amino acid compound specific isotope analysis
permits direct testing of this hypothesis (12,26,27). To confidently apply this technique,
however, I first must test if the underlying assumptions behind the method hold true for modern
sloths and other closely related species under different feeding regimes. For instance, this
technique relies on the assumption that the isotopic differences among amino acids in primary
producers, and the * N-enrichment between a consumer and its food, are constant across all
organisms (12,28). This third chapter, therefore, aims to determine relationships between diet
and tissues (diet-amino acid ! " N) in modern xenarthrans with different feeding regimes,
generating essential foundational data for understanding diet-tissue chemical partitioning in
modern mammals more broadly, and to then be able to reliably interpret ! * N isotopic amino

acid data from fossil species to understand their trophic relationships.
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Understanding the structure and history of modern ecosystems and vertebrate
communities requires detailed knowledge of extinct and extant animal feeding ecology. This
information permits assessment of paleoclimate, vegetation structure, niche partitioning and
predator-prey interactions in fossil ecosystems, so it is crucial to understanding habitat use and
trophic specializations over time. Inferences of feeding ecology of extinct vertebrates, however,
typically can be inferred only indirectly from morphological data (e.g., dental hypsodonty,
enamel microwear and mesowear, cranial shape adaptations, etc.) constrained by correlations

between diet and habitats in modern ecosystems. Stable isotope analysis is a useful tool to
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reconstruct ancient ecologies and ecosystems, as it is independent from morphology and directly
reflects dietary ecology. Because the carbon that animals use to synthesize different tissues
relates directly to the ingested food (“you are what you eat”, (2), dietary isotopic signatures get
recorded in organismal cells and tissues (1,3-5,8,17,29,30). However, during incorporation of
carbon from diet to tissue, kinetic isotope effects of an array of physiological processes change
the " C/'®C ratio (! C) of ingested food to that ultimately expressed in tissues (i.e., isotope
apparent fractionation, discrimination, or enrichment ["*]; (8)). For mammalian herbivores, the
I'" C of enamel bioapatite, the most frequently analyzed tissue in paleontology because of its
lower susceptibility to alteration during fossilization (31), has been widely assumed to be
enriched by ~14%o with respect to dietary ! * C values, based on a study of modern ungulates and
their likely plant foods (8). This 14%o value has been systematically but generally uncritically
applied in virtually all subsequent dietary and environmental interpretations of fossil and extant
mammalian herbivores, regardless of body size, phylogenetic affinities, or primary diet source.
Intriguingly, though, some studies identified enrichment pattern differences between diet intake
and tissues in other mammalian herbivore clades (e.g., (2-5)). If these differences are consistent
and significant across mammalian clades, size classes or dietary ecologies, they merit concern, as
they imply that some previous interpretations of animal ecologies and reconstructed
environments could be mistaken.

This study evaluates ! " C diet-bioapatite enrichment for herbivores across a wide
diversity of mammal clades (including non-ungulates and an herbivore group never before
assessed— sloths). Isotope enrichment was determined through controlled feeding experiments

or constrained diet analyses to test the prevailing assumption that a single enrichment pattern



holds for all plant-eating mammals, regardless of life history attributes or ecology. If it does not,
we seek to find and test explanatory variables to predict this value.
1.1 Testing Diet-Dentition Enrichment Using Sloths, a Non-Model Group of
Mammalian Herbivores

As described in Darwin’s “Voyage of the Beagle”, fossil native mammals from South
America include the “strangest animals ever discovered” [11, pp. 80]. More than 170 years later,
because of their lack of close modern relatives, ecological analogs, or lengthy ghost lineages, the
phylogenetic relationships and ecologies of many of these extinct endemic mammal groups
remain unresolved. One of the least studied groups of mammals are sloths (Folivora: Xenarthra),
although they are crucial to understanding many pre-Pleistocene South American mammal
faunal communities given the taxonomic abundance and variety of habitats occupied by this
group over the past 35 million years. Prior interpretations of extinct sloth ecologies relied
predominantly on morphology. Consequently, we aim to test those interpretations by means of
stable isotope analyses, and provide ecological reconstructions independent of morphology.
However, because sloths are outliers in a number of life history traits characteristic of other
mammals (6,7), the standard ungulate-based assumption of a 14%o diet-bioapatite enrichment (8)
is tenuous until directly tested. This caution is particularly warranted because sloths are foregut
fermenters, have long food particle mean retention times, and produce more methane than other
herbivores of similar body masses (the latter experimentally measured in 6.$#$/031(7)). Some
of these parameters have been suggested as potential drivers of the diet-bioapatite enrichment
differences observed in mammals (5). Thus, determination of the ! " C diet-bioapatite enrichment
["*.s)@sweadon extant sloths provides a phylogenetically-independent test of ungulate-based

results in another herbivorous group of mammals. It also becomes indispensable as a first step in



assessing isotopic values recorded in extinct sloth bioapatite, by creating a baseline for

interpretation of analytical results from fossils.
1.2 Diet-bioapatite ! " C enrichment in sloths and other herbivorous mammals

Bioapatite is of particular interest because it constitutes the inorganic matrix of bones and
teeth, and thus is more likely to be preserved unaltered in the fossil record (especially that from
tooth enamel) relative to organic tissues. In addition, the carbonate radical of bioapatite forms
from blood bicarbonate, derived primarily from ingested carbohydrates, the main source of
carbon in herbivorous diets (4,33). Bioapatite has proven to be a better predictor of the isotope
value of the whole diet than are organic tissues (e.g., collagen, keratin), which mainly track the
isotopic composition of the protein(s) used to synthesize them (3,4,33). Because sloths lack
dental enamel, this study analyzes sloth dentine bioapatite relative to enamel bioapatite of other
mammals. The ! C of enamel and dentine bioapatite is considered equivalent if a primary signal
is preserved, because any bioapatite (bone, dentine, enamel) is in isotopic equilibrium with blood
bicarbonate (34). In modern specimens, diagenetic alteration is not an issue. A potential problem
when dealing with fossil samples is that during taphonomic processes, bone or dentine bioapatite
can recrystallize and thus would be susceptible to isotope exchange in this process (35). For
modern bone or dentine, although strong, lengthy laboratory treatments can cause
recrystallization (e.g., using 1M acetic acid to remove secondary carbonates (35-38)), short
treatments with weak 0.1M acetic acid (the protocol used herein) resulted in no detectable
change between the ! " C of enamel and ivory of elephants in protocol tests ((29), but see (38) for
the effect of longer treatments).

We analyzed ! " C values of dental bioapatite, diet, and fecal samples of extant sloths

(2)(%"031":()+/8(-31and 6.$#%$/031".$;;7(&&H from the Huachipa Zoo (Lima, Peru) kept under
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controlled and homogeneous feeding conditions (Table 1.1). Because modern sloths vastly
underrepresent the ecological and morphological diversity the group had until as late as 10,000
years ago, proper representation of the group in isotopic analyses demands inclusion of extinct
representatives. Thus, we analyzed dental bioapatite of three Pleistocene ground sloth specimens
("#$%3$&'%()*+&fMylodon Cave, Chilean Patagonia] and ,$-.)$-./)+$01'1.(1-/&1+1[Gypsum
and Rampart Caves]), recovered in association with their dung (Table 1.1). Dung ! " C is a direct
indicator of dietary ! " C, because there is minimal or no apparent fractionation between diet and
feces ("*.$)@);)< ) across mammals (30), as corroborated in our analyses of modern sloth feces
(table 1). Collagen atomic C:N ratio was used as a proxy to test for diagenetic alteration of the
isotopic composition for Pleistocene sloths (this proxy assesses collagen quality and
concentration, which tends to decrease and degrade with the age of the sample (39)). Of the three
fossil samples, only "#$%$&'%()*+&sttowed a C:N ratio corresponding to an unaltered sample
(C:N=3.3), and therefore it is the only specimen discussed further. Values of "* )% 2 stor the
other mammals in this study, with either controlled or known diets and associated isotopic
values, were gathered from the literature.

Our results (table 1) showed that the three-toed sloth (2)(%"031":()+/8(-31, n=5) has an
average ! Caswaggpalue of -18.65%o + 1, which compared to the ! C of its diet at the zoo (-
28.67%o £ 1.79), results in a "*_g)@snsssyalue of 10.31%o + 1.03. The two-toed sloth (6.$#$/031'
$;;7(&&+ n=10) has an average ! 13Cbioapatite value of -14.08%o + 0.66, representing a 13C-
enrichment of 12.62%o + 0.68 relative to the ! 13C of its diet (-26.37%o). The ! 13Cbioapatite (-
12.46%o) of the extinct ground sloth "#$%$& '%()*+&tston average 15.63%o + 0.51 (15.12%o to

16.13%o0) " C-enriched relative to its diet determined from feces (-27.66%o = 0.49). The high " C-
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enrichment of "#$%%$&s bioapatite relative to its diet place this taxon at the uppermost extreme
of the "*_g)@swes(sgpectrum observed in mammals.
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Placed in a broader mammalian context, results for three sloth taxa span a range of "*.¢)@3
#swea(sgariation (>5%o) never before seen in any mammalian clade (figure 1.1), encompassing
almost the entire range observed across all mammalian herbivores. The range of " *.g)3:$%s'8(3()
variation in Artiodactyla and Perissodactyla is small (1.2%o and 1.7%o, respectively). Values of
"* gy @snessin Artiodactyla range from 12.89%o in pigs (>31'15)$;f to 14.65%o in cattle (2$1'
-(3)31), whereas the range of variation observed in Perissodactyla spans from 13.2%o in the zebra
(@A331'B3)5./##d 14.4%o in the black rhinoceros (C+5/)$1'B+53$)&+The range of " *.g)@s008:4(3()
values (across 3.7%o) observed in Glires (i.e., rodents [Rodentia] and lagomorphs [Lagomorphal])
is the second largest after that of Xenarthra. The house mouse !131'73153#31has the lowest
"* gy @sneseyalue (9.1%o) of the spectrum of mammals analyzed, the prairie vole 1+5)$-31"

$5.)$8(1-/) has a "*.g)@swsasof 11.5%0 and the European rabbit D)"5-$#(831'53&+53#434 a
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"* gy @snsa@b 12.8%0. Three distantly related taxa, the giant panda E+#3)$0$%('7/#(&$#/35(
(Carnivora), koala <.(15$#()5-$1'5+&/)/31Diprotodontia: Marsupialia), and three-toed sloth

(Folivora: Xenarthra), cluster near the lower end of the observed "*.¢)@:s%s e ppectrum with

h\: ’t’z‘.\\\”/%hh'

e

values ~10-10.5%o.
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1.3 Body mass explains high variation of " *ss0g)-+sss@cross mammals

Aiming to find explanatory variables correlated to the broad range of "* )% e syalues
now observed across mammals with controlled diets or well-known ! C values of diets in the

wild (even among three members of only one clade, sloths), a series of physiologically-
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correlated parameters were regressed against " *.g)@as%sa$ody mass, phylogeny, basal
metabolic rate, basal metabolic rate corrected for known covariance with body mass
(BMR/Kleiber value), average body temperature (rectal temperature), and breadth of body
temperature variation (figure 1.2-1.3). Information for other parameters potentially relevant to
understanding these " * g)@sweasgifferences (e.g., nutritional quality of diet, food particle mean
retention time, CHg yield, diversity and abundance of digestive tract microorganisms) were not
available for most taxa with known values of " *_g)@ss%s:6($(0

Body mass shows a strong and significant positive correlation with " *.g)@s%e&d35=0.62
[all taxa included], O-value=0.0002, figure 1.2) across mammalian herbivores. Correlation
between body mass and " *.g)@swss(sts even stronger if mammals are separated by digestive
system type: foregut fermenters (r%=0.78, 0-value=0.008) versus hindgut fermenters (r°=0.74, O-
value=0.003) (figure 1.2). We tested for and rejected the possibility that the significance of the
regression was driven by the effect of the outliers (particularly those of small size), by
performing quantile and robust regression model analyses (table 1.2). Regression diagnostics
identified the vole, panda, and koala as outliers, but only the vole influenced the regression
(Cook’s D>0.5). Its exclusion in a secondary analysis, however, did not significantly alter the
coefficient values; in fact, it makes the relationship even stronger (table 1.2). Based on a reduced
taxon dataset (i.e., excluding taxa with unknown values, such as "#$%$& C+5/)$1and @A331'
B3)5./#ht we also performed generalized linear model analyses based on AICc tests, to assess
whether a single variable, reduced model or various model subsets were better supported by the
data than a complete global model that includes all the potential predictors (table 1.2). Three

models were well supported (delta AICc <2), all three of which included body mass as the most
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important predictor variable, with the model including only body mass selected as the best model

(table 1.2).
----All taxa
R? =0.62, p-value = 0.0002
€* = 2.4 + 0.034 (BM) |
e Foregut fermenters
R?=0.78, p-value = 0.008
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8
= Hindgut fermenters
R? = 0.74, p-value = 0.003
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Comparing different models of trait evolution, " *.g)@swe asgdata best fitted a white noise
model (lowest AICc, table S3), which assumes data come from a single normal distribution with
no covariance structure among species, indicating no phylogenetic signal in the observed values
of mammalian "*.g)@swea@edNo significant correlation was found between " * g)ases(sand basal
metabolic rate (BMR) for all mammalian herbivores, nor for any analysis of BMR after its body
mass component was removed (i.e., the Kleiber value, or the % power to which BMR has been
described to scale relative to body mass in mammals, (41)). There is a significant correlation of
raw BMR for hindgut fermenters only, although the lack of significance for even hindgut
fermenters in the BMR/Kleiber analysis indicates that body mass explains that correlation (figure
3 a-b). Although, no correlations were found between " * gy@swes(sand breadth of rectal
temperature variation, a strong significant correlation was identified between " *_g)ass0s2(sand
average rectal temperature, but for foregut fermenters only (r°=0.89, 0-value=0.01) and not for
hindgut fermenters or all mammalian herbivores (figure 1.3 c-d). However, a regression analysis
of average rectal temperature and body mass, reveals that this correlation in foregut fermenters
also is not independent of body mass. Rates of metabolic biochemical reactions are controlled by
temperature (42), but based on our dataset, analyses and tests, body temperature variables do not
seem to play a role in mammalian patterns of carbon isotopic fractionation +&%/0/&%/&6f"body
mass. Analytical experiments to propose and test specific mechanistic explanations for how body
temperature, independent of or in association with factors driven by body mass, might affect
"* g @swe gty outside the scope of the present contribution, but deserve future exploration for a
better understanding of " *.g)@iswe e (syariation in mammals. Overall, body mass is the best
predictor of " *.g)asnsa(lowest AICc, table 1.2), and it is the only parameter that significantly

correlated with " * g)@swsa(sin all cases (i.e., when all taxa were included, as well as when
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mammals were separated by digestive physiology into foregut and hindgut fermenters). This

newly recognized body-size dependence of carbon isotope enrichment from ingested diet to

bioapatite tissue formation requires application of size-calibrated " * s)@sws aspalculations, rather

than a single enrichment value across all mammalian herbivores (proposed formulae in figure

1.2), and potential reinterpretation of some prior dietary and ecological results dependent on a

single ~14%o value. Additional future controlled-feeding experiments across a large range of

body sizes for both foregut and hindgut fermenters would permit refinement of the regression

formulae for the body-mass " *_g)@s0s agorrelations.

I"HS08( L)&*+,,"-.&/0&X+"6313"311%&"6"$.206248&*+,,"-.&/0&5/%00151%632&."68&
21@61015"65%&1"$+%280/-&$16%"-&-% @-%221/6284%-0/-,%8(&Y+"631$%&- % @-%221/6&%231,"3%2
5/68131/6"$&, %81"68/083=%&- Y MR- 1"#$%;8+6$1 ?2%&Z[*&3="38%231,"3%28&3=%&"44-/E1,"3%&
5/68131/6"$&,%"6(&V#+23&-%@-%221/68013316@2&.:/#]%5311%8&0+6531/628+2%8&>%-%E& +#%-&"68
14206, &H#H12X+"-%<&"-%8&4%-01-, %88#.&13%-" BB @HUBY8E$% " 238 2X+"-%2&"6"$. 2%62 (& =%&0/- +$"%&
4-1412%88+2%&3=%&." | %IB3E%&5/%00151%6 328 @ 11%68#.8:3=%E&8100%-%63&-% @-%221/6&.,/8%$28
JH<(&:2<&71,4/6%63&,/8%$28&:8%$3"&F _758& &L<&3="3&#%238ILBIVERA.'4"313%&
%6-15=,%63%ssayiv+, <6< & 16&=%-#11/-1+2&.","$28&@ 11%685+--%63&8"3" (&\WIRE'S/6%8&1283=%&
#%2384-0B3/-8/08%6-15= %63(&Z3=%-;&/-%&5/ ASUE& /8%$283="3821,+$3"6%/+2$.8"22%22&./-%&
4/3%631"$8160$+%65%2;88/&6/3821@61015"63$.81,4-/1%E&4-%81531/68/0&3=%8&%6-15=,%63&1683=%
"6"$.2062(&F##-%11"31/62)&80)&8% @-%%28/08&0-%%8/,"EX@RDE® /$1?7%$1=//8;&F 5&
F?"12%8&_60/-,"31/6&7-13%-1/685/--%53%8&0/-&2,"$$&2",4$%&21V%2;&8%$3")&8100%-%65%&16&F _7
#%3>%%68&3=%6&5+--%63&"6883=%8#%23&,/8%$;&a% 1 @=3)&4-1/-8&>% 1 @=328&+28688&168&.,/8%$&01

A. Linear regressions intercept  slope R? p-value
All taxa included

OLS model fit 24 0.034 0.62 0.0002
OLS model fit excluding outliers 2.39 0.04 0.83 5.35x 10®
Quantile regression fit 2.37 0.041

Robust regression (Huber estimator) 24 0.036

Robust regression (Tukey bisquare estimator) 2.4 0.035

Average 2.39 0.037

Hindgut fermenters

OLS model fit 2.42 0.032 0.74 0.003
OLS model fit excluding outliers 24 0.036 0.89 0.001
Quantile regression fit 2.48 0.022

Robust regression (Huber estimator) 243 0.03

Robust regression (Tukey bisquare estimator) 2.51 0.019

Average 2.45 0.028
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Foregut fermenters

OLS and robust model values 2.34 0.05 0.78 0.008
Quantile regression fit 2.24 0.07

Robust regression (Huber estimator) 2.34 0.05

Robust regression (Tukey bisquare estimator) 2.34 0.05

Average 2.34 0.06

B. Component models df logLik AICc delta AICc Weight
Body mass alone 3 1271 -17.02 0.00 0.52
Body mass + average rectal temperature 4 14.03 -15.62 1.41 0.26
Body mass + basal metabolic rate 4 1391 -15.38 1.64 0.23

The ! C enrichment that occurs between dietary input and metabolic COg (that supplies
the dissolved inorganic carbon in blood, in isotopic equilibrium with bioapatite) has been
attributed to digestive physiology (5), in particular methane (CHs) production (43). Methane,

" C-depleted by almost 40%o relative to the ingested diet, is a by-product gas during COe
reduction (44), which in mammals is due to microbial activity during digestive processes (43).
As a consequence, and acknowledging that attribution of methane production as the principal
driver of the "* g)swea@differences observed in mammals remains only theoretical (but see (43)
and (44)), one would expect herbivores producing large amounts of methane to also show large
"* g aswea@yalues, as has been experimentally demonstrated in cattle (5,43). The magnitude of
microbial activity in the digestive tract, expressed as biochemical transformations leading to
differential diet-tissue enrichment values (" *), is predicted to result from the interaction of
variables such as the capacity of the fermentative vat, amount and diversity of microorganisms
living in it, and metabolic activity of the microorganisms (45), as well as the particle mean
retention time (7), and the quality and quantity of the host’s diet (46). Comprehensive
understanding of intermediary metabolic processes of intestinal microorganisms, and related
isotopic fractionation pathways and patterns, including other potential mechanisms for

sequestering light isotopes, however, is lacking for most vertebrate groups.
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One taxon with a much lower than expected "*.g)@s%e-s@given its body mass was the

giant panda (E+#3)$0$% (' 7/#(&$#/365[he substantial deviation from the predicted " *.s)@s0& (0
value likely is because the giant panda retains a carnivore-like gastrointestinal tract reflective of
its ancestry as a member of the Carnivora, in spite of its evolution of an exclusively herbivorous,
bamboo-specialist diet. Indeed, because of its long midgut but simple stomach, the giant panda
lacks a digestive strategy that allows cellulose breakdown by means of the extended periods of
gastric fermentation that is typically found in highly methanogenic mammalian herbivores.
Furthermore, the giant panda’s gut microbiota diversity is low and of a phylogenetic composition
markedly different from that of other herbivores (i.e., lacking cellulose-degrading phylotypes)
which is attributed as being responsible for its meager digestive efficiency (47).

The house mouse was the smallest (~20 gr) mammal evaluated, and its " *_g)@is%ea(syas
lower than expected for its body mass. It is noteworthy that the other rodent analyzed, the prairie
vole (~50 gr), also deviates from the regression model but instead exceeds the expected value. A
comparative study of the fermentative structures (i.e., caecum + colon in hindgut fermenters)
shows that the absolute and relative size of these structures in voles each exceeds (by more than
2 and 3 times, respectively) that of other rodents that are even two orders of magnitude larger in
absolute body size (46). In voles, this relatively large gut capacity greatly increases the space
available for microbial food fermentation, and might account for their higher than expected " *_g)@3
#swea(salue relative to body size. Furthermore, voles possess a superior digestive efficiency
relative to other rodents, correlated with a greater dry matter digestibility and selective retention
of fine particles (48). Finally, in addition to possessing considerably smaller fermentative vats,
mice need relatively higher rates of food turnover given their relatively higher metabolic

requirements, leaving less time for food fermentation and therefore CHg production. The type of
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food selectivity (e.g., strict herbivory vs. omnivory) might also play a role in controlling " *.¢)3
#swes(syariation. Comparative studies of guinea pigs (herbivore) and rats (omnivore) show lower
methane production in the latter, explained as due to a lesser dependence on microbial
fermentation due to their generally omnivorous diets (49). A comparable explanation may be
applicable to the third Glires species analyzed, the European rabbit (Lagomorpha), which like the
vole has a higher than expected "*.g)@s%essyalue relative to its body mass, but a smaller
residual from the overall regression than that of the vole. However, because the calculation for
the rabbit was based on only one specimen (5), more data are needed to rule out the possibility
that the higher than expected " * s)@as%&a@$had been overestimated.

Besides the mouse and giant panda, the other two mammals with substantially lower
"* gy @snessrelative to body mass were the three-toed sloth and koala, which share similar body
masses (~4 kg), low metabolic rates, and strict folivory. Because the quality of ingested food is
thought to influence microbial gut population activity (46), the additional metabolic challenges
imposed by strict folivory (e.g., high content of secondary toxic compounds, low fiber content)
would be expected to play a role in the "*.g)@swaa@gbserved in those taxa. In addition, both the
three-toed sloth and koala feed on a small number of plant species. Koalas feed preferentially on
@35(#"0-3pp. (50), whereas three-toed sloths eat 6/5)$0+(and 4+53%pp. and in general are
highly selective in their food choice, avoiding leaves of other tree species that are only
moderately abundant on their home range (51). This suggests that both would have a specialized
and less diverse gut microbiome (see (52)), and might also explain why the survival of 2)(%"031
(but not 6.$#%$/031) in captivity is so low (53). Finally, both the three-toed sloth and koala
possess low basal metabolic rates and body temperatures (lower in 2)(%"032, which can result

in lower rates of CHg production by reducing the fermentation activity of gastrointestinal
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symbionts (46). In marked contrast to the three-toed sloth, the two toed-sloth 6.$#$/031has a
larger " *_g)swes(sthan expected for its body mass. Major physiological differences between
these two species could account for the substantial observed differences. For instance, although
both species have fluctuating body temperatures in phase with that of their environments,
2)(%"031shows an even more variable and lower overall daily body temperature than 6.$#$/031
(51,54). In addition, although the field-measured metabolic rates of both sloths are the lowest of
all non-hibernating mammals (54), both basal and field-measured metabolic rates are
significantly lower in 2)(%"031(by one third) than in 6.$#$/031(54,55). Moreover, unlike the
three-toed sloth, which in the zoo was fed with a monospecific diet (sprouts of the rubber plant,
4+531'/#(1-+p(the food fed to the two-toed sloth included spinach and other greens, quinoa,
sweet potatoes, carrots, and pellets of Purina Dog Chow® (table 1, ESM). In the wild, the diet of
6.$#%/031also is more diverse than that of 2)(%"031 even including components of animal
origin (56-58). Consistent with a more diverse diet, 6.$#$/031also has a more variable and
diverse gut microbiota than 2)(%"031(52). Both a more diverse microbiome and a diet richer in
fiber and fermentable carbohydrates seem to increase fermentation rates (46,52,59) and would
explain the much higher " *.g)sweegyalues in 6.$#$/031 than in 2)(%"031 both absolutely and
for that expected relative to body size for the correlation observed across mammals. Finally, an
experimental study of 6.$#$/031showed an unexpectedly high level of methane production in
this species (higher than in non-ruminant herbivores of similar body mass), explained as due to
long particle mean retention times (7). If so, this suggests that the mean retention times in the
other extant sloth, 2)(%"031ks shorter.

Most artiodactyls and perissodactyls herein had "* s)@swe-a@plosely correlated with their

body masses (60). The only extant ungulate with a considerably higher than expected "*.g)3
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ssvse(syalue relative to its body mass was the cow, 2$1'-(3)31 In general, roughage-eating
ruminants have the most complex digestive tract of all mammalian herbivores, with a well-
developed forestomach, small caecum, and large populations of microorganisms in the rumen
(61,62). This type of ruminant digestive system involves an increase in time and capacity of
fermentation, resulting in greater amounts of methane produced than a similarly sized non-
ruminant, and a consequent expectation of higher " *.g)@sws gsyalue. In fact, the dietary energy
lost through extensive microbial methane production in ruminants is the highest reported for
modern mammals (61). Although precise controlled feeding data are lacking for a number of
ungulates in this study, at around 100 kg regression models for foregut versus hindgut fermenters
intersect with "*_g)@asuea@yalues of ~13%o. For mammals above ~200 kg, our model predicts
higher "*_g)@swea@yalues for foregut (including ruminants) compared to hindgut fermenters.
The African elephant, G3H$%$&-('(;)ark, shows a slightly lower " *.g)@is008:¢(sthan
expected for its body mass. As mixed-feeder hindgut fermenters, elephants have faster digestive
throughputs than ruminants, which results in less CHg production (L/day) per unit body mass
(49). Strikingly, although the giant ground sloth "#$%%$&'%()*+&h#s an estimated body mass
(~1600 kg) only half that of an elephant, it possesses an even higher " * g)@s%e-a(sgalue, implying
substantially higher methanogenic production. Because modern sloths carry out foregut
fermentation and phylogenetically bracket all other sloths, it is most parsimonious to infer that
fossil sloths such as !" #$%%$8&lso had a foregut fermenting digestive tract. This type of digestive
strategy would explain the high " *_g)@swees0f "#$%$& as now expected given the steeper
slope of the regression model for foregut fermenters compared to hindgut fermenters. In fact, our
regression model for foregut fermenters alone predicts a higher "* g)@:s%s:2sthan expected for

hindgut fermenters, even excluding !"#$%$&from the analysis (figure 1.2). Ground sloths, the
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largest mammals that ever existed in South America would be, together with modern hippos, the
largest known non-ruminant foregut fermenters. Experimentally controlled "* g)@:s0e2sgata for
modern hippos are not available, but our analyses across a wide range of mammals predict that
hippos will show high "*_g)asswessyalues, at least comparable to those obtained for "#$%$&
Future studies will test if our predictions hold true and in what degree, if any, the combination of
low rates of metabolism combined with amphibious lifestyles, diets of different nutritional
quality and fiber content influence the expected " * s)@:s%s:&sin non-ruminant foregut fermenters
such as hippos and other fossil giant sloths beyond !"#$%$&

The predicted higher " * s)@swsasin foregut fermenters compared to hindgut fermenters
across all mammalian herbivores analyzed is consistent with the considerable differences of CHs
production observed in foregut versus hindgut fermenters (60). However, methanogenesis does
not explain the body mass effect observed in "*.g)@swea@gince there is an isometric relationship
between body mass and methane production (60). This new body mass effect discovery thus
requires a different, as yet unknown, size-dependent mechanism to explain diet-bioapatite C-
enrichment. Therefore, although methanogenesis plays a role in differences of " * g)@s0s a$02
between digestive system fermentation types, it cannot explain the size effect of the relationship

within each group or across all mammalian herbivores.
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1.4 Significance of implementing body mass as predictor of " *ssog)-+a$8%

Because the standard value of 14%o of diet-bioapatite enrichment has been widely applied
across all mammals since the pioneering study of Cerling and Harris (8), with some notable
exceptions (see above), our new equations incorporating the body-mass dependency for "*.g)3
ssweasmost likely will change many previous reconstructions of dietary ! " C of mammals,
particularly at the extremes of body masses: small-bodied and megaherbivore mammals. Initial
examples of the utility of these new constraints can be drawn from the literature, in which
previous ecological interpretations using a " *.gyswe:zs9f 14%o lead to unreasonable dietary ! C
values. For instance, the dwarf antelope ,/$-)(831'B(-/1+ is a small (2-3 kg) artiodactyl (64)
restricted to dense forests of tropical Africa. Dental ! " C data of ,I'B(-/1+ from the Ituri Forest
showed an average signature of -25.6%o. The use of the 14%o "* s)@s%8 80 enrichment
reconstructed the ! " C of the plant diet for this species as -39.6%o, lower than any plant ever
recorded in that forest (! "' C of subcanopy plants at Ituri range between -31%o to -36.5%o (1)).
Incorporating our new body-mass dependent enrichment, ,I'B(-/1+, a small foregut fermenter,
would show an average " *.g)@swea@yalue of 10.86%o, which indicates a plant diet with " C
values of -36%o, a ! " C signature observed for several plants sampled in that forest (1).

Recognition of the body-mass dependence of carbon isotope enrichment in mammals is
essential for accurate understanding of the relative ! " C differences among members of an
herbivore community, which are used to reconstruct feeding niches and environments, and to
evaluate ecological and environmental changes through time. Thus, species with similar ! C
values, that would be interpreted as overlapping in resource usage when using a single standard
"* g @swea@yalue, could reveal distinct niche partitioning if body mass is taken into account.

Similarly, imprecise or even misleading reconstructions of dietary changes through time can
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arise if the ! C of the plants consumed have been inferred with a single "*.¢)@swes@yalue for all
herbivores. For instance, application of our proposed body-mass-corrected " *_g)@s0saggould
refine determination of the precise time when hominins began incorporating Cs plants in their
diets and the proportion that these represented in the evolution of hominin diets over time.
Controlled feeding experiments may reveal the same body mass-specific enrichment between
diet and other tissues, and this differential isotopic enrichment also could prove valid in non-
mammalian organisms once tested through the same experimental methods.

Another important impact of our study would be on mean annual precipitation (MAP)
calculations founded on ! "' C values of the plant community of the area under study (65).
Because the estimated ! " C of the paleofloral community is indirectly inferred and calculated
from ! C of dental bioapatite in fossil mammalian herbivores (65,66), a body-mass correction of
the "*.¢)@swe-asgan result in different ! " C vegetational values and a subsequent different MAP
estimation. Accounting for the body mass influence on enrichment can profoundly alter some
reconstructions of plant communities and their implied MAP values.

As the value of "*_g)@s%sests related to digestive physiology, it can reveal physiological
aspects in species that were not possible to assess previously, such as the extent of microbial
fermentation to break up the ingested food, diet quality, and type of gastric fermentation (foregut
versus hindgut). For example, our analyses indicate that the giant ground sloth !"#$%$&was a
highly methanogenic foregut fermenter. !"#$%$& a narrow-muzzled sloth interpreted as a
selective feeder based on snout anatomy (67), is now documented as the mammalian herbivore
with largest known " * g)@swessyalue; therefore, we would expect other Quaternary fossil sloths
that are twice as large as "#$%$&(e.g., /8(-./)+37'(7/)+5(&37F' @)/7$-./)+37'1001 ) to show

even larger "* g)asnea(syalues, especially if they were bulk feeders, as suggested for the giant
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ground sloth G/1-$%%$&'()7(-3X67). Sloths challenge previously proposed ideas of constraints
imposed by large body sizes on foregut fermentation (68) showing an unparalleled combination
of morphological variability and physiological traits likely responsible for their extremely wide

ecological diversification in the Americas.
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Climate and vegetation are traits defining tropical rainforests (69), but confident
characterization and quantification of those archetypal traits of modern rainforests becomes
increasingly challenging when analyzing ancient ecosystems. Closed canopy rainforests have
been proposed to occur in the area now occupied by Amazonia since at least the Eocene, some
50 million years ago, but their extent, and the influence of the active Cenozoic geologic history
in South America (with the Andean uplift as major driver) on these forests, is equivocal due to
the sparse plant fossil record in the tropics and the variable interpretations from sedimentology

and paleobotanical-based modelling (69,70). Isotopic evidence (! C) from mammalian
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herbivores can be a reliable proxy for reconstructing ancient ecosystems because the isotopic
signals of vegetation (which tracks environmental factors and plant physiology) are recorded in
primary consumers and are passed along the trophic chain to higher-level consumers. Thus,
isotopic analysis is also a way to quantify vegetational criteria, which otherwise are primarily
qualitative. To date, the isotopic structure of extant equatorial African mammals (1,10,71,72) has
been the only broadly sampled system for understanding tropical ecosystems. Although
phylogenetically and size biased, this African system has become the %/";(5-$model to infer
closed canopy rainforests from fossil mammal data on all continents. However, the absence of
comprehensive isotopic data from other closed canopy mammalian communities impedes
confident attribution of an isotopic space for this type of ecosystem across landmasses and over
time. Furthermore, is there a unique mammalian isotope space for all closed canopy rainforest
ecosystems? Do different phylogenetic, geologic, and biogeographic histories influence the
ultimate isotopic structure of an ecosystem? To answer these questions, we characterized the

I'" C structure of a modern western Amazonian mammal community in Peru. This rich
mammalian community, the most diverse on the planet, exhibits a phylogenetic structure distinct
from its African counterparts, resulting from tens of millions of years of geographic isolation
over most of the Cenozoic in addition to distinct and complex biotic interactions. By comparing
the isotopic structure of these two mammalian communities, equatorial Africa and Western
Amazonia, this study aims to define the ! " C space for closed canopy rainforests across
continents to serve as a baseline for understanding changes in the Amazonian ecosystem through
time. Moreover, evaluation of resource exploitation within and among mammalian clades across

both ecosystems can provide a new perspective on the ecological complexities of tropical South
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American mammals, and potential influence of the Pleistocene extinction on niche occupation

and its community structure.

2.1 South American and African mammalian communities

The history of South American and African mammals is intimately linked to the fate of
these two landmasses after the break-up of the long-lasting southern supercontinent Gondwana.
South America and Africa, once part of Gondwana, fully separated by the mid-Cretaceous
(~110-100 Ma, (73,74)). South America, although briefly connected with North America at the
end of the Cretaceous and with Antarctica until the early Paleogene, ultimately became and
remained an island continent for most part of the Cenozoic (73,75). The phylogenetic structure of
modern South American mammals is the result of tens of millions of years of geographic
isolation, with a few exceptional trans-Atlantic dispersal events from Africa during the late
Paleogene, major faunal exchanges with North America during the late Neogene, and a dramatic
extinction event at the end Pleistocene, in which more than 80% of mammals above 40 kg
became extinct in South America (76,77). Africa, on the other hand, remained connected to
Arabia after Gondwanan breakup and drifted slowly northeastward, culminating in a collision
with Eurasia in the late Eocene (78). What followed were largely intertwined evolutionary
histories between African and Eurasian mammals. Notable is the Miocene-Pliocene radiation of
endemic groups of African mammals including various bats, primates (e.g., hominids),
hyracoids, carnivorans, proboscideans, etc. (79). In contrast to the dramatic events in South
America and most other continents, Africa was the continent least affected by the Pleistocene

extinction event, with only 8 genera of megamammals disappearing (76).
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2.1 Sampling localities and ! " C of dietary sources of Amazonian mammals

The median ! " C of terrestrial and aquatic C3 plants from western Amazonia fall within a
range of -36.9%o to -24.1%o (80—83). Of these, leaves show the most negative signatures (-
32.1%o), compared to bole (-28.4%o) or litter (-28.7%0)(80). Although the data are not exhaustive,
fruits and seeds (-29.3%o) show more positive ! " C values than leaves (84). In a vertical profile
of the forest, Amazonian plants show a gradient of decrease in their leaf ! " C values with
proximity to the ground, known as the ‘canopy effect’ (85). Indeed, leaf samples of plant species
have average ! " C values of -35.2%o if growing within 1 meter above the ground, -33.4%o in the
lower canopy (2-10 m), and -30.5%o in the upper canopy (>20 m) (82). These plant ! " C values
and the leaf ! " C gradient are the same as those observed in African and other rainforests (1,86),
as expected given the similar climatic and vegetational criteria that define all tropical rainforests
(69). Grass species are present in the Amazon rainforest and most of them utilize C4
photosynthesis (87). All but two specimens in this study are from localities in Peruvian western
Amazonia (mainly from the Madre de Dios, Ucayali and Loreto regions). Although some of
these sampling areas (e.g., Manu National Park in Madre de Dios) span a large altitudinal
gradient (Andean highland, cloud forest and lowland jungle), our sampling has been restricted to
localities below 700 meters above sea level (i.e., lowland jungle, with the exception of 4 samples
coming from the cloud forest). All samples, therefore, come from wet forest localities exhibiting
analogous and homogeneous environmental conditions. Aiming to include all available data from
the literature for other western Amazonian sites, two specimens of 9(0+)31'-/))/1-)+Xrom
Colombia and Bolivia have also been included (88). The African mammals assessed in this study
come exclusively from equatorial lowland rainforests (primarily from the Democratic Republic

of Congo, but also from Uganda and Gabon). We have not included data from any other African
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ecosystem (e.g., savannas or woodlands). Our Amazonian localities in Peru span a latitudinal
gradient of ~13j (from 0j40’S [Rio Curaray, the northernmost locality] to 13j6’S [Manu, the
southernmost locality], although 68% of the samples come from Madre de Dios and Ucayali
which encompass a 4j latitudinal range). Virtually all the samples come from undisturbed
habitats in National Parks. The African localities span <5j of latitude (from 0.5jN [Kibale,
Uganda] to 3.3jS [Mwenga, Congo]).

Other dietary sources for some Amazonian mammals include aquatic plants, fishes,
insects, or non-mammalian vertebrates. Aquatic systems in Amazonia are dominated by C4
macrophytes (mean ! "' C=-13.1%o, primarily represented by aquatic grasses); however, western
Amazonian fishes show a marked predilection for consuming C3 plants, with ! " C signatures
ranging from -37 to -21%o (81,89). Herbivorous insects in Central Amazonia also exhibit a broad
range of ! " C variation (-29.5%o to -15%o), generally mirroring their consumption of C3 or C4
plants (84,90). Bird data from Amazonian lowland rainforest indicate preferential consumption
of C3 plants, whereas frogs and lizards derive at least half of their carbon from C4 sources
(90,91).

2.2 Materials and Methods

All but four specimens sampled are from closed-canopy rainforest habitats in western
Amazonian localities in Peru, including the well-known biodiversity hotspots Tambopata
National Reserve and Manu National Park, both in the Madre de Dios region. Specimens (only
adults) were sampled from the mammalogy collections of the Museo de Historia Natural in
Lima, Peru, and the American Museum of Natural History in New York, USA. With few
exceptions, only late erupting molars, ever-growing teeth, or canines were sampled. Our criteria

for species selection are described in the SI Appendix. All samples were analyzed at the Stable
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Isotope Research Facility at the University of Utah. We analyzed ! " C from dental bioapatite
(enamel for all mammals, except xenarthrans [see below]) of 45 mammalian species (n= 176
individuals), ! " C and ! N of hair keratin of 35 species (n=125), as well as ! " Cuswaragd " Crast
and ! Nxggdrom matched samples of a smaller taxon subset (31 species, n= 82). For the two
extant sloth genera, the ! " Cuswe-s@was sampled from the outer dentine, whereas for anteaters
and armadillos (toothless or with such small teeth that sampling was not possible) the ! " C of the
‘enamel’ was projected from bone ! " C values. We transformed bone !'** C data to corresponding
dental enamel values, using regression equations obtained from a separate analysis of the
matched samples. All raw ! C data (for both bioapatite and hair) were corrected for
anthropogenic COg and set to preindustrial values (1750; " Cio s). In order to make data
comparable among taxa, the COg-corrected bioapatite ! " C was converted to dietary ! C

(1" C.g)(). For herbivores, we did so by using the body-mass dependent equations determined by
(92) to calculate the diet-bioapatite ! * C enrichment (" *.¢)swe-e@specific to each species (the
calculated "*.g)@sns-asyalues for the herbivores in our study range from 10.3 to 13.7%o). For
secondary consumers the ! " C.g)( reconstruction used an "*.+).g%s3+)y value of: -1.3%o for
carnivores (18), 7.8%o for piscivores (93), and a theoretical 8%o for insectivores. For herbivores,
I'"" C_g)refers to the calculated values for the vegetation on which they feed. For secondary
consumers (i.e., carnivores, piscivores, and insectivores), the ! " C.g) refers to the predicted ! " C
of their prey. ! " Nsgg«data are presented as raw values (Fig. 2.3). All raw data and equations are
presented in Table 2.1 and Dataset SI. Data from African mammals (10,71) also were

standardized following the criteria described above. Mammals were classified into six dietary

categories: herbivores (including browsers/grazers/folivores), frugivores, omnivores, carnivores,
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piscivores, and insectivores. Except for omnivores, animals were binned into one of these
categories when a dietary component (e.g., fruits for frugivores) represented >50% of the total
diet. Statistical analyses, within and between orders, across continents, and between dietary
guilds were conducted with both parametric (t-test, ANOVA) and non-parametric (Mann-
Whitney, Kruskal-Wallis) tests for significance. Unless noted, we report differences as
statistically significant when O-values of pairwise comparisons for both parametric and non-
parametric tests are $0.01.
RESULTS
2.3 1" Cuswof western Amazonian mammals

The taxa examined in this study included representatives of all non-volant mammal
groups present in western Amazonia (terrestrial: Artiodactyla, Carnivora, Didelphimorphia,
Lagomorpha, Perissodactyla, Primates, Rodentia, Xenarthra [Pilosa, and Cingulata]; and aquatic:
Cetacea and Sirenia). This sampling yields the most complete ! ** C isotopic characterization of a
closed canopy rainforest mammalian community to date. Our results document that western
Amazonian mammalian herbivores have a median ! " C.g)( of -27.4%o, ranging from -30.2 to -
12.3%o. This ~18%o range of variation is bracketed by the white-tailed titi monkey 6(##+5/81
spp. and the tapir 9(0+)31'-/))/1-)+4ht the lower end, and by the capybara J"%)$5.$/)31 at the

upper end, the latter being the only C4 consumer of all the mammals analyzed (Fig. 2.1).
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Amazonian artiodactyls (4 species, n=16; deer and peccaries, median ! " C_g)= -24.9%o),

show an isotope span of 3%, bracketed by the red brocket deer '(K(7('(7/)+5(&(  and the

collared peccary </5()+'-(L(53'at the lower and upper end respectively. Individuals of the

Amazonian tapir 9(0+)31'-/))/1-)+1the only perissodactyl occurring in the study area, show little

isotope variation (<3%o), with a median ! " C.g)( of -28.6%o (n=7). In contrast, the only lagomorph

in this study (the tapeti, >"#:+#(831'B)(1+#+/&dhbivs a large isotopic variation (5%o, median

1" C.g)= -28.2%o), even though the individuals sampled come from the same area (n=3). Rodents

(9 species, n=38) show ! " C_g)( values ranging from -28.8 to -12.3%o. This represents the largest

range of ! C_g)(span (16.5%o) of all western Amazonian herbivore clades, driven by the
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presence of the sole C4 consumer, the capybara (median ! " C.g)= -15.5%o). Primates, the group
best represented in our sampling (13 species, n=54), shows an isotopic span of 4.6%o, with
I'" C.g)( values ranging from -30.2%o (6(##+5/B31'%+158#$P5.6%o (black-headed night
monkey, E$-31'&+8)/A). Herbivorous xenarthrans (i.e., sloths) occupy a " C.g)( space of 3.6%o
and have a median ! " C.g)= -27.8%o (n=15). The only fully aquatic herbivore in our study, the
Amazonian manatee (Sirenia: 9)+5./5.31'+&3&83)t has a median ! " C.g)( falling within the
average values of terrestrial Amazonian C3 consumers (-26.6%o), and has a narrow intraspecific
I'"" C_g)( variation (2.3%o, n=5). The only member of Carnivora that actually is a primary
consumer, the frugivore <$-$1';#(:31(kinkajou, n=5), has a median ! " C.g)( of -27.4%o which
differs significantly from that of the other terrestrial carnivoran species.

Reported ! " C.g) values for secondary consumers reflects the ! C of the prey on which
they feed (e.g., in the case of a carnivore feeding on an herbivore, it represents the raw ! " Cio s
of the herbivore). For the clade Carnivora (excluding <$-$1), we applied an " *.+).g%3+)y= -1.3%o
(18), and an "*-)g%s+)y= 7.8%o for the aquatic predators in Cetacea (93). These secondary
consumers span an even larger range of ! " C_g)( variation than herbivores (22%o, from -32.9 to -
10.9%o, Fig. 1, Table 1). The lowest ! " C.g) values are observed among the piscivorous taxa: the
giant otter (Carnivora: <-/)$&3)('B)(1+#+/&14dddian ! " C.g)= -27.8%o, n=6) and the Amazon
River dolphin (N&+('8/$;;)/&1+fMian ! " C_)= -31.9%o, n=2). This predicted dietary value for
the piscivores is consistent with the very negative isotopic values of Amazonian fishes (81,89).
Terrestrial carnivores (<37(F'O(#+5-+1F'E-/#$5)&8d G/$0()%31 cluster at the upper end of the

isotopic spectrum with very high !'"* C.g)( values (median= -13.7%o, SD=0.9%o, n=13). This
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median ! " C.g)( (-13.7%o) for terrestrial carnivores matches the raw ! " Cio s values of artiodactyls
and some primates, rodents, and lagomorphs in our study.
Dietary ! " C reconstructions for the 7 insectivore species (one didelphid marsupial and
six xenarthrans) was more challenging because no experimental " *-+).g3+)y data are available
for this feeding guild. We thus applied a theoretical " *_g)@-gs00f 8%o for the insectivore-insect
I'" C offset (SI Appendix). The didelphid <.+#(&%/¥p. shows a median ! " C-g)f -23.2%0 (n=4)
and low variation among specimens (1.5%o). Armadillos and anteaters, the insectivorous
xenarthrans, have a dietary ! " C.g)( span of 2.5%o, ranging from -24.3 to -21.8%o (n=38).
Acknowledging that future empirical experimental studies might document different " *+)-g@3+)y
values for reconstructing insectivore diets, our related conclusions are conservative and do not
include the insectivore ! " C.g)( data.
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2.4'" Nxs. and hair-bioapatite ! " C enrichment

Sampling of a proteinaceous tissue (hair keratin) in addition to bioapatite enabled us to
analyze natural variations in the ! Nxgg:as well as a more nuanced view of dietary ! " C values
among Amazonian mammals (Fig. 2.3, Table 2.2). Indeed, these data enable us to test whether
the ‘expected’ offset between the ! " C of bioapatite and that of a proteinaceous tissue (keratin in
this study, "*#swan+&(9s proposed as indicative of trophic level (17,18), is met in this mammalian
assemblage. ! * Nxggvalues for 37 mammalian species span 10%o, ranging from Rodentia
(C+&$7"1'B)(&5Psrhedian ! N+gs+ 2.3%o0) to Carnivora (<-/)$&3)('B)(1+#+/&1Hiedian
I'' Nxggw 11.8%o0). The ! " Nxggwvalues of the primary consumers are significantly lower than those
of secondary consumers. There are no significant differences between bioapatite and keratin ! " C
enrichment (" *ss%a)+&@sWhen binning taxa into primary and secondary consumers (Fig. 2.3A).
Herbivores (1/&13'1-)+5rhowever, do have significantly higher " *ss0an)+2(salues than
frugivores, carnivores, and omnivores (at the 0.05 level), but do not differ significantly from
insectivores or piscivores. Differences between other dietary group comparisons were not found.
Primary consumers drive the large variation in the range of ! " C " *4so0a@)+&(svalues across this
mammalian community (>7%o, from 4.8 to 12.1%o, Fig. 2.3A). In contrast, secondary consumers
cluster within a narrow range of " *ssoean)+&alues (2%o, from 6.4 to 8.3%o). Frugivores show the
lowest " *ss00a)+&(svalues of the entire mammalian community (range= 4.8 to 8.2%o). When ! C
enrichment between diet and keratin (" *.g)@)+s(g51s assessed instead of " *xsoean)+&gsWe observe
the expected clustering of carnivores at the lower extreme of " *_g)@)+&s¥alues, and primary

consumers with significantly higher " * g as+sgsyalues than carnivores. The "* g)@1+g¢@mong

39



primary consumers spans 6%o, ranging from 0.2 to 6.3%o (Fig. 2.3B). Significant differences

were only found in the "* g @)+ssbetween herbivores and frugivores.
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DISCUSSION

2.5 Comparisons of ! Cysyof mammalian herbivore communities from western

Amazonia and equatorial Africa

Only one C4 consumer was identified in western Amazonia whereas at least three C4

specialists exist in African rainforests (Fig. 2.2, SI Appendix Fig. S3). None of the Amazonian

species analyzed (representing >90% of all herbivores above 1 kg body mass in the study area)

fills the carbon isotopic niche occupied by African understory forest dwellers. The breadth of

isotope ! " C.g)( values exhibited by herbivorous mammals in both continents is comparable (21%o

vs 18%o in Africa and SA respectively), but while the isotopic range in Amazonia is driven

primarily by the positive signatures of the only C4 consumer (the capybara), in equatorial Africa

this similarly broad range is driven instead by the extremely negative ! " C.g)( values (<-30%o)
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observed in the few species feeding in the subcanopy stratum of the forest (the antelope
/$-)(831'B(-/1+ [Bates’s pygmy antelope], the giraffid DP(0+('L$.&1-$&dkapi], and some
individuals of the suid J"#$5.$/)31'7/+&/)-K.(8/&+[giant forest hog] among artiodactylsFand
the forest elephant GSH$%$&-('5"5#%-klAmazonia, no terrestrial mammal exhibits such
extreme negative ! " C_g)( values, even though species living and feeding in the subcanopy
stratum are represented in our analysis, and plants with ! C values as negative as the most
negative plants in Africa do exist in western Amazonia (80,81). Within a forest, the most
negative ! " C values are found in leaves growing in the understory, where light deprived
conditions increase isotope discrimination (94,95). In fact, a !''"C difference up to almost 5%o
can be seen within a single plant species, and a range of 10%o can occur across a vertical profile
of the canopy, depending on the amount of light received (86,94). Therefore, for mammals to
record such negative isotopic values, they have to be selective in which plants they eat, but most
importantly, where they do so. This foraging selectivity limits this extremely negative ! " C.gy
niche to selective-feeding forest dwelling herbivores, i.e., mammals almost exclusively eating
leaves growing deep in the understory. That mammals with median ! * C.g)( values <-30%o are
rare even in Africa, the only modern ecosystem where these values have so far been identified,
indicates that these signatures cannot be extrapolated as the “expected” isotopic signatures for all
mammals living in the subcanopy stratum of any rainforest nor to be used as an indispensable
indicator of rainforests. Subcanopy-feeding herbivorous mammals in western Amazonia today,
therefore, are consuming vegetation falling from the upper layers of the canopy, or consuming
items with a wide range of isotopic signatures (e.g., leaves growing under different degrees of
canopy closure, or incorporating a variety of food items in their diets), thereby averaging the

I'"" C of their energy pool to yield values closer to the typical median for rainforests.
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The median ! " C.g) of artiodactyls in South America and Africa are not significantly
different (Table 2.1). The isotope range exhibited by artiodactyls in Africa (>21%o, ranging from
-35.1%o to -13.7%0), however, is significantly larger than in South America (5%o, ranging from -
29%o to -24%o). This dramatic difference may result from the disparity in diversity of the
artiodactyl clade samples across the two continents (19 vs 4 species in our dataset, in South
America and Africa respectively), but we note that artiodactyls also are much more diverse in
Africa due to their long history on that continent and the extremely recent arrival of the group in
South America. The !* C.g) of primates in both continents differs significantly, but the

difference in means is only 1%o (mean !'"" C.g)= -28%o for SA primates, -27%o for African

primates) and fewer species were sampled in Africa, so this difference could be reduced or
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disappear with a more extensive sampling of the many other Aftrican rainforest primate species.
Rodents are poorly sampled in equatorial Africa (data were available for only one species, the
phiomorph E-./)3)31'(;)+5(&31[African brush-tailed porcupine]), but in western Amazonia
rodents span a broad ! " C.g)( range (16.5%o0), mainly driven by the ! " C.g) of the capybara, whose
exclusion decreases the breadth of ! " C.g)( variation in rodents to 5.5%o. This wide ! " C.g)( niche
occupation might also reflect the ecological diversity resulting from a relatively long
evolutionary history of caviomorphs on the continent (see last discussion section). With this
rationale, we also might expect Xenarthra (along with the marsupials, all of which are secondary
consumers) to occupy a large range of ! " C.g)( values because these are the only other survivor
groups from the original pool of mammals that existed in South America before the faunal
immigration waves that occurred throughout the mid-late Cenozoic. Modern herbivorous
xenarthrans (i.e., sloths), however, represent only 2% of the earlier diversity of the group in the
fossil record, and our results document that modern sloths are restricted to a very narrow ! " Cg)(
range (<4%o), consistent with their low modern taxonomic and ecological diversity (limited to
three species in western Amazonia).

Reconstructed ! " C.g)( for terrestrial carnivores (median= -13.7%o, excluding the
frugivore <$-$land the semiaquatic <-/)$&3)() match the raw ! " Cio s values of artiodactyls, as
well as of some primates, rodents, and the only lagomorph species in our study. This
reconstructed ! " C.g)( relies, however, on a " *)-g%3+)y= -1.3%o inferred from only specialized
hypercarnivores (18). This "*w).g%3+)y= -1.3%0 might be unrealistically low, because Amazonian
mammalian predators are rather opportunistic in their feeding behaviors (including insects, other
non-mammalian vertebrates, and plant elements in their diets). A more positive " *+).g%3+y value

would make the ! " C.g) of these faunivores match the ! " Cio s of most herbivores in this study,
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as it also could for the African genet O/&/--(, for which a "*w).g3+)y= -1.3%0 may not reflect
the omnivorous feeding behavior of this species.

The three aquatic mammals (Cetacea: N&+('8/$;;)/&1Qarnivora: <-/)$&3)('B)(1+#+/&1+1
and Sirenia: 9)+5./5.31'+&3&83)dxhibit ! " C.g values that all correspond to exclusive
consumption of food with carbon sources of C3 origin (Fig. 2.1). Among these, the two
piscivores (river dolphin and giant otter) show significantly different ! "' C_g) values (medians of -
32%o and -28%o respectively), with that of N&+Hjeing the most negative of all the species
sampled. The difference in ! " C.g)values of these two species might be due to N&Hfeing an
exclusive piscivore, whereas <-/)$&3)( is not. Indeed, <-/)$&3)( incorporates other vertebrates
and invertebrates in its diet (97), both of which have more positive ! " C values than usually
observed in Amazonian fishes. This broader feeding choice in <-/)$&3)( also is consistent with a
larger intraspecific ! " C_g)variation (Fig. 2.1, Table 2.1).

One key question in our study was whether or not it is possible to define a closed canopy
rainforest from mammalian isotope data. Our results show that the median ! " C_g)(of terrestrial
herbivores in South America (-27.4%o) and Africa (-26.9%o) are not significantly different. The
median !" C.g)for these two rainforests is -27.2%o (SD= 3.2%o, SE= 0.2%0), a value that could be
expected for mammalian herbivores living in any closed canopy tropical rainforest. Although
data are limited, the mean ! " C.g)( of non-rainforest mammalian communities seems to be higher
than -27.2%o (SI Appendix, Figs. S8 and S9). The -27.2%o value for closed canopy tropical
rainforests is nearly identical to the global mean !" C for plants (98). Our results show, however,
that the ! " C.g)( from mammalian data should not be expected to exactly reflect the ! " Cres
values, as the mean ! " Cgs(<of tropical rainforests is more negative than the global mean (-

31%o). That both Amazonian and African herbivores show an offset in their ! " C_g) relative to
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the overall rainforest " Cygs( values (medians -27.2%o vs -31%o respectively), documents
complexities in the incorporation of carbon from diet to tissues and the necessity of
comprehensive baseline studies to understand the processes underlying this offset and better

characterize the isotopic structure of these ecosystems.
2.6!" C enrichment between proteinaceous tissues and bioapatite

Increases in position within the trophic chain have been linked to stepwise rises in ! * N
values, with 3-4%o as the constant value usually invoked for each change in trophic level (19,99).
However, substantial variation in ! " N values among trophic guilds, and unexpectedly high ! N
values in some herbivorous species (overlapping that of carnivores), also have been identified
(18,19), making the use of ! N alone a potentially imprecise or even misleading proxy to
identify trophic levels (without knowledge of ! N baseline values and especially if comparing
taxa among habitats). Instead, case studies document that enrichment between the ! " C of
bioapatite and a proteinaceous tissue (" *ss@+%) is a more reliable method for assessing food
chain relationships (17,18). Carnivores and herbivores are expected to have opposite values
within the spectrum of " *ss0@+9%((low and high, respectively), while omnivores show
intermediate values. The rationale behind this expectation is that the type of digestive system
influences the degree to which food is degraded by fermentation or by endogenous enzymes
(affecting the subsequent degree of ! * C transformation of bioapatite relative to diet), and that
the contribution of different macronutrients (carbohydrates, proteins, and lipids) in the synthesis
of bioapatite and proteinaceous tissues differs according to feeding behavior and food choice
(17,100,101).

Our results show that this expectation is simplistic in a hyper diverse natural environment
like Amazonia, revealing intricacies associated with the breakdown of dietary macromolecules in
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a community of primary consumers mostly characterized by generalist taxa (i.e., ‘herbivores’
that incorporate a wide variety of plants, and some even animal elements, in their diets). Indeed,
of the 36 species of primary consumers analyzed, only six can be classified as obligate
herbivores (i.e., animals whose fundamental niche precludes them from incorporating any animal
tissues in their diets: 2)(%"031 9)+5./5.31F">"#:+#(831'%)$5.$/)31, and two species of
6$/&%%$3. Of these, only 2)(%"031and 6$/&%$3re classifiable as obligatory specialists (i.e.,
very narrow realized niche and diet (102)), corroborated by their narrow intraspecific ! " C_g)(
values. Contrary to findings in other studies (e.g., (18)), frugivores rather than secondary
consumers had the lowest " *ss0.a)+8(s3alues, a result that could be explained by the high lipid
content of Amazonian fruits and seeds (103). Body protein tracks dietary protein, whereas
bioapatite tracks bulk diet (i.e., the combination of all three macronutrients: carbohydrates,
proteins, and lipids). Diets with high lipid content will decrease the ! " C of the whole diet,
because lipids are " C-depleted relative to other macronutrients. This more negative ! " C.g) will
then be imprinted in the ! " Csswees(thus now closer in its ! * C value to proteinaceous tissues).
Even though low " *ss0%an)+&@@mong some frugivores might also be interpreted as reflecting
omnivory, in the current paradigm, omnivores would not be expected to show lower " *4soegn)+&($5
values than true carnivores or insectivores. Alternatively, these results can be explained with an
utilization of macromolecules and energy ratios that are inconsistent with traditional herbivore
macronutrient profiles, as recently identified in an obligate specialist herbivore (104). Indeed,
that study (104) revealed that by switching foraging areas associated with asynchronous
phenologies of two bamboo species, giant pandas maximized their protein intake and minimized
their fiber ingesta. This resulted in a dietary macronutrient composition that equates to that of

hypercarnivores because of similar reliance on proteins, albeit plant rather than animal, as the
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dominant macronutrient source. With such a high percentage of energy coming from dietary
protein (instead of carbohydrates, as in most herbivores), we also predict that pandas will show
low values in the " *#s%g+9%Spectrum, when measured. The lower than expected values in " *#s%g
s+ @®bserved in some Amazonian herbivore species might be explained in a similar way. Other
studies have also shown highly variable " *ss0@+%(ssvalues within a free-ranging herbivore
mammalian community (105), as well as " *sswg+9%(sgpoorly distinguishing trophic levels (106),
suggesting that the " *ssug+0(sswithin dietary categories (especially among primary consumers)

should not be expected to be uniform.
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The lack of trophic level segregation in the " *ssug+w(spectrum leads to reconsideration of
tacit assumptions underlying this expectation: (1) diet-bioapatite enrichment within the herbivore
primary consumer guild is not significantly different among species, (2) the general dietary

macronutrient profile of herbivores and carnivores is always different, and/or (3) ! C

enrichment between animals’ proteinaceous tissues and dietary protein is relatively constant.
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The invalidity of the first assumption becomes evident when plotting enrichment between
diet and keratin (" *_g)@)+&(35Fig. 2.3B) rather than between bioapatite and keratin. Indeed, after
correcting for diet-bioapatite enrichment values, we observe the expected segregation of
carnivores at the lower extreme of "*_g)@a)+g$values and primary consumers showing
significantly higher "*_g)@)+ss3alues. Among primary consumers, the obligate herbivores
J"%)$5.$/)31 and the two 6$/&%$3pecies (Rodentia) show the lowest " *.g)@)+&svalues (Fig.
2.3B). Even using a higher "*.¢)@swea@yalue (e.g., the older uniform value of 14%o) than our
body mass-corrected values to reconstruct the dietary ! " C (11.8%o for 4 kg 635/&%$3and 12.7%o
for 50 kg J"%)$5.$/)31) does not place these species at the uppermost extreme of the " *.g)@)+&($5
spectrum, as would be expected for obligate herbivores. Furthermore, the specialized obligate
folivore 2)(%"031 a species with a known controlled-feeding " *_g)@sws e syalue (92) also shows
"* g)@)+a@values at the lower end of that for all primary consumers, suggesting that dietary traits
(in addition to or rather than physiological traits) might be involved instead.

That many Amazonian mammals do not fall in the ‘expected’ place in the " *#s0e'5.(36+&($5
spectrum, when classified by their feeding choice, calls into question the predictive power of
traditional dietary ecological classifications for bioapatite-protein isotopic offset expectations.
Analysis of the hyperdiverse Amazonian closed-canopy rainforest mammal community shows
that the widely held assumption of distinct macronutrient profiles between carnivores-herbivores
and specialists-generalists is not always met (104,107), and a better characterization of the
mixture of nutrients in an organism’s diet (rather than just the kinds of food or energy content)
are necessary to fully understand diet-tissue isotopic fractionations. Indeed, the large range in the
"* $)3+&@@mong Amazonian primary consumers illustrates previously unexpected complexities

associated with routing of macronutrients for protein synthesis. The low " *.g)@as%s-asgalues in
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obligate herbivores like J"%)$5.$/)31, 6$/&%$3E+&$7"Lor 2)(%"031suggest that dietary
proteins are supplying their amino acid needs for keratin synthesis. In contrast, the large "*.)3
#s%&(s() values observed in most frugivore species suggest that these species are synthesizing
amino acids %/'&$:$(likely from carbohydrates) to produce keratin (Fig. 2.3B).

2.7 Potential influence of Pleistocene extinction on niche occupation of Amazonian

mammals

“.. N;L/$-)P0+5(#/5$#$8+1-1'(&%'/:$#3-+$&() "B+S#$8+1-1"*+1 7-68/67-H/(-1'
;)3+-F*.$'5()+/1'1-+5P"1//%1F'(&%'*.$'B)$*1/1F'8)(K/1F'-)(7T0#/1F'(&%":$+%1'-.(-'1/87/&-'$;'-.I'
(B+-(-"-.(-*$3#%'".(:/'B/I&*+- +&'-.I)I(5.'$;' (. ) +/-"'$;'7/8( ;(3&(#'-)3&P1F'-31P1F'1&$3-1F
-$&83/1F'(&%'-/I-.F'-./'7T+11+&8'7/8(;(3&('731/B$&1+%/)/%” Janzen and Martin, 1982.
“Neotropical anachronisms: the fruits the gomphotheres ate”

Amazonia is the world’s largest rainforest, and western Amazonia in particular is further
considered to harbor the highest modern mammalian diversity on the planet (108,109). Yet, the
isotopic space occupied by mammalian herbivores there is narrower than that of equatorial
Africa, even though the sampled Amazonian localities span a wider latitudinal range and
Amazon closed-canopy rainforest vegetation exhibits a similar ! " C.gyrange to that observed for
African plants. Why do equatorial African mammals exploit a broader spectrum of resources
than Western Amazonian mammals? Why do Amazonian mammals not consume all available
plant resources in the forest, instead occupying a comparatively narrower breadth of isotopic
niches than in Africa? The ! " C.g)( data from terrestrial equatorial African mammals indicate that
four artiodactyl species exploit resources at the isotopic extremes in a closed canopy rainforest,
among these are two pure C4 consumers (>"&5/)31'5(;;/)'&(&31and <.(5$5.$/)31'(;)+5 (&31)

and two forest dwellers with extremely negative ! " C.g)values (,/$-)(831'B(-/1+ and DP(0+('
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L$.&1-$&although some individuals of the suid J"#$5.$/)31'7/+&/)-K.(8/&+ as well as the
forest elephant GSH$%$&-('5"5#%¢d show ! " C_g)< -30%o). In South America, only one rodent
species occupies the upper isotopic extreme (C4 consumer space) and no Amazonian mammal
seems to be feeding (at least exclusively) on the most isotopically negative plants (i.e., in the
isotopic space occupied by ,/$-)(831 and DP(0+(in Africa). Assessing these differences
requires comparison of the herbivorous mammalian communities in South America and Africa in
biological traits that might influence isotopic niche occupation. One important distinction is
substrate occupation. In Africa, 73% of the species sampled are obligately terrestrial, whereas
these represent only 39% of the Amazonian sample. This is relevant because terrestrial mammals
are those most likely to feed on plants growing in the lowest stratum of the forest, the understory.
The difference in the number of terrestrial Amazonian species is not a flaw in our sampling
design; there simply are fewer exclusively terrestrial mammals in modern Amazonia than in
Africa, and particularly in the much lower number of ungulate (artiodactyls, perissodactyls)
species. A similar situation pertains for numbers of obligate herbivores (~14% in Amazonia vs
>60% in equatorial Africa), which also might influence the smaller breadth of ! " C.g)( values
observed in Amazonian mammals. Therefore, arguably the most important variable, one that
encompasses the biological traits differing between the mammalian communities of these two
tropical rainforests (e.g., substrate occupation, feeding niches, body mass), is the distinct
evolutionary time, and therefore feeding guild scope, represented by clades in both continents
(Fig. 4). Indeed, while the evolutionary history of most lineages of modern terrestrial African
mammals can be traced back to the Paleogene, only caviomorph rodents can be considered as
terrestrial herbivores native to South America prior to the late Pliocene-Pleistocene Great

American Biotic Interchange (GABI). And caviomorphs represent, in fact, the group of
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mammals with the largest ! " C_g)(range in Amazonia. Given that species diversification is often
followed by niche evolution (110), and that diversification is related to evolutionary time (111),
time may be an important factor in determining the breadth and variety of isotopic fundamental
niches that species within a mammalian herbivore community can exhibit. The modern
mammalian communities in equatorial South America and Africa therefore are not strictly
comparable ecologically, because the former represents a post-extinction ecosystem, whereas the
latter was not comparably affected. By eliminating all of the ancient Paleogene lineages of
endemic South American terrestrial herbivorous mammals (e.g., terrestrial sloths, and now
entirely extinct South American native ungulates [notoungulates, litopterns]), as well as many
groups of large herbivores that arrived only during the GABI (e.g., proboscideans,
perissodactyls, etc.), the Pleistocene extinction event dramatically reduced the evolutionary time
(phylogenetic scope) represented by survivors in the modern Amazonian mammalian
community. Thus, even though our sampling of extant Amazonian herbivores (terrestrial and
non-terrestrial) better encompasses the total phylogenetic diversity of the ecosystem than does
the African sample, the shorter evolutionary time and restricted phylogenetic breadth represented
by modern South American mammals arguably explains the more restricted isotope space

occupation compared to Africa (Fig. 2.4).
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Although it remains to be tested, we propose that sampling some of the mammals that
became extinct in the Pleistocene might broaden the spectrum of isotopic niches observed in
modern Amazonia (e.g., recovering some of the isotopic values <-30%o observed in Africa, and
reflecting that of known Neotropical plants). This range of ecologies that does not currently
occur in Amazonia could have been occupied by clades of terrestrial mammalian herbivores with
no close extant relatives (e.g., notoungulates, litopterns) that are known to have gone extinct
recently, groups of herbivores with unparalleled physiological traits (e.g., extinct giant ground
sloths, the largest foregut fermenters that have ever existed), and other mammals that occupied
currently empty body mass categories (e.g., >200 kg). Analysis of the large-bodied Pleistocene
herbivore 9$H$%$@& notoungulate, one of the 66 or more megafaunal species that became
extinct in the Pleistocene of South America (112)) from a broad latitudinal range in the Americas
showed exclusive consumption of C4 plants at high latitudes but C3 plants in the Amazon (113).

The calculated ! " C.g) of Amazonian toxodonts (median ! " C-g)= -27%o0) was found to be lower
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than modern Amazonian artiodactyls, although still not as negative as the African subcanopy
feeders (i.e., ! " C-g)< -30%o0). Although other studies have isotopically characterized Pleistocene
taxa at high latitudes in South America (114,115), no isotopic characterization of Pleistocene
mammalian communities from closed-canopy rainforests has yet been done because of limited
known localities from these habitats, where plants with ! " C <-30%o are present and may have
been consumed by recently extinct herbivore lineages, as is observed in equatorial Africa today.
Isotopic characterization of the Pleistocene Amazonian mammalian community also could better
inform understanding of the influence of the extinct megafauna on the realized niches of modern
Amazonian mammals, by revealing if surviving lineages shifted or expanded their feeding
ecologies (and isotope niche occupation) after the extirpation of those species from the
ecosystem. Indeed, Pleistocene megafaunal extinction was suggested to be responsible for
expansion of modern deer into their current ! " C.g)( niche within temperate North American
habitats (116). Alternative potential explanations for the restricted isotopic occupation observed
in the modern Amazonian mammalian herbivore community might include inherent traits
reflecting their narrower feeding diversity compared to equatorial African mammals, or a
sampling bias. Given that isotopically similar plant resources are available in both rainforests
(C4 grasses, and plants with ! " C<-30%o), that Amazonian mammals might specifically avoid
consuming these resources would be intriguing. Our sampling is limited for mammals <0.3 kg,
which might be consuming the highly negative understory plants, but includes more than 80% of
all larger species in the sampling area, spanning the body sizes of taxa with highly negative
values in Africa. Excluding marsupials, which are omnivores, the only terrestrial herbivorous
mammals <0.3 kg are rodents, and small rodents are not represented at all in the African sample.

Future empirical geochemical sampling and paleontological field efforts in pre-Holocene
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deposits of Amazonia will test our hypothesis of the impact of Pleistocene extinctions and
alternative explanations, and should reveal new questions involving complexities of ecological
interactions over time in what was perhaps the most biodiverse continental ecosystem in Earth

history.
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Home to more than half of Earth’s land biota, South America contains the largest
diversity of terrestrial mammals (109). Little is known, however, of how mammalian
communities were ecologically structured before the megafaunal extinctions of the last ice age
(Pleistocene) where more than 80% of mammals above 40 kg became extinct (112). Indeed, the
paleoecological characterization of South American (SA) fossil mammals is particularly
challenging because their communities have no full analogs in modern or fossil guilds from other
continents due to marked taxonomic distinctions and large numbers of entirely extinct clades
(117). Part of the explanation for this perceived uniqueness is the depauperate abundance and
diversity of its mammalian carnivore fauna throughout the Cenozoic, as suggested by a number
of analytical methods. Allometric functions relating population densities and body mass have
suggested that pre-Pleistocene SA mammalian communities were ecologically imbalanced,
because the biomass of herbivores significantly surpassed the energetic requirements of
carnivores (22). Likewise, it has been suggested that fossil ecosystems could not have supported
the plant biomass demands of all of the presumed large herbivores, and as a consequence there
must be secondary consumers disguised as herbivores in the fossil record (22). Because of their
simple (and potentially functionally versatile) dentitions and high taxonomic diversity, fossil

sloths have been identified as the most likely candidates to have occupied scavenger niches (22).
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Modern sloths, however, are obligate tropical arboreal herbivores, an extreme case of feeding
specialization involving the exploitation of food of low nutritional quality, with the extra
physiological challenges entailed by the poor digestibility of plant allelochemicals (92). The
traditional consensus is that fossil sloths also were obligate herbivores like their modern relatives
(mostly based on craniodental morphology analyses and a presumption of common dietary
adaptation across the group). Yet their extremely high diversity and incredibly broad range of
niches, body sizes, and inferred habitats, including even a marine sloth (118), suggest that the
hundreds of known species of fossil sloths were ecologically much more versatile than
traditionally thought. Considering that xenarthrans (the group including modern sloths, anteaters,
armadillos, and a many extinct close relatives) comprised an important proportion of South
American mammalian diversity until as late as 12,000 years ago (25), evaluating xenarthrans’
trophic relationships is crucial for understanding the evolution of Neotropical mammalian
biodiversity as a whole, as well as the interplay between resource availability, ecological
functions among xenarthrans, and competition within and across mammalian clades in the
continent over the Cenozoic.

Isotopic analyses are now widely used in ecological and paleoecological studies. These
techniques rely on two underlying premises. First, that isotopic values of any given chemical
element differ across diverse pools and reservoirs in the biosphere, and therefore that different
foods and waters are isotopically varied. Second, because an individual’s body tissues are
synthesized from the food and water they ingest, their body tissues are isotopically linked in a
predictable way to their food/water intake (119). Thus, stable isotope analyses offer a rare route
to document the consumed diet itself, rather than through indirect inferences based on

morphological indicators, representing a particularly useful and potentially more reliable method
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to be applied to fossil samples. Traditionally, bulk nitrogen stable isotope analyses (! N) have
been used to evaluate trophic interactions due to an often-found increase of 3-5%o in ! " N per
trophic level change (17,18). However, substantial variation in ! * N values has also been
observed among trophic guilds (18,19), indicating that the use of ! N alone can be a misleading
proxy to identify trophic levels. Indeed, interpretation of bulk ! * N often fail to acknowledge
variations in baseline ! " N values within an ecosystem, which can greatly differ depending on
the way primary producers synthesize nitrogen and the isotopically different types of inorganic
nitrogen sources available (e.g., Ng, NH+, NO¥, (20)). Amino acid compound specific isotope
analysis (AACSIA), a more recent technique that measures and evaluates the ! N of specific
amino acids, overcomes the issue of unknown or variable baseline ! N values because it records
both the baseline and the trophic ! N in the same organism (12,16,28,120,121). Indeed, studies
have shown that certain amino acids experience little change in their ! N values from diet to
consumer (12,120). In contrast, the ! * N of some other amino acids differ significantly in
consumers’ tissues relative to their diets. The explanation behind this observation relies on the
extent to which amino acids exchange their amino-nitrogens with the overall metabolic pool of
nitrogen, and subsequent minimal or large ! * N isotopic fractionations experienced during
metabolism (15). Amino acids that readily exchange their amino-nitrogens and experience large
isotopic fractionations have been termed “trophic” amino acids (i.e., glutamic acid, aspartic acid,
alanine, isoleucine, leucine, proline, valine), whereas those that experience minimal exchange of
their amino-nitrogens, and are closer in their ! " N values to that of the diet, are known as
“source” amino acids (15,16). The higher the trophic position of the organism under study, the
greater the number of metabolic cycles in which their amino-nitrogens will be involved

(especially the ‘trophic’ AAs), and therefore, the greater the expected isotope fractionation.

57



Among ‘trophic’ AAs, glutamic acid (Glx) has been observed to experience a constant change in
its I * N with each trophic level transfer relative to the original dietary GIx ! * N value, which is
why it is preferred over other “trophic” amino acids for calculating trophic positions. Likewise,
among source amino acids, phenylalanine (Phe) has been observed to experience a constant
minimal change in its ! N relative to dietary Phe values which can explain its use over other
“source” amino acids (28). Glutamic acid and phenylalanine have thus become the two canonical
“trophic” and “source” amino acids, and thus are used to calculate the trophic positions of
organisms (12,14,16,28,120,121), although a few studies have instead proposed a combination of
trophic and source amino acids to calculate trophic levels (20,122).

The application of AACSIA for ecological purposes, however, is not without caveats, as
determination of food web dynamics using these methods relies on some poorly tested
assumptions. The foundational studies of AACSIA were based mainly on marine ecosystems,
and the validity of the method for application in terrestrial ecosystems has not yet been
thoroughly evaluated. Furthermore, the technique relies on the assumptions that the isotopic
differences among glutamic acid and phenylalanine in primary producers (B value), and the " N-
enrichment of glutamic acid and phenylalanine between consumer and diet (trophic
discrimination or enrichment factor, TDF or TEF), both are constant across all organisms. A f3
value of -8.4%o has been accepted as representative of C3 ecosystems, whereas the standard TDF
value used to calculate trophic positions of all organisms is 7.6%o (28). These values already are
being used to calculate trophic positions of terrestrial vertebrates, including mammals, even
though they have not yet been thoroughly examined in terrestrial ecosystems (indeed the 3 value
of -8.4%o is based on a few number of plant species, whereas the TDF value is based solely on

marine invertebrates, fishes, and insects (12,121). The technique is been used in archaeological,
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anthropological, and paleontological research (e.g., to evaluate dietary practices of ancient
humans and other hominid species (e.g., (14)). Yet, the only controlled experimental study on a
mammalian species, 2$1'-(3)31, (123), showed different f and TDF values than those used in the
Chikaraishi et al. (2011) equation based on marine systems, suggesting that these values cannot
be applied directly across food webs and ecosystems.

The objectives of this chapter, therefore, are twofold. First, it aims to rigorously test a
controversial hypothesis of carnivory and consumption of proteins of animal origin on two fossil
sloth species by means of ! " N AACSIA: "#$%%$&'%()*+&ahd ,$-.)$-./)+$01'1.(1-/&1+1 But
in order to confidently achieve that goal using this analytical technique, I will first test if the
underlying assumptions behind the method hold true for modern sloths and other closely related
species under different, known feeding regimes. Thus, this project has two stages:

1.! to test whether there is a consistent relationship between the ! * N of dietary and
consumer amino acids for different modern xenarthran species under different feeding
regimes, to provide a potentially reliable baseline for interpretation of ! * N AACSIA of
fossil samples, and

2.! to test previous hypotheses about the feeding ecology of two fossil sloth species,
I"#$%$&'%()*+&and ,$-.)$-./)+$01'1.(1-/&1+1 through the AACSIA !'* N analyses,
and determine whether meat might have been a significant component of the diet of these

presumed herbivore specialists.
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MATERIALS AND METHODS

3.1 Animal and diet samples

Hair samples for two Pleistocene fossil sloth species (Mammalia: Xenarthra) were
included in this study: !"#$%%$&'%()*+&tMylodon Cave, Chile, 2 specimens, 3 samples, AMNH
FM 96263, AMNH NN, FCNYM-UNLP SN) and ,$-.)$-./)+$01'1.(1-/&1+1(New Mexico,
USA, 1 specimen, YPM VP 013198). Hair and diet samples for five modern xenarthran species
(2)(%"031":()+/8(-31[n=2, three-toed sloth], 6.$#$/031".$;;7(&+Hn= 5, two-toed sloth],
6"5#%$0/1'%+%(5-"#822, silky anteater], 9(7(&%03('-/-)(%(5-"#( [n=35, lesser anteater], and
I"7/5%$0.(8(-)+%(5-"#( [n=2, giant anteater]), kept under controlled feeding conditions, were
sampled from the Huachipa Zoo (Lima, Peru) in 2018 and 2019 (Tables 3.1-3.6). Fossil and
modern specimens were analyzed for bulk ! N, as well as for ! * N amino acid compound
specific isotope analysis (AACSIA) at the Department of Geology and Geophysics, University of
Hawaii at Manoa (Figs. 3.1-3.8; Tables 3.1-3.10). To evaluate the homogeneity or heterogeneity
of diets over the time represented by a hair, hair strands for all species (modern and fossils) were
sectioned in 0.5 or 1 cm sections and analyzed for bulk ! N prior to AACSIA (Fig. 3.2). If not
significant differences were found among the different hair sections, entire hair strands then were
homogenized and analyzed for AACSIA !'" N; otherwise, sections with significantly different
bulk !'" N were analyzed separately for AACSIA !'" N. Diet samples for the modern species were
also sampled for bulk and AACSIA !'" N. Dietary items for the species with mixed diets were
isolated and analyzed for bulk ! * N. !* N AACSIA were conducted on the homogenized mixed
diets prior to the isotopic analyses, in the proportion of each individual dietary item given to the

individual animals at the zoo.
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Among the modern species, only the three-toed sloth 2)(%"031is an obligate herbivore
with a monospecific diet (exclusively feeding on young sprouts of 4+531'/#(1-+5the rubber
plant). The biology of 6"5#3$0/1'%+%(5-"#81ky or pygmy anteater) is not well known in the
wild (it is the least studied of xenarthrans), but it is described as a strict insectivore (Best &
Harada 1985). In the zoo, the analyzed specimens are fed a 1:1 formula of two animal protein
mixtures (milk replacers, Table 3.5). The other three xenarthran species, the two-toed sloth
6.$#%$/031 (an herbivore in the wild) and the anteaters !")7/5%$0.(8(  and 9(7(&%3(
(insectivores in the wild) in the zoo are fed a combination of 8 and 9 items respectively,

including items of animal origin. Details for all of the diets are described in Tables 3.2-3.6.
3.2 Amino acid ! * N from hair Kkeratin and diets

Hair strands of ten modern specimens, four dietary samples, and four fossil hair samples
were analyzed via ! * N AACSIA. Thirteen amino acids were consistently measured in all
samples: four “source” amino acids (phenylalanine [Phe], glycine [Gly], lysine [Lys], and serine
[Ser]), eight “trophic” amino acids (glutamic acid [Glx, actually combined glutamic
acid+glutamine], proline [Pro], alanine [Ala], aspartic acid [Asx], valine [Val], leucine [Leu],
and isoleucine [Iso]), and the “metabolic” amino acid threonine (Thr). Nomenclature for
“source”, “trophic”, and “metabolic” amino acids follows (15,16). In a few cases, ! N values for
the source amino acids tyrosine (Tyr) and methionine (Met) also were recovered. The metabolic
AA Thr is the most depleted in * N in all the animal samples, so when describing the lower end
of the I'" N range of AA values, Thr and the next AA with lowest ! N are included. The analysis

of both consumer and diet samples permit calculation of trophic discrimination in !'* N from

dietary protein to hair keratin for each AA. This is referred to as “big delta” (% N.ws<cBps$)).
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3.3 Nitrogen isotope analyses of amino acids

Amino acids are chemically isolated and purified from sample material prior to
derivatization and esterification in preparation for GC-IRMS analysis. Samples are then analyzed
using either a Thermo Scientific Delta V Plus or a Thermo Scientific MAT 253 mass
spectrometer interfaced with a Thermo Finnigan Trace GC gas chromatograph via a Thermo
Finnigan GC-C III.

Amino acids measured using this technique include alanine (Ala), glycine (Gly),
isoleucine (Iso), leucine (Leu), lysine (Lys), methionine (Met), phenylalanine (Phe), proline
(Pro), serine (Ser), threonine (Thr), tyrosine (Tyr), and valine (Val). Additionally, the terminal
amide groups in glutamine (Gln) and aspartamine (Asn) are cleaved during the chemical
isolation of amino acids, the result being the conversion of these amino acids to glutamic acid
(Glu) and aspartic acid (Asp), respectively. Thus, the isotope value of a combined Glu + Gln is
measured (termed Glx), and the isotope value of a combined Asn + Asp is measured (termed
Asx). Internal reference compounds, L-2-Aminoadipic acid (AAA) and L-(+)-Norleucine (Nor)
of known nitrogen isotopic composition, are co-injected with samples and used to normalize the
measured isotope values of unknown amino acids and determine accuracy and precision.
Between triplicate runs of each sample, a suite of these 14 amino acids of known isotopic
composition are analyzed; AAA and Nor are also co-injected with these amino acids. For
isotopic correction of unknown amino acids when co-injected standards are unusable due to co-
elution effects, a linear correction is derived from the amino acid suites run immediately before
and after the triplicate sample analysis and applied to measured isotope ratios. All amino acids
are analyzed in triplicate and isotopic values are reported in d-notation relative to atmospheric

Ns.
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3.4 Trophic position estimation and testing
The predictive power of the widely applied equation of (12) to calculate the trophic level
of the modern species with known diets first was evaluated. The equation for any studied tissue

sampled is described as:

g g S see sﬁ)%%'*”f; H#S 4 oo @B (Eq. 1)

Where # is the difference between the ! N of GIx (! N o ) and Phe (! " N1+)) in the
ecosystem’s primary producer, and TDF is the offsetin ! " N o relative to ! N1+ with
increasing trophic level, i.e., TDF= (Glx:%s<cB)+ Glx-$)() — (Phe:ws<cp)+ Phe-g)). The # and TDF
values used were -8.4%o and 7.6%o respectively, as described previously (28,121). The trophic
level estimated via this equation was then assessed for reliability relative to the known

diets/trophic level of the animals sampled.

RESULTS

3.5 Bulk ! N of hair keratin and diets of modern species
2)(%"031":()+/8(-31(three-toed sloth). Hair strands for the two 2)(%"031specimens
were sectioned in 4 or 5 segments of 0.5 cm each (Table 3.1). The median ! N of 2)(%"0312
hair samples is 10.9%o + 0.3%o, ranging from 10.5%o to 11.4%0 across the segments and
individual hair samples (Fig. 1, Table 1). Differences in bulk ! * N for 2)(%"031Z hair segments
within and among specimens are significant (O-value= 0.02 and 0.05 respectively), but within
instrument error (0.4-0.6%o). The median ! " N of the diet for 2)(%"031(sampled weekly for 10

weeks in 2016, and once in 2018 and 2019) was 7.1%o + 0.7%o (Table 3.2).
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I"#$% () &W+P?EK &/0&3=%8&="1-&2",4$%2&0/-&3=%&3>/&24% SN #HBX(08# " 3-5#4'( &
2",4%%8&16&LU'S&"68&LUT(&K//&_e&-%0%-2&3/&3=%&18%631015"31/6&:5=14<&6+,#%-&/0&3=%&24%

"3&3=%&\&/

Bulk ! SN (%0) Bradypus variegatus

Hair Zoo ID: 372836 Hair Zoo ID: 372840
segments 2018 2019 segments 2018 2019
0—-0.5cm 11.2 10.8 0—-0.5cm 11.1 11
0.5-1cm 10.9 10.7 0.5-1cm 11.1 10.7
I1-15cm 11.2 10.5 I1-15cm 11.2 10.7
1.5-2cm 11.4 10.5 1.5—end 10.8 10.6

2 -end 11.3 NA
Median 11.2 10.6 Median 11.1 10.7

"#$% A (DE&EW+H?EK&/0&3=Ya85%&'( h2&81%3&2" ASBRR(0- ,#(432t&-+##%-&4$"63<;&
2",4$%8&16&LU'Q;&LU'S;&"68&LU'T&:_e&6+,#%-2&%6B0B@QALNER/-&LU'T;&-%24%53%

6.5#%5/031".$;;7(&++two-toed sloth). The median ! " N of 6.$#%$/031 hair samples is
7.2%0 £ 1.1%o, ranging from 6.7%o to 8%o across the segments and individual hair samples (Fig.
3.1, Table 3.3). The median ! " N of the homogenized diet of 6.$#%$/031 (collected weekly for 7

weeks in 2016, and once in 2019) was 2.5%o (£ 0.2%o0), ranging from 2%o to 2.8%o (Table 3.4).

Bradypus’ diet Sample ID 15N (%)
I"#$%&' () %0*8¢) BRA-DIET2019 8.5
BRA-DIET2018 7.0
BRA-05-01-16 6.1
BRA-06-01-16 7.2
BRA-07-01-16 6.0
BRA-08-01-16 6.8
BRA-09-01-16 7.4
BRA-10-01-16 6.7
BRA-11-01-16 6.9
CHO-04-01-16H 7.0
BRA-05-01-16 7.7
BRA-05-01-16 7.7
"#3$%E& 7.1+£0.7
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"#$% N (N&W+H?EK&/08&3=%&="1-&2",4$%2&0/-&3=%&8100%-%63&24%458-&{62&/0&
*+771#/33R",4$%8&16&L8&: 7=/AJ' AT&3/&7T=IAJAAT<&"68&LU T&: 7TAIRT&3I/&7=IR AT<(&k//I&
_e&-%0%-2&3/&3=%&18%631015"31/6&:5=14<8E% &P BDE, %06 & "3&3=80&V//(

Bulk ! 5N (%)
Zoo ID Sample ID Choloepus hoffmanii
2018 2019
373213 (Candy) Cho-01-19, Cho-11-19 8.0 7.6
373191 (Beny) Cho-02-19, Cho-10-19 7.7 7.6
373486 (Sandra) Cho-03-19, Cho-09-19 6.9 6.7
372841 (Speedy) Cho-05-19, Cho-08-19 7.2 7.1
373220 (Lia) Cho-04-19 7.6 -
Median 72+1.1
&

I"HS% N (PRW+H?EK&/OF+,+-&'( h&=/,/@%61V%8&81%3&2",4$%2&:_e&6+,#%l BEACAB&
'‘Q&>%-%&2",4$%8&16&LU'Q&"AB&ER16&3="3&.9&-<(

Choloepus’ diet Sample ID I 15N (%0)
Sweet potato, carrot, broccoli, | Cho-Di-2019 2.4
spinach, boiled quinoa, Cho-05-16 2.0
sprouts of rubber plant, Cho-06-16 25
Purina® Dog Chow, Cho-07-16 2.4
Aminomix® (protein Cho-08-16 28
supplement) Cho-09-16 2.4
Cho-10-16 2.6
Cho-11-16 2.6
"#$%& 2.5+0.2

6"5#30/1'%+%(5-"#B8gmy anteater). Three 6"5#3$0/1specimens were sampled in 2019.

The median ! " N of 6"5#$0/1 hair is 8.7%o + 0.2%o (Fig. 3.1, Table 3.5). 6"5#%$0/1diet at the

700 is a two-component animal protein milk replacer mixture (whey™R protein + Esbilac®

powder [dietary supplement]). The average ! * N for the diet of this species was 5.3%o % 0.1%o

(Table 3.5).
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I"H#$%8 (PEW+SPEK &/0&="1-8"68&81%382" ASNURIOE.-(0$3$#24%, (&

&

&

Hair keratin Diet samples
Sample ID 115N (%) Cyclopes’ diet Sample ID 1 5N
(%0)
Cy-01-19 (Paulina) | 8.3 Esbilac® powder, whey Cy-Fre-Dil9 | 5.3
Cy-02-19 (Freddy) | 8.7 protein (Gold standard 100% | Cy-Pa-Dil9
Cy-03-19 g7 whey™R French vanilla flavor) 5.2
I"#3$%& 87+0.2

9(7(&%3("-/-) (Yo (5-"#( (lesser anteater)'and'!")7/5%$0.(8("-)+%(5-"#(' (giant anteater).

Four 9(7(8&%3( and two !")7/5$0.(8(

9(7(& %3(s hair is 5.9%o = 0.2%o and that of 1")7/5%$0.(8(

3.6). 9(7(&%3( and !")7/5$0.(8(

a !’ N of 5.3%o (Table 3.6).

individuals were sampled in 2019. The median ! * N of

is 7%o0 + 0.2%o (Fig. 3.1, Table

’s diet (both are fed the same mixed diet at the zoo) showed

"H#$% N (RRW+H?8K&/0&3=%&="1-&"68&81%3&2" 4896 2R/PE&* #5#04"3$#24% 188 O
F#1#/$'#04-4"#$#24% #O#/3=&"63%"3%-&24%51%2&="1%&3=%& 28, %&81%3<(

Hair Keratin Diet ! '5SN (%o)

Taxon Sample ID | ! 5N (%o) Purina® Cat Chow, soy milk, 5.3
I")7/5%0.(8( Myr-01-19 | 6.8 boiled egg, carrot, horse meat,
17/5%$0.(8( Myr-02-19 | 7.1 banana, papaya, Aminomix®
9(7(&%3(' Ta-01-19 5.8 (protein supplement), Pecutrin®
9(7(&%3( Ta-03-19 59 (vitamin and mineral supplement)
9(7(&%3( Ta-04-19 5.8
9(7(&%3( Ta-05-19 6.1
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diet
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diet

Tamandua
diet
Myrmecophaga
Mylodon
Nothrotheriops

GCl@+-BH{R&W+H?EK&/0&3=%&="1-&2" , 283/ -&3=%&011%&,/8%-6&E%6"-3=-"6&24%51%2&
2" A$%881"#$Y%6& (08#"3-5#4'(GO)*+,+-&' (0*+771#/33G0)%2,+&-(0$3$#24%, (GOF#1#/$#0
4-4"H#S$H#24% 80" 1-2+&* #5#04"3$#24% ,#;&"68&3=%1-&81%32;&"2&>%P$$&"2&3=%8&0/221$&="1-&2",4$%2
0-/,8 %, +$+/0$#'C3/330688H+4*"+4*"3+&(0t#(4-/(3( (&
3.6 Bulk ! " N of hair Kkeratin for the fossil species
Hair samples for two specimens of "#$%%$& '%()*+&and one specimen of

,$-.)$-./)+$01'1.(1-/&1+1were sampled. Hair strands of one individual per species were
sectioned in 1 cm increments and analyzed for ! " N and molar C:N ratio (Fig. 3.2, Table 3.7).
The C:N molar ratio for "#$%$&is 3.6 and that for ,$-.)$-./)+$01 is 3.1 (Table 3.7). These C:N
molar ratios indicate that the samples are all well preserved, because they had values within the
range expected for extant mammal hair samples (i.e., <4). The ! **N value of the proximal 1 cm

was higher than the remaining length of the hair for both species and excluded for AACSIA.

Significant differences (p-value< 0.01) were found between !"#$%$& '%()*+&tsthair segments 3-
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4 plus 7-10 (mean= 2%o +0.1), and segments 2 plus 5-6 (mean= 3.5%o +0.6). Therefore, I decided
to homogenize segments 3-4 plus 7-10 and segments 2 plus 5-6 and to analyze them separately
for AACSIA !'" N. In contrast, when excluding the first centimeter (! " N=17.5%o), the ! " N
values of the remaining hair segments of ,$-.)$-./)+$01 are extremely consistent and not
significantly different (mean= 16%o £0.1). Due to these results, the first segment was excluded
for ,$-.)$-./)+$01 and the remaining hair segments homogenized and analyzed for AACSIA

1Y N.

Mylodon darwinii Nothrotheriops shastensis

4.01

15,

3.0 Z
i ° &

2.01 ° ° ° 16.0 4 °

Length (cm) Length (cm)

Gl@+-BR&*%-1"$&2",4$16 @&/0&3=%&="1-&0/-&3=%&0/221$& Q%+ EBK/DWB-C2R 33 &
:$%03<&"BB&*"+4*-"3+&(0(*#(4-/(3( & 1@=3<(&!=RRE2&-%4-%2%632&3=%&2%531/62&:5,<&/0&3=%&="1-&
"6"$.V%8,&U&/6&3=%&"E12&-%4-%2%632&3=%&4-/EX"$&2%531/6(

I"H$Y 8N (FEW+SPEK &:T&I2(&F \<&"68&7)K&-"31/&:,/$b,/$<&0/-&="1-8&2%@,%632&/0&
%b,+$+0$#'C3/338688H+4*"+4*-"3+8&(0(*#(4-1(3( (&

Mpylodon darwinii Nothrotheriops shastensis
Segments (cm) | &'°N C:N | Segments (cm) | 85N | C:N
bAy| MYm | aYl bAy| W YL| aYW
WX)| XY) | aY) WX)| WAYW aYy
xm)| XYW ]| aYl) xX@)| WLY | aYw
aM| wy aY’) aM)| WAYp| aYWw

ML) aYM aY’)
L) aYMm aY’)
AT XYW aY)
M| WY | aYl
V7)) WY ayl
TAD WYWVW | aYl
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3.7 AACSIA !'" N of hair Keratin and diet samples

Among source AAs in hair keratin, phenylalanine and serine have the highest ! * N values
for all species, whereas the source AAs with the highest ! N values in dietary components were
phenylalanine and glycine (Table 8-9). Among trophic AAs, those with highest ! N values in
the hair keratin were proline, isoleucine, and glutamic acid, whereas there was no consistency in
the " N values of trophic dietary AAs for the secondary consumers. The metabolic AA
threonine was the most depleted in * N for all samples and species.

2)(%"031":()+/8(-31 Hair samples of three 2)(%"031specimens were analyzed for ! * N
AACSIA (Fig. 3, Table 8). Median values of ! * N AAs of hair keratin are bracketed by the Thr
and Lys values (0.3%o and 9.7%o respectively) at the lower extreme and Pro (15.2%o) at the upper
end. Dietary AA !'" N values range from Leu (6%o) to Phe (18.6%o; Table 3.9). There are no
significant differences between the mean ! " N of source (12%o) and trophic (13%o) AAs (p-
value=0.3) in hair keratin of 2)(%"031 nor between source (11.3%o) and trophic (9.2%o) AAs (p-
value>0.1) in the diet of 2)(%"031 Offsets in ! * N from diet to hair keratin (% N.ws<cps)() vary
among AAs, ranging from Thr and Phe (-8.5%o0 and -4.5%o respectively) to Pro (6%eo).
Differences in the % N.ys<ceps) between source (0.6%o) and trophic (4.0%o) AAs are not
significant (p-value= 0.2). Of the four source AAs evaluated, only Lys and Gly have % N.oss<cep
-g)( within one standard deviation of ~0%eo. In contrast, Phe (-4.5%o +1.28) and Ser (5.7%o0 +0.95)

have % N;os<ceps) values even larger than many trophic AAs, including Glx.
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Phe  Gly Lys Ser Glx Pro Ala Asx Val Leu Iso Thr  Bulk

Gl@+-PBH%81"8& K&I"$+%28&0/-&1681118+"$&FFR#PLO&'( h&="1-&?%-"316&:-%8<&"68&
132&,/6/24%51015& BEBBM-, #(43283%"$<(&e100%-%65%2&#¥6BS%EHORE&="1-&?%68&168&
81%BE&K&I"$+%2&" K 657803(5%e<&0/-&%"5=&FF & #3$"5?7<&-%4-V6 20%668& 38" K snd &FF2&
2%4"-"3%8&163/&2/+-5%&:1=%;&m$.;&[.2;&*%-<;&3-/4=15& M$SE;&I-/;&F$",&F2E;&Nn"$;&[%+;&_2/<;&"68&
%3 "#/$15&:1=-<(&W+3$?&K &165$+8%8& 0% %-%65% (&J--/-&&%A-%2%63&0&'&23"68"-8&8%I1"31/6&
[0&,+$314$%&2",4$%2(<&/0&3=%&="1-&"6"$.V%8;&U&/6&3=%&"E12&-%4-%2%632&3&6&4-/E1,"$&2%E

6.$#$/031".$;;7(&++ Hair samples of three individuals of 6.$#$/031were analyzed for
I'' N AACSIA (Table 3.8). Median values of ! " N AAs of 6.$#$/031 hair keratin are bracketed

by Thr and Tyr (-5.5%0 and -3.8%o respectively) at the lower end and Pro (11.5%o) at the upper
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end (Fig. 3.4). Dietary AA !'* N ranges from Thr and Ser (0.3%o and 1.2%o respectively) to Ala
(8.6%o; Table 9). There are no significant differences between the mean ! N of source (6.3%o)
and trophic (9.8%0) AAs (p-value= 0.1) of 6.$#$/03 1 hair keratin, nor between source (3.7%o)
and trophic (5.9%o) AAs (p-value> 0.1) of 6.$#$/031" diet. Offset in ! N from diet to hair
keratin (% N.ys<cBps)() range from -5.9%o (Thr) and -1.7%o (Gly) to 8.1%o (Ser) in 6.$#$/031
Differences in mean % N.oss<cps$)( between source (2.6%o) and trophic (3.9%0) AAs are not

significant (p-value=0.5). Lys is the only source AA with a % N.ys<ceps)( value close to 0%o.

10

* :
. 7 ' Choloepus
<> ‘ { ? o diet
£ - /BN
Z . { g . consumer-diet
® !

{

Phe Gly Lys Ser Glx Pro Ala Asx Val Leu Iso Thr  Bulk

Gl@+-B{§&H%81"8& K&I"$+%2&0/-&1681118+"$&FFRM&&'( h&="1-&?%-"316&:-%8<&"68&
132&81%3&: 300PY’Y065%2&#%3FHIER( h&="1-&7?%-"316&"68JFIREIEH+%2&" K e+578923(
$%66<&0/-&%"5=&FF & #$"5?7<&-%4- P8 206638&:3 88" K sud &FF2&2%4"-"3%88&163/&2/+-5%&:1=%;&m$.;&
[.2;&*%-<;&3-/4=15&:M$E;&I-/;&F$";,&F2E;&Nn"$;&[%+;& 2/<;&"68&,%3"HEL B&:$P?K&165$+8%8&

0/-&-%0%-%65%(&J--/-&#"-2&-%4-%2%63&0&'&23"68"-8&8%11"31/6&/0&,+$3B4$%&2",4$%2(
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6"5#350/1'%+%(5-"#84ir samples of one 6"5#$0/1specimen was analyzed for ! * N
AACSIA (Fig. 5). Values of ! " N AAs of hair keratin range from Thr and Gly (-9%o and 3.2%o
respectively) to Iso (15.3%o), while those of its diet range from Tyr and Thr (-1.2%o and -0.3
respectively) to Phe (8.6%o; Table 3.8-3.9). There are no significant differences between the
mean ! * N of source (8.2%o) and trophic (12.8%0) AAs (p-value=0.08) in 6"5#$0/1hair keratin,
nor between source (4%o) and trophic (6.7%o) AAs (p-value=0.2) of 6"5#$0/T diet. Offset in
I'' N from diet to hair keratin (% N.»s<ceps)) range from Thr and Gly (-8.7%o and -3%o
respectively) to Pro (9%o) in 6"5#%$0/1 Differences in the mean % N.ys<ceps) between source
(4.2%0) and trophic (6.1%0) AAs are not significant (p-value=0.4). All source AAs have

% N.s<ceps)( values significantly different from 0%o.
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Gl@+-B{B&H%" 88 K&I"$+%2&0/-&%"5=& FF§R28+&-(h&="1-&?%-"316&"68&132&,1E%8&81%3(&
[Y0@%68&"2&16&4-%I1/+2&01@+-%2(&J--/-&#"-2&-%4-%2%63&0&'&23"68"-8&8%I11"31/6&/0&,+$314$%
2" 4$%2(&
M7/5 $0.(8(-)+%(5-"#(and 9(7(&%3('-/-)(%o(5-"#(. Hair samples of !")7/5%$0.(8(
and 9(7(&%3( specimens were analyzed for ! * N AACSIA (Fig. 3.6). Values of ! * N AAs of
hair keratin range from Thr and Tyr from both !")7/5$0.(8(  (-13%o and -2.3%o. respectively)
and 9( 7(&%3((-12%o and 1.8%o respectively) to Pro (15.3%o in !")7/5$0.(8(  and 14.4%o in
9(7(&%3()I The ! "' N of dietary AAs range from Thr and Lys (-1.1%o and 2.8%o) to Ala (11.6%,
Table 9) in these two species. Differences between the mean ! * N of source (4.5%o) and trophic
(10.1%0) AAs of 9(7(&%3( and !")7/5%$0.(8(  hair keratin are significant (p-value<0.01).

However, the ! N of dietary source (7.2%o) and trophic (8.6%0) AAs do not differ significantly

-value=0.5). Differences in the mean % N.us5<cep$) between source (-1.4%o) and trophic
(p ) ; BS)( ( ) p
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(1.5%0) AAs also are not significant (p-value=0.06). Among source AAs, Ser and Lys have

% N.s<ceps)( values within one standard deviation of ~0%o.
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GCl@+-BgRHY%" A& K&I"$+%28&0/-&%"5=& FF 88/ &-2+&*#5#0 "68&F#1#/#$'#H h&E"1-&
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"#$%3$&'%()*+&4and ,$-.)$-./) +$01'1.(1-/&1+The differences in the AA!" N
between these two species of fossil sloths are markedly dissimilar and significant (p-value<
0.001). The three samples of !"#$%$&show consistent patterns of ! * N AACSIA (Fig. 3.7), with
median values ranging from Thr and Tyr (-7.2%o and -3.4%o respectively) to Iso and Pro (5.9%e).
The largest ! N variation is observed in Ala, with almost 5%o variation between the two
individuals of I"#$%%$&sampled. There are significant differences (p-value<0.001) among source

mean ! b N= 0.78%0) and trophic AAs (mean ! b N= 4.92%0) of hair keratin in In#$%$&
p
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,$-)%-./)+$01 AA!'" N values vary widely (15%o), ranging from Thr and Lys (4.5%o and 9.8%o
respectively) to Glx (19.6%o). The AA !'* N values of ,$-.)$-./)+$01 are the most enriched in
" N of all the species analyzed. Differences between the mean of source (14.1%o) and trophic

(17.13%0) AAs of ,$-.)$-./)+$01 hair keratin are not significant (p-value= 0.1).
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3.8!" N of glutamic acid and phenylalanine

The seven species of modern and fossil xenarthrans in this study show substantial intra-
and inter-specific variation in their ! " N1+ values (>15%o across individuals), with the spectrum
of ' N1» variation being bracketed by the two fossil sloth species, !"#$%$&(median
I'' N19=2.5%o0) and ,$-.)$-./)+$01 (!'* N19=17.7%o). The greatest intraspecific ! " Nq» variation
is observed in the omnivorous 6.$#$/031(8.4%o span), with hair keratin ! * N1» values ranging
from 3.2%o to 11.6%o. Intraspecific variation in ! N jo values is smaller than that for ! " N1+,
with 6.$#%$/031and !"#$%$&showing the greatest variation among individuals (2.5%o).
Interspecific variation in ! * N_ jo spans 14%o, with the extreme values also bracketed by the fossil
sloth species !"#$%%$&(median ! * N o = 5.6%o) and ,$-.)$-./)+$01 (!" N.jo = 19.6%o).

Variation for both !'* N1+ and ! " N o values for the four different diet samples (i.e., diets
for 6.$#%$/031, 2)(%"031 6"5#30/1 and 9(7(&%3(Q!")7/5%$0.(8( ) are bracketed by the diets
of the two modern sloth species, 6.$#$/031(! " N1y =4.5%o, ! " N_ /0= 5.3%o0) and 2)(%"031
(' Ny = 18.6%o, ! " N jo = 11%o; Table 3.9). The largest offset between dietary ! * N o and
I''"N1# (i.e., the # value) is observed in 2)(%"031{-7.6%o), a species with a monospecific
herbivorous diet (the rubber plant 4+531'/#(1-+b(The species with mixed omnivorous diets
show small variations in their # values (<2%o). The # value in the pygmy anteater 6"5#3$0/1is -
1%o, 0.75%0 in 6.$#$/031, and -0.37%o in !")7/5$0.(8(  and 9(7(&%3( (both species fed the

same diet at the zoo).
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3.9 Trophic position estimations for modern and fossil xenarthrans using constant #

and TDF values

Trophic positions for all samples were obtained using the trophic position (TP) equation
described above (Eq. 1) with the constant # (-8.4%o) and TDF (7.6%o) values proposed by
Chikaraishi et al. (2011). In this equation, a TP=1 is expected for a primary producer, TP= 2 for
a primary consumer, TP=3 for a secondary consumer, and TP= 4 would represent a
hypercarnivore. This equation predicted the trophic position of 2)(%"031as a herbivore (average
TP=2.1, Table 8). The TPs obtained for the three specimens of 6.$#$/031 varied from 2.1 to 3.2
(Table 8), i.e., interpretable as either a pure herbivore or a secondary consumer. 6"5#$0/1 a
species with a mixed diet that includes animal whey protein (protein isolates from cow’s milk)
showed a TP of 2.1, which would correspond to that expected for a primary consumer. The
trophic positions obtained for the anteaters 9(7(&%3( and !")7/5$0.(8(  (whose diets at the
zoo include horse meat and other elements of animal origin) varied from 2.0 for !")7/5%$0.(8(
and one 9(7(&%3( specimen, to 2.7 for the second individual of 9(7(&%3(, reflecting a trophic
level interpretation as a primary consumer to intermediate between primary and secondary
consumer'(Table 8). The TP obtained for both fossil sloth species, "#$%$&and ,$-.)$-./)+ $01
was 2.5 and this value was consistent among individuals (Table 3.8). Eq. 1 also was applied to
the dietary samples (Table 3.9). The TP obtained for 4+531'/#(1-+%the exclusive dietary source
for 2)(%"03) was 1.1, consistent with what would be expected for a primary producer (Table
3.9). The TPs obtained for the three mixed diets range from 2 to 2.2 (Table 3.9).
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DISCUSSION

3.10 Assumptions behind the equation to calculate trophic positions using AA ! N
values

The widely used equation to calculate trophic positions using AA !'* N (Eq. 1) relies on
the following three premises. First that the offset between the ! N of glutamic acid (! " N0 ) and
phenylalanine (! " N1+)) in the organism under study will increase with increasing trophic level.
Second, that the # value (the offset between ! N jo and !'" N1+ at the base of the food chain, i.e.,
the primary producers) is relatively constant and has a value of -8.4%o for C3 ecosystems, 0.4%o
for C4 ecosystems, and 3.4%o for marine food webs. Third, that the trophic discrimination factor
in all ecosystems (TDF, the difference in the ! N o relative to ! " Ni»with increasing trophic
level) is 7.6%eo.

Concerning the first assumption, empirical data show that ! N1» values in a consumer
remain relatively unchanged in relation to its ingested dietary ! " N1+, whereas the !* N o ina
consumer experiences substantial fractionation relative to the dietary ! " N o (28,120,121,124).
Explanations behind these observations are twofold. First, during metabolic processes,
phenylalanine (as a “source” AA) seldom forms nor breaks carbon-nitrogen bonds (124). Indeed,
the main metabolic route of phenylalanine (leading to the formation of tyrosine) does not involve

a nitrogen-associated reaction, and therefore, it does not lead to ! * N1» discrimination (11). In
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contrast, trophic AAs are involved in transamination (transfer of amino groups to form a keto
acid and another AA) and deamination (removal of an amino group from an AA) reactions,
which would inevitably result in isotopic discrimination. It follows that the higher the position of
an organism in the trophic level the greater the expected offset between !* N o and ! " N1+. AAs
with readily interchangeable &-nitrogens (i.e, trophic AAs) are linked via glutamic acid, which is
crucial in nitrogen metabolism (15). Indeed, glutamic acid is involved in the transamination of
many AAs, and is how the amino acid nitrogen enters the urea cycle (15,125).

Although averaging the ! " N of source and trophic AAs does not result in significant
differences in most taxa (with the exception of 9(7(&%3( and !"#$%%$& Table 11), results here
indicate that glutamic acid (together with proline and isoleucine) indeed shows higher ! * N
values than source and other trophic AAs, as expected (Fig. 3.3-3.7, Table 3.8). Furthermore, the
results herein document that the A!' N jo -!'* N1#, which is the first premise in which Eq. 1 is
based, also are as expected overall. Indeed, A!'"* N jo - N1» values are lower in the primary
consumers 2)(%"031(0.4%o) and higher in the secondary consumers 9(7(&%3( and 6.$#$/031
(2.1%0 and 3.3%o respectively, Table 3.10). Results for the obligate folivore 2)(%"031and the
mixed feeders 9(7(&%3( and 6.$#3$/031are consistent with data from other mammalian species.
Indeed, when these results are viewed within a broader mammalian context (data exists for other
24 other mammalian species), herbivores show significantly lower A!'" N o - N1 values
(n=11, mean A! " N o -!"* N1x=-0.6%0 * 0.6) than mixed feeders (n=5, mean A! " N o -!" Nix=
3.2%o * 1.6; p-value= 0.02; Figure 3.8). However, the A!'" N o -!'" N1 values obtained for
I"7/5%0.(8 ( (-1.1%o) and 6"5#3$0/1(-0.3%0) are lower than expected, with values
corresponding to that of herbivorous species, rather than to mixed feeders. For 6"5#$0/1 this can

be attributed to its artificial diet at the zoo. Indeed, although one of the two protein mixtures of
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6"5#30/1 diet includes whey protein (which is generally derived from cow’s milk, an animal
protein that should result in isotopic values indicating a secondary consumer), it is possible that
this animal protein element represents only a small proportion relative to the other plant-derived
ingredients in this protein mixture. A potential explanation for low values in !")7/5$0.(8(  is
more difficult to find, because it is fed the same diet as 9(7(&%3(. Assuming that these isotopic
data are representative for the species (results for both taxa are based on one specimen, although
that also is the case for most mammal species in the literature), it shows either unrecognized
uncertainties inherent in the variables of the base equation or peculiarities behind AA synthesis
in these anteaters (including those that might be associated with a mixed source diet differing
substantially from their exclusively insect-based diet in the wild). That the ! " N1+ of the
anteaters !")7/5%$0.(8(  and 6"5#$0/1is higher than ! N o is contrary to expectations (Figures
3.5-3.6), but more data are necessary before attempting to find broader mechanistic explanations
behind these results. The Al N o -!'" N1# values obtained for secondary consumers in marine
ecosystems are highly consistent (n=4, mean A!'" N o -!'" N1xy= 13.1%o, p-value< 0.001), and
significantly higher than for any terrestrial feeding guild (Figure 3.8). Data for terrestrial
carnivores is limited to two species of top predators with very different Al N o -!'* N1» values:
6)$53-('5)$53-((A!'" Njo -!'" N1xy=11.2%0) and 6(&+1'#3030! " N o -! " N1xy= 5.9%o).

The second premise involves the offset between ! N o and !'" N1+ (# value) at the base
of the food chain. In terrestrial environments, the # value was originally defined as -8.4%o for C3
photosynthesis ecosystems (the average for 12 plant species with # values ranging from -5.2%o to
-12.1%0) and 0.4%o for C4 ecosystems (the average for 5 plant species with # values ranging
from -2.8%o to 2.9%o; Chikaraishi et al 2010). Although obtained from a single ecosystem (a

farm in Japan) these # values are assumed to be representative of C3 and C4 plants globally.
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Although other studies obtained similar results, significantly different # values were found in
other studies of terrestrial plants ranging from -10.7%o to -3.3%0 (123,126,127). In fact, both
(127) and (126) analyzed the same species of wheat (9)+-+531'(/1-+:3dut obtained average #
values that differ significantly (-4.2%o vs. -7.55%0). The results of my controlled feeding
experiments also show that the # value is not constant, as previously observed in other AACSIA
studies, and that a standard -8.4%o value might not be applicable across taxa. Indeed, the # value
of 4+531'/#(1-+%fubber plant) is -7.6%o. The # values calculated from the mixed diets in this
study (i.e., diets of the two-toed sloth and the three anteater species) are lower, ranging from -
1%o0 to 0.75%o. One explanation for the significantly low # values for the mixed diets (despite the
fact that most dietary items are of C3 plant origin; Table 3.4-3.6) is the presence of one dietary
component of C4 origin. Indeed, the # value for C4 ecosystems has been defined as 0.4%o (28),
which is closer in value to those found in the mixed feeder species included in this study.
6.$3#$/031, 9(7(&%3(, and !")7/5%$0.(8(  have Purina® animal feed in their diets which
contain corn and meat (beef and chicken are usually fed corn in the US; Table 3.4-3.5).
However, Purina® represents less than 10% of these animals’ diets, so the low # values in these
species cannot entirely explain the small offset between the ! Njo and ! " N1+ values.
9(7(&%3( and !")7/5%0.(8 ( also have horse meat in their diets, which are usually fed C4
plant species, although that has not been evaluated directly. Similarly, the diet of 6"5#$0/1
includes proteins derived from animals (whey isolates derived from cow or goat milk), which are
usually fed C4 diets in North America (the U.S. is the source of both products in the diet of
6"5#%$0/). Because the # values proposed in Eq. 1 only work for well differentiated C3, C4, or
marine basal resources, this result highlights an issue that must be considered when applying the

TP equation to study food webs that include a combination of resources.
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Finally, the standard TDF value of 7.6%o (used in Eq. 1) is based only on empirical data
from a large number of aquatic organisms (28). A meta-analysis on 359 marine species,
however, found a significantly lower TDF value, and suggested that a 7.6%o value might not be
applicable across taxa and ecosystems (122). Values close to the proposed ‘universal’ TDF of
7.6%0 (within 1%o difference) were also found in insects, fungi, and bacteria (121,128). The
results of my controlled feeding study show large variations in TDF across species. The three-
toed sloth 2)(%"031 shows a TDF of 8.1%o, which is within instrumental error of the 7.6%o value
used in the TP equation. The species with mixed diets in this study (the two-toed sloth and the
three anteater species), however, show much lower TDF values ranging from -0.8%o to 2.6%o
(Table 3.10). Another controlled feeding experiment on a mammalian herbivore fed a
monospecific diet (the cow 2$1'-(3)31) showed a TDF value of 3.9%o (123), significantly lower
than the 7.6%o0. Moreover, changes in TDF values might not necessarily reflect increases in the
trophic position of an organism, but also might result from variation in the dietary quality,
temperature, and nitrogen metabolism (122,129-132).

3.11 Trophic position estimations

The results from applying Eq. 1 to the five species analyzed herein accurately
reconstructed the trophic position of 2)(%"031as an herbivore (TP=2.1), as well as 6.$#$/031
(TP=2.5) and 9(7(&%3( (TP=2.4) as mixed feeders. However, the TPs obtained for the other
species are variable and less reliable. The reconstructed trophic position for the mixed-feeders in
this study range from that expected for a pure herbivore (i.e., TP= 2) to that expected for a pure
carnivore (i.e., TP= 3). The four specimens of fossil sloths consistently yielded TPs of 2.5, i.e.,

intermediate between a pure herbivore, and a pure carnivore.
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Indeed, although it could be argued that a TP=2.5 would be that expected for a species
incorporating both plants and meat in its diet (e.g., the value obtained for 6.$#$/031and
9(7(&%3(, known to feed on both in these controlled diet experiments), the interpretation of
intermediate values in extinct taxa is not well defined. A TP=2.7 obtained from J$7$'
&/(&%/)-(#/&1+Bpy Cave, Belgium) was interpreted as this species relying mostly on meat
(~80%) from terrestrial herbivores (Naito et al. 2016), although that interpretation has been
contested on the basis of the assumptions behind the constants used (133). The TP values
obtained from the three specimens of "#$%$& '%()*+&+H are 2.5. Likewise, the TP of the
single ,$-.)$-./)+$01 * specimen is 2.4. These TPs each would be interpreted as representing
mixed feeding omnivory, with both plant and meat components in the diet. Eq.1 did not
accurately reconstruct the TP of the mixed feeders !")7/5$0.(8(  (TP=2) and 6"5#3$0/1
(TP=2.1). A possible explanation for these discrepancies relies on the different # values defined
for distinct ecosystems. These two species are fed a combination of elements of C3 and C4
origin which might explain the inconsistent results obtained for these omnivore species. It is
intriguing, however, that the TPs obtained for I")7/5$0.(8(  and 9(7(&%03( are so different

from each other, given that both species are fed the same diet at the zoo.
3.12 Correlation between ! " Njo1 and !" No.o

Rather than relying on an equation with constants introducing uncertainties and that are
not applicable to organisms feeding on a combination of items of different origin (e.g., C3 + C4
plants), ! N0 and!" Ni» values by themselves can accurately reconstruct the trophic position
of organisms (Fig. 3.8). When plotted, the results on ! * N0 and !" N1+ herein obtained for five
xenarthran species in controlled feeding experiments, combined with all mammalian data

available from the literature, I found strong and significant correlations between these two AAs
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and with trophic positions. There is a strong significant and positive correlation in the ! N jo
and ! N1» of herbivores (R®= 0.98, p-value< 0.001) and marine consumers (R®= 0.86, p-value=
0.02). Data for terrestrial carnivores are limited to two analyses, so it is not yet possible to
evaluate a correlation with ! N values of these two AAs for this dietary category. However, the
' Nsoand !'" Ni» values for these two species are higher than that of herbivores and mixed
feeders (Figure 8). Data for mixed-feeders/omnivores are also limited to the four xenarthrans
species herein reported plus two J$7$ species (J$7$'1(0+/&1and JI'&/(&%0/)-(#/&1H1Based
on these 7 omnivore specimens, no correlation was found in ! N o and ! " N1+ for this dietary
category. Although the " N o and!" N1 values of 6"5#$0/1and !")7/5$0.(8(  fall within
the error associated with the herbivore regression line, more omnivore data are needed to
evaluate the interspecific variation in ! " N jo and !" Ni# for this dietary category.

Ordinary least square (OLS) analyses were carried out classifying fossil sloths either as
herbivores or as omnivores, to evaluate the best dietary category fit for these species relative to
the known correlations in extant taxa in those feeding categories. When the OLS analysis is run
with fossil sloths classified as herbivores, the correlation between ! N o and ! " N1+ is still
strong and significant (p-value< 0.001), but the R® decreases from 0.98 to 0.89. Furthermore,
when classified as herbivores, diagnostic analyses (e.g., residual vs leverage) found one of the
"#$%$&specimens and ,$-.)$-./)+$01 as outliers, although only ,$- .)$-./)+$01 influenced the
' Njo and ! Ni» regression for herbivores. The exclusion of ,$-.)$-./)+$01 from the ! N o
and ! " N1+ regression further decreased the strength of the correlation to R®= 0.86, although the
herbivore correlation remained significant (p-value< 0.001). When the fossil sloths were
classified as omnivores, the correlation between ! * N o and ! " N1+ for this dietary category
transformed from non-existent to strong and significant (R®= 0.86, p-value< 0.001). Results from
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a robust regression and diagnostic analyses found !")7/5%$0.(8( , J$7$'1(0+/&1with C3 plant
diets, and JI'&/(&%/)-(#/&1+1s outliers, but none of them were influential for the regression.
The fact that both !"# $%$&nd ,$-.)$-./)+$01 were found as outliers when classified as
herbivores, and none of these four specimens were found as outliers when classified as mixed

feeders/omnivores, indicates that these fossil taxa best fit within the mixed feeder/omnivore

dietary category.
® herbivore ® Phoca
@ omnivore
@ piscivore
25— | @ carivore Arctocephalus
O fossil sloths °
: o
whale indet hoca
| Nothrotheriops
20 I
® Homo HMP
—
(=]
X
N
X
O : y
zZ 15 e Canis lupus (.)ws
ﬁoo Bradypus e & Cyclopes
. Raphicerus
e Crocuta Hgneandertalensis Mammuthiss
® Homo C3 Mammuthus
Choloepus ®
P ® Homo C4 ® Myrmecophaga
10+ e Tamandua Coelodonta
Megaloc Ursus spelaeus
® & Bos/Bison
o Mylodon
O Mylodon
5 O Mylodon
[ [ [
5 10 15
15 0
) NPhe (%0)

GCl@+-Bd&§&7/--%%$"31/62&#948%8& K @:&68& " K =>28/-&8100%-%63&,",,"$1"6&24%51%2(&
1=%-%&12&"&21@61015"63&23-/6 @&4/21311%&5/--%%$"31/6&0/-&,",,"$1"6&=%-#11/-%2&: @& %% 6&$16%0;&
U(TS;8$+% &U(UU'<&"68&,",,"$2&0%%816 @&/6&,"-16%&-%2/+-5%2 & #$+ B HEBIH8Mp+%0i&
U(UL<(&K/&B%$"31/6&2&0/+68&0/-8 E%8&0%%8%-2b/,611/-%92M&&'(0 "68&3=%&"63%"3%-2&
)%02,+&-(G0.%"1-2+&*#5#&O6B&F#1#/$# & %&5"3%@/-1V%8&"2 & AEFHEBY-2b/,611/-%28#"2%8&
16&,1E%8&81%3&0%%816@;&"68&?6/>6&"61,"$&"68&4%$"63&2/+-5%&5/,4/6%632;8&16&V//&2",4$%2&
"6"$.V%8EBE/221$&B=28&ES5$+IEGE"6.&81%3"-.&5"3% @/-.;&3/&4%-,13&168%4%68%63&
"22%22,%63&/0&3=%1-&81%32&: Y%ES5$+211%9$.&=%-#11/-/+2;&"2&3.415"$$.&4-%2+,%8;&/-&4/3%631"$$.&>
2%5/68"-.&5/62+,%-&5/,4/6%632&B,%"3b5"-611/-.C<&

86



3.13 Comparison of ! " N AACSIA results to interpretations from other proxies

Numerous studies have shown the strong correlation between dental occlusal surface area
(OSA) in modern herbivores with efficiency and capacity of food processing, digestive
physiology, and food quality (134—136). Evaluation of the dental occlusal surface area of
xenarthrans relative to modern herbivores showed that six of seven fossil sloth species analyzed
had smaller occlusal areas than expected for their body masses (24), indicating that fossil sloths
had a lower capacity for food processing than modern herbivores of similar sizes (with the
exception of /8(-./)+37'(7/)+5(&37  which had a higher OSA than even modern herbivores of
similar sizes). Of all the fossil sloth species analyzed, mylodontids (and !"#$%%$& %/()*+&tt
particular) had the lowest OSA values, reflecting poor oral food processing efficiency. Although
metabolisms of fossil sloths are not known, these results were interpreted as likely due to lower
energetic requirements of fossil sloths, given the low basal metabolic rates of modern sloths. As
such, it was proposed that fossil sloths might have required lower food intake than other
mammals of similar sizes, and indirectly argued that they might have had even higher digestive
efficiencies than modern ruminants (24).

An alternative explanation for the smaller than predicted OSA of fossil sloths would be a
higher food quality ingested. Indeed, if fossil sloths were opportunistic scavengers and
incorporated, even if only sporadically, items other than plants in their diets, then the small OSA
of fossil sloths would not be unexpected. This interpretation would be in agreement with my
results on AACSIA, which clearly indicate that fossil sloths were not obligate herbivores and

consumed protein sources of animal origin.
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3.14 Conclusions

This study documents the usefulness, power, and potential of AACSIA to predict trophic
position of mammals, especially when compared to analyses using only bulk ! * N or from
indirect inferences based on morphology. Indeed, for the results of the fossil sloths !"#$%$&and
,$-.)$-./)+$01 , their bulk ! " N values differ by 12%o-14%o, which would represent a difference
of approximately four trophic levels if the baseline ! * N was the same for both species. The
results for the same specimens obtained from AACSIA, however, indicate that these extremely
different values were due to differences in the ! N of the baseline rather than different trophic
levels. Both the TP equation and the regression analyses of ! Njo and ! * N1» show that
"#$%%$&and ,$-.)$-./)+$01 occupy the same trophic position. Importantly, both analyses
suggest that the trophic position occupied by these two fossil sloth species were not that of pure
herbivores as commonly presumed, but rather that they were both mixed feeders/omnivores,
incorporating items of animal origin in their diets. Although the craniodental morphology of
sloths precludes them from being active predators, opportunistic scavenging behaviors would be
in agreement with the results obtained via AACSIA. Studies on masticatory muscle structure
reconstructions, biomechanics, and morphogeometry for both !"#$%%$&and ,$-.)$-./)+$01
indicate that these would have been inefficient at processing foodstuff and in disadvantage (in
terms of resource competition) relative to other mammalian herbivores (137,138). Furthermore,
morphology-based dietary interpretations of pure herbivory can only be explain with the
attribution that fossil sloths had very low metabolic rates (138). This attribution, only supported
by the fact that the two living species have low metabolisms, is in disagreement with known
ecologies of some extinct sloth species (e.g., that of the semiaquatic sloth 9.(#(11$5&3) These

results, the first direct evidence of carnivory for ancient sloths diets, should be assessed further
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after obtaining more !* Njo and ! " N1+ data from extant omnivorous mammal species. Indeed,
although there is no single regression that fits the limited current data from extant omnivores, it
is certain that there is animal protein source in the diets of all these species and that their ! " N o
and !'" N1+ regression line falls above that of pure herbivores. More ! " N o and ! " N1» data on
secondary consumers could allow differentiation of insect- and meat-eating omnivores, as well
as hypercarnivores as well as teasing apart the interspecific variationin ! N o and !" N1
relative to particular food sources for mixed feeders.

More broadly, this study further documents that ! " N o and ! N1» by themselves can be
used as predictors for trophic positions. The correlation between these two AA ! N values
should be used instead of (or in addition to) relying on an equation that uses fixed values that are
unlikely to be universal across distinct ecosystems and that incorporate uncertainties in the
trophic position estimations within any particular type of ecosystem. Furthermore, because the #
values proposed in Eq. 1 (12,28) for reconstructing trophic position (TP) only work for well
differentiated resources (either C3, C4, or marine ecosystems but not a combination of any of
these), it precludes the use of this isotopic technique on organisms with diets of different origins.
Use of 1" Njo and !'" N1# alone circumvents the limitation of the TP Equation 1 when dealing
with food webs that include a combination of resources, like those potentially pertaining to fossil
sloths or in early humans, and should be widely applied in future studies of the paleoecology of

terrestrial taxa ecosystems.
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Stable isotope analyses represent powerful tools to reconstruct ancient ecologies and to
reveal ecological and behavioral aspects of modern and extinct organisms that otherwise would
likely remain unknown. The techniques, however, are based on assumptions established on
specific organisms and ecosystems that might not be transferable across taxa, space and time. By
applying stable isotope analyses to a little-studied (but highly diverse and ecologically significant
in the fossil record) group of mammals, sloths, and by studying a setting generally neglected in
terms of isotopic studies, closed canopy rainforests, my research recognized flaws in some of the
principal assumptions behind stable isotope techniques. These results show that the assumptions
needed to be investigated and tested in order to confidently interpret stable isotopic signatures of
both modern and fossil mammals, and those from different ecosystems. Thus, my research
determined that there is not a single diet-bioapatite enrichment (" *.g)@@ss%sa@ofactor for all
mammalian herbivores, as had been assumed for more than two decades. Based on a previously
unexpected but strong and significant correlation with body mass across mammalian herbivores,
I proposed equations that use this parameter to calculate the diet-bioapatite value for the specific
herbivorous mammal under study. My results further showed that " *_g)@s%es(stp higher in
foregut fermenters compared to hindgut fermenters, which is consistent with the significant
differences of CHs production observed in foregut relative to hindgut fermenters. Since CHs
production as the main driver of " * g)as%s-asdifferences observed in mammals remains only
theoretical, a future direction for this research includes direct experimental measurement of
methane across a wide diversity of mammalian herbivores and the evaluation of its potential

correlation with " *_g)as%ea(s(
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Another important assumption, also related to constant factors previously used to make
ecological reconstructions, involves the two constants used to predict trophic positions of
organisms based on ! " N values of individual amino acids, constants that might not be applicable
across taxa and ecosystems and whose broader applicability had never been tested empirically
before. My results documented that the # value, i.e., the offset between the ! N values of
glutamic acid (! * N 0 ) and phenylalanine (! " N1# ) in primary producers, proposed as -8.4%o for
C3 ecosystems, is not universal. Moreover, application of this constant clouds trophic position
estimations, because it precludes organisms feeding on a combination of resources of different
origin (e.g., C3+C4 plants). Likewise, the trophic discrimination factor or TDF (i.e., the
difference in ! N o relative to ! " N1+owith increasing trophic), assumed to be 7.6%o for all
species and ecosystems, also is not consistent across mammals. Furthermore, the role of this
TDF value deserves further examination, as it also may be influenced by factors other than
trophic position, like quality of diet, temperature, and nitrogen metabolism. Moreover, my results
show that assuming these constant values is not necessary, and that the correlation between
' Njo and !'" Nissalone is a reliable predictor of trophic level. There is significant evidence for
a strong correlation between !* N o and ! " N1+ on mammalian herbivores and mammals
feeding on marine resources. Although limited, the available and my new data now suggest that
that might also be the case for terrestrial secondary consumers. Future directions for this
research, therefore, involve the evaluation of ' * N o and ! " N1+ values on secondary consumers
(both hypercarnivores and mixed feeders/omnivores) to be able to determine correlations
between these two amino acids within each of these dietary categories, particularly since my
results when including mixed feeding extinct sloths suggest that mixed feeders/omnivores do

show a significant covariance in the ! N values for these two amino acids.
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Finally, by comprehensively analyzing an Amazonian mammalian community, this
dissertation also alters current paradigms governing the way closed canopy rainforests are
identified using mammalian ! " C data. Indeed, the absence in modern Amazonian mammal
communities of highly negative ! " C.g) values previously proposed as indicative of rainforests
(<-31%o0) suggest that the absence of mammals with these values are by no means evidence of
absence for closed canopy rainforests. Comparison with analogous data from Africa shows,
however, that despite their geographical and taxonomic differences, median ! " C.g)( values from
closed canopy rainforests in Amazonia (-27.4%o) and equatorial Africa (-26.9%o) are not
significantly different. Yet, the isotopic range occupied by mammalian herbivores there is
narrower than that of equatorial Africa, even though the sampled Amazonian localities span a
wider latitudinal range and Amazon closed-canopy rainforest vegetation exhibits a similar ! " C»
range to that observed for African plants. I hypothesize that Pleistocene extinctions might have
affected niche occupation of modern Amazonian mammals differently from African faunas.
Thus, future directions for this research include the isotopic analyses of pre-Holocene
Amazonian mammals, to test the potential occupation by recently extinct taxa of isotopic niches
currently empty in Amazonian mammalian ecosystems, but that are occupied in equatorial
African mammalian communities.

My research program aims to use stable isotope techniques to improve understanding of
the evolution of terrestrial ecosystems, biotic interactions, role of extinctions and animal
physiology on ecosystem structure, and the ecological and physiological versatility of South
American mammals, including a distinctive group of mammals, sloths. By working in South
American faunas, especially in an understudy setting in terms of paleontological and isotopic

studies, such as the Amazon rainforest, I aim to provide a new perspective on the evolution of
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South American mammals as a whole, and on the structure of mammalian communities in the
tropics. There are, however, limitations in the state of current knowledge that need to be
addressed to critically apply the stable isotope techniques to all sorts of taxa and ecosystems.
Thus, the guiding thread of my research includes the testing of foundational cornerstones on
which these methods rely, in order to validate the suitability of applying these techniques to
different mammalian clades and ecosystems, and outside of South America. Therefore, my
research program aims to contribute in the development of the field to more reliably and

confidently interpret the isotopic signals preserved in extant and extinct organisms.
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Stable isotope analyses

Samples of teeth and feces of 2)(%"031":()+/8(-31and 6.$#$/031".$;;7(&&+were collected
from adult individuals raised at the Huachipa Zoo (Lima, Peru), except for one dental sample of
6.$#$/031".%;;7(&&+from the Tampa’s Lowry Park Zoo (Florida, USA). Individuals were either
born at or adopted by the zoos at a young age, and spent several years being fed a controlled diet
(spanning 5 to 12 years under a controlled diet feeding regime at the zoo). Samples of living
specimens from the Huachipa Zoo were collected by the zoo staff during the annual health
inspection. Dental bioapatite was analyzed for ! " C. 6.$#%$/031and 2)(%"031have ever-growing
teeth which in captivity are not sufficiently worn down over time as they are in natural
conditions. During health inspections at zoos, excessively grown caniniforms (6.$#%$/031) and
incisiviforms (2)(%"03)) are trimmed to prevent animals from hurting themselves (in a similar
fashion to veterinarian treatments for hamsters). Instead of being discarded, these disposable
samples of dental tissues were collected and used for isotopic analyses. Samples were later

powdered in the lab using a mortar and pestle.

Powdered samples of dental bioapatite were analyzed for ! C and ! ™MO. Modern samples
were first treated for three hours with HeOse to remove organic contaminants, rinsed three times
with distilled water, bathed for an hour in 0.1 N acetic acid to remove any secondary carbonates,
rinsed three more times with distilled water followed by a fourth rinse with methanol, and finally
dried. Samples were run on a Finnigan MAT 252 isotope ratio mass spectometer (IRMS) with a

Kiel device. Foodstuff and feces were collected on a daily basis for 11 and 15 days respectively,
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and analyzed for ! C and ! N. All organic samples were freeze dried and homogenized in a
Spex 67000 liquid nitrogen mill. Weight %C and %N were determined using a Carlo-Erba 1500
elemental analyzer after IRMS analysis. All the samples were processed and analyzed at the

Department of Geological Sciences, University of Florida (Gainesville).

Fossil dung was freeze dried, homogenized, and processed as for the modern organic
samples. Teeth of fossil sloths were sampled using a Dremel® drill and carbide dental burrs.
Approximately 0.1 g of powdered outermost dentine was collected and processed as described

above.

Values are reported using the conventional permil (%o) notation wherein §'"'C =
(R<gB)/R<(gs-8+— 1) x 1000), and R="C/*® C. Values of 8" C are reported relative to the VPDB
standard. Isotope enrichment (€*) was calculated as in Cerling and Harris [3], i.e., as a function
of a* (apparent fractionation), as follows: £€* = (a* - 1) x 1000, where a* = (1000 +

8" C(s<<df(1000 + &" C_g)(). The superscript (*) indicates that isotopic equilibrium is not assumed.

Analytical precision of standards:

Inorganic samples (teeth bioapatite, NBS-19 standard)
1"'C=0.02;!"™0 =0.05

Organic samples (food and feces; USGS-40 standard):

"'C=0.09;!"N=0.22
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Foodstuff

A concentration-weighted linear mixing model [49] was used to calculate the isotopic
signatures of any mixed diet. In this model, the proportional contribution of each component to
the mixture (and therefore to the consumer) equals the fraction of that component in the mixture
multiplied by its elemental concentration (in this case, wt %C and wt %N) and divided by the

sum of the products of fraction and concentration of each dietary component, as follows:

" g h s D& ,
P s R I, Hg IR

h

lopg BV,
Logw " # . . !
L& " Hous B, Hes PR

oy " # ! grp B !
Lo P& " Hopg B, #HogP&

€6, 9% 66 .9

Where ()*+); ()-+ ., ()/+ ., are the fractions of assimilated C, of components “x”, “y”,

“z” in the mixed diet.

Regression models and traitgram

Data for linear regression models of mammals other than sloths, were collected from the
literature (table 2, table S1). Values of "*.g)@swea@yere regressed against!lbody mass (BM),
basal rate of metabolism (BMR), average rectal temperature, and range of rectal temperature
variation. All data were log transformed (In). Statistics and regression modeling were performed

with RStudio (v 1.0.136) using packages MASS, foreign, quantreg, MuMIn, and Ime4. Traitgram
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was performed with the R package phytools [50]. We assessed relationships between variables
by performing OLS, quantile, and robust regression models; Cook’s distance was used as an
estimate for the influence of outliers. Linear mixed effect model analyses based on AICc tests
were used to assess whether a single variable, reduced model, or various combinatorial model
subsets were better supported by the data than a complete global model that includes all the
potential predictors. Tree topology for Figure 1 is from O’Leary et al. [51]. Divergence ages (in
Ma, or Megannum), only for illustrative purposes (providing approximations for visual
representation of the pattern of lineage splitting, but not used in calculations), are mean estimates

from the literature (see below).

Regression formulae

This paper proposes three regression formulae (body-mass calibrated) to calculate the C
diet-bioapatite enrichment (" *.g)@s%ss@f herbivorous mammals (both extant and extinct). The

first formula (A) is based on the regression analysis of correlation of all mammals included:

"0 23 & 5564178 . (A)

Where BM is the body mass in kg and should be log transformed (In). The obtained diet-

bioapatite "*will need to be inverted (/°) to obtain the %o value to be applied for interpretation of

the isotopic signature of the herbivorous mammal under study.
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This formula (A) should be used when the type of digestive fermentation of the mammal under
study is unknown, does not fall within foregut or hindgut types of fermentation (e.g. giant

panda), or to get a general or most conservative body-size calibrated value for "*.¢)@s%s:8$0

The two other formulae we propose separate mammals by foregut (B) versus hindgut fermenters

(©):

" 0¥ 234 & 559178 . (B)

"0 2342 & 53562178 . ©

These formulae should be applied when the type of digestive fermentation (foregut vs hindgut) is
known or most likely given phylogenetic history of the mammal under study. As for the first
formula, BM is in kg and log transformed (In), and "*needs to be inverted (/°) to obtain the %o
value to be applied for interpretation of the isotopic signature of the herbivore mammal under
study. Table 3 documents that multiple models agree closely in terms of regression slopes and
intercepts. Rather than select one arbitrarily, we advocate instead for applying a model averaging
approach. As discussed by Sears et al. [52], model averaging is appropriate when there is no
single, clearly identifiable “correct” model, and given the close agreement across all of the
models and that each performs equally well in estimating the variables, use of the mean of the

individual estimates is appropriate here.
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Sources of divergence ages

2)(%"031'Q'6.$#P31R!"#$%P$&27 + 3 Ma [53]; or 29.3 Ma sensu [54].
"#$%$&'Q'6.$#$/0327.5 Ma [54].

Muridae (131 ) / Cricetidae (!1+5)$-31): 65.8 Ma [55].

Rabbit / Mouse: 65.5 Ma; based on +7$-$&(*(&( from [51]

Giraffidae / remaining Pecora (i.e. including 2$1): 19 Ma [56].

Suidae / Ruminantia: 35.2 Ma; based on @#%$7/)"H'5)+10&bm’'[51].

Ruminantia / Camelidae: 49-55 Ma; (based on <1/3%(70.+7/)"H, first ruminant, [57] from
[58]).

6(7/#31 / G(7(: 25 Ma [59].

@A331'Q'C+5/)$2-58 Ma; split Ceratomorpha and Hippomorpha [60].
@A331'5(B(##31'Q'@A331'B3)5 Mo 1 ].

Arytiodactyla / Perissodactyla: 55.4-50.3 Ma, based on J")(5%-./)+37'(&831-+%/&J51].
Carnivora / Eungulata: 84.9 Ma [62].

Afrotheria: 101 Ma [62].

Euarchontoglires / Laurasiatheria: 98.9 Ma [62].

Xenarthra / Epitheria: 101 Ma [62].

Marsupialia / Eutheria: 147.7 Ma [62].

Sources of life history trait values

BM: body mass; BMR: basal metabolic rate, and basal metabolic rate corrected for body mass

using the Kleiber value; Temp: body temperature, as average rectal temperature and breadth of
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range of rectal temperature. S= extinct taxon. Unpublished data from [6] provided by the lead

author of that study, B. Passey.

6.$3#%$/031".%;;7(&&+
BM: data from this study; BMR [35]; Temp: data from this study and [36].
Notes: Range of temperature is from [36] but average temperature is from specimens analyzed in

this study (Huachipa Zoo).

2)(%"031":()+/8(-31
BM: data from this study; BMR [35], Temp: data from this study and [36].

Notes: same as for 6.$#$/031

SI" #3%$&'%()*+&++

BM [63].

Note: Although McNab (1985, [35]) provided estimates for BMR and BMR/Kleiber value for
I"#$%$& #+1;(we consider these estimations as unreliable because they are based on highly

questionable foundations (body hair length as a proxy for thermal insulation correlated to BMR).

2$1-(3)31

BM [unpublished data from 6]; BMR [64]; Temp [65].

>31'15)$;(

BM [unpublished data from 6]; BMR [64]; Temp [66].
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D)"5-$#(831'53&+53#31
BM [unpublished data from 6]; BMR [67]; Temp [68].

Notes: BMR based on a close relative, G/031'(##/&+

1+5)$-31'$5.)$8(1-/)'
BM [unpublished data from 6]; BMR [69]; Temp [69,70].

Notes: BMR based on a congener, !+5)$-31'83/&-./)+.

131'73153#31

BM [5]; BMR [64]; Temp [71,72]

G(7('83(&+5%/
BM [73]; BMR [73,74]; Temp [75].

Notes: BMR based on a congener, G(7('8#(7( .

O+)(;;('5(7/#$0()%(#+1

BM [76]; BMR [77]; Temp [78].

Notes: BMR calculated from resting metabolic rate (RMR). BMR was assumed to account for
~85% of the RMR.

C+5/)$1'B+5%)&+1

BM [76,79]; Temp [80].
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6(7/#3 1'B(5-)+(&31
BM [67,76,79]; BMR [67]; Temp [81].

Notes: BMR based on a congener, 6(7/#31'%)$7/%()+31

@A331'5(B(##31

BM [82]; BMR [64]; Temp [83].

@A331'B3)5./##+
BM [84]; BMR [64]; Temp [84].

Notes: BMR based on a congener, @I'5(B(##31

E+#3)$0$%('7/&$#/35(
BM [85]; BMR [85]; Temp [86].

Notes: BMR calculated from resting metabolic rate.

GSH$%$&-('(;)+5(&(
BM [82]; BMR [64]; Temp [87].

Notes: BMR based on a close relative, @#/0.(1'7(H+731

<.(15$#()5-$1'5+&/)/31

BM [67,82]; BMR [67]; Temp [88].
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Table S1. Summary of the " *.g)@susasyalues (highlighted box) for taxa in this study and other
life history trait values. Taxonomic selection was driven by: (1) accuracy of dietary ! * C data
and (2) sampling of phylogenetic diversity. Abbreviations: BM: body mass (kg), FERM: type of
digestive system (foregut vs hindgut fermentation), BMR: basal rate of metabolism (cm”Os/g*h),
Temp: body temperature (°C). Sources for all values above and in Table S2. T is a recently

extinct Pleistocene sloth.
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TAXA "k Controlled Source of "*

6.$#$/031".%;;7(&&+ 12.62 £ 0.68 Yes this study
2)(%"031":()+/8(-31 10.31 +1.03 Yes this study
"#$%$&'%()*+&F+ 15.63+0.51 Yes, (diet from dung) this study
2$1-(3)31' 14.6% 0.3 Yes [6]
>31'15)$:( 12.9+ 0.5 Yes [6]
D)"5-$#(831'538+5343. 12.8+ 0.7 Yes [6]
1+5)$-31'$5.)$8(1-/)'  11.5+0.3 Yes [6]
131'73153#31 9.1£ 1.6 Yes [5]
G(7('83(&+5%! 12.9 No [3]
O+)(;:(‘S(7THSO0%(H+1 14.1 No [3]
C+5/)$1'B+5%$)&+1 14.4 No [3]
6(7/431'B(5-)+(&31 137 Partial [3]
@A331'5(B(##31 13.7 No [3]
GOHS%S8-(()+5(&( 143 No [3]
E+#3)$0$% (' 7/#(8&$#/3E 10.1 Partial [89]
@A331'B3)5./##+ 132 No [90]
<.(15%#()-$1'5+&/)/31  10.3 Partial [91]

Table S2. Summary of the " * g)as%s-ggsvalues included in this study. Selection of taxa was
determined by: (1) dietary ! " C controlled, (2) partially controlled (i.e., monospecific diets), or
(3) not controlled but still with a narrow range of reported ! " C_g) variation in the wild. { is an

extinct taxon.
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Table S3. Summary of AIC analyses comparing different models of trait evolution. Lowest

AlCc score (gray highlight) corresponds to a White Noise model, which disregards phylogeny.

The second lowest AICc score corresponds to Brownian motion (BM), which further emphasizes

the lack of phylogenetic signal in the known values of " *.¢)@s%e & sacross mammals. Data were

fitted to the framework phylogenetic tree with the R package GEIGER [92]. Refer to [92] for

explanation of each model of trait evolution.

" ys: Body Mass BMR BMR/Kleiber = Temperature Breadth of
value (average) temp variation
R® 0- R® 0- R® 0- R® 0- R® 0-
value value value value value
Alltaxa 0.62 0.000 024 0.078 0.06 0366 0.16 0.122 0.12 0.19
Foregut 0.78 0.008 0.15 0454 056 0.089 0.89 0.005 0.51 0.11
Hindgut 0.74 0.003 056 0.054 0.00 0975 0.07 0.482 036 0.085

Table S4. Summary statistics for all regression analyses. Highlighted boxes indicate significant

values. Only body mass correlated significantly with " * in all cases (i.e., in analyses with all taxa

included as well as for mammals separated by type of digestive system [foregut and hindgut

only]). Similar results (no significant correlations of "* with BMR corrected for body mass, for

all mammals or either digestive system subset) when applying the alternative body mass scaling

function of [93]; Kleiber value remains the most widely accepted scaling function for BMR/BM

covariance, and we present it here because [93] excludes all ruminants, which are a substantial

number of the taxa in our analyses and prior studies of carbon isotope enrichment in dental

bioapatite.
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Figure S1. Correlation between body mass (BM) and average rectal temperature. Values are log

transformed. All mammals (black dashed line): R%=0.04, p-value=0.47; hindgut fermenters (red

line and symbols): R%=0.00, p-value=0.95, foregut fermenters (greenish line and symbols): R®=

0.80, p-value= 0.02.
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Sample selection

Our study includes specimens from western Amazonia in Peru, considered Earth’s most
biodiverse place for continental mammals (1). Using the list of mammals from Manu National
Park (2), a well-known biodiversity hotspot, as an initial taxonomic guide, we sampled both
Manu mammals and expanded the range of localities to include Tambopata National Reserve and
a few other additional localities to augment the samples available from museum collections
(increasing species diversity and numbers of individuals per species in our study). Virtually all
samples come from national reserves, pristine and undisturbed areas in western Amazonia in
Peru. To minimize heterogeneity of the ecosystems and restrict sampling to only lowland
rainforest, we narrowed our search to sampling only specimens from sites <700 m elevation, so
as to represent only lowland closed-canopy rainforests (with 4 additional specimens from a
higher elevation cloud rainforest to augment taxon sampling/specimen numbers: <$-$1';#(:31
[MUSM 19588], C+&$7"1'B)(&+5AMUSM 19855 and MUSM 7887], and G(8%-.)+H'#(8%-)+5.(
[MUSM 15905]). None of these additional samples differ significantly in ! " C values from those
of lower elevations. To maximize the phylogenetic diversity and range of body masses sampled,
we included numerous families/orders across almost three orders of magnitude in body size
(from 0.3 kg to 200 kg, including the largest extant terrestrial mammal species in Amazonia,
9(0+)31'-))/1-)+1. Although there are a number of rodent and didelphimorph marsupial species
below 0.3 kg in western Amazonia, sampling these taxa was unfeasible given the extremely
small size of their teeth (which would have required the destruction of several entire teeth, which
is not permitted by the museums housing these rare specimens). Our dataset therefore is more
limited in sampling mammals <300 gr. Aiming to include all available relevant data from the
literature from other western Amazonian sites, two specimens of 9(0+)31'-/))/1-)+1from
Colombia and Bolivia also have been included (3). Most samples were taken from late
erupting/growth teeth (M3/m3, M2/m2, P4/p4, canines in carnivores), or ever-growing teeth in
rodents (e.g., incisors), and xenarthrans (molariforms).

Stable isotope analyses

Powdered samples of dental bioapatite were analyzed for ! " C. Samples were first treated for 30
minutes with 3% HeOs to remove organic contaminants, rinsed three times with distilled water,
bathed for 30 minutes in 0.1 M Na buffered acetic acid to remove any secondary carbonates,
rinsed three more times with distilled water, and placed in a low temperature oven to dry
(protocol follows (4)). Samples were run on a Thermo Finnigan Gas Bench-CO. Hair samples
were washed for 15 min in a 2:1 chloroform:methanol mixture to remove lipids and other surface
contaminants, followed by two rinses with methanol, and a final 20 minute ultrasonic bath in DI
water. Cleaned hair samples were dried for 24 hours in a low temperature convection oven (60
°C) and then analyzed for ! C and ! * N in an EA-IRMS (Delta V, Thermo Scientific) operated
in a continuous flow mode. All the samples were processed and analyzed at the Stable Isotope
Research Facility (http://sirfer.utah.edu), University of Utah, during a research in residence
conducted by the corresponding author.
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Analytical precision and accuracy of standards:
Bioapatite (Internal reference materials: Carrara, LSVEC, and Marble)

Precision: ! C = 0.2%o. Accuracy: ! C =-0.01%o
For each run (67 samples), 28 standards were included.

Hair (Internal reference materials: 2 glutamic acids, and ground bovine muscle):
Precision: ! C = 0.1%o; ! " N = 0.1%o. Accuracy ! " C: -0.07%o; ! " N = 0.04%o.
For each run (24 samples), 9 standards were included.

Values are reported using the conventional permil (%o) notation wherein ! " C = (R<gg/)/R<(85-8+—
1) x 1000), and R=" C/*®C. Values of ! "" C are reported relative to the VPDB standard. ! " N
values are reported relative to AIR. Isotope enrichment values ("*) of herbivores were calculated
using body-mass dependent equations (5), as described in the main text. The superscript (*)
indicates that isotopic equilibrium is not assumed. For herbivores, ! " C.g) refers to the predicted
vegetation on which they feed. For secondary consumers (i.e., carnivores, insectivores, and
piscivores), ! " C.g) refers to the predicted ! " C of the prey. We applied "*.).g%3+)y values of -
1.3%o for carnivores (6), and 7.8%o for piscivores (average " *w+)-g%s+)y value of 6 marine
piscivorous mammals (7)). To our knowledge, not a single experimental " *-)-g@3s+)y value exists
for insectivores. With this limitation, we used the theoretical " *_g)@s%s 230 8%o for the
insectivore-insect " *-+)_g(oa@#)y. This 8%o value is the expected offset at 35°C for CaCO-, a value
mainly determined by the thermodynamics of equilibrium between blood HCO-3and blood
dissolved COgs (8, 9). However, acknowledging that future experimental studies might show that
the reconstructed insectivore diets using this " *-).¢@g+)y may not be accurate, our relevant
conclusions have not included the insectivore ! " C.g)( data.

The ! " C.g)( was estimated from ! C of dental enamel for all mammals with the exception of
xenarthrans. Among them, the ! " Cg)( of sloths (2)(%"031:()+/8(-31 and 6.$#$/031".$;;7(&&+Z
was estimated from outer dentine, whereas for edentulous anteaters (6"5#%$0/1'%+%(5-"#31F'
I"7/5%$0.(8('-)+%(5-"#(F'9(7(&%3('-/-)(%(5-"#(ZFAnd tiny-toothed armadillos'[C(1"031'
&$:/75+8&5-31F'<)+$%$&-/1'7(H+134& calculated from ! " Cyoesy The ! Cysesy data from

I'" Caopsywere obtained using regression equations from a separate analysis of matched samples.
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Figure S1. (A) Regression of treated ! " Cysesy values vs treated ! " Cyopsyvalues of matched
samples. (B) Regression of treated ! " Cysesy values vs untreated ! " Caopsyvalues of matched
samples. The correlation is strong in both, but even higher in (B).

Of the 168 enamel samples included, 24 were untreated (samples differentiated with “T” and
“U” in the supplementary Excel file). We confidently included these untreated enamel samples
because our experimental analysis of matched treated vs untreated enamel provided a virtually
perfect correlation between individual test samples (Fig. S2). Similar results (supported by even
larger datasets) also were obtained by (4) and (10).
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Figure S2. Regression of treated ! " Cysgsy values vs untreated ! * Cysgsy values of matched
samples.
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Late Cenozoic immigrants

3rd quartile

2

ma;

median|

-10-

A

S
A 2]
- 8
z &
< <
w Q
111 | P —— | «.« m .__ e - ds epousy —— VHOAINYVO m vhm
- 10/00U0 BN o} _ - - eueopye snunisy)y —— YILN3IAOYH <« S n.m
- ejepA sioleS = u g
- sposoiw snuAoojepy > m o lmm- * - - 80RO EtiopoX0T] m = m
- sijep.ed snpiedoa] m < _ - - BUBOLE BJUOPOXOT 17 B w =
—[¥F © - sisuay ox < . o =
ISUBIJISEIq BINUCION] z < o [
1o . cnsi sojocs Eat _ = - snjuajeb snqeooaia) o) m .m
—F- -sisuapseiq snbepts | =B m mm .__ = . snipeq snqojon - I
~fl—~  -susous; snydey | < 3 m kS
3393 0 o
o - lIgnozenob ewezepy . m m ~=_¢ N - gJjLob ejjLo9 E A o
A > <
&~ noele) uesad Y“ 28 _ _ | saivofonusy Aw < = <
-~ - euousWIe BUIRZEYY L I O +
ofe © - ueoad nssefe) W % _ - - SpIw snoayydoasa) e 27 an
e - sinbunuj snyoayoL | | q 4 .—_. i O 7
T +o - SLBRY0IPAY SNIB0YI0IPAH @ £ siqnue olaed W m
A « - 10/091q NOPUBOY .ﬁt © - Xulyds snjjupuepy ..n“.Aa w..
| - - sysuayaid Nopuaoy < o =
§- I g _ N - SNuBdLE SNIB0YI0BY 8 @
w
qTHo - youelq sAwouiq m 5 !tmul e ® - Snueu Ja}yed SnIsduUAS —_ 10
I - Lsupseb sAwopidiyy 4 L o
P +Fe -ejebouen ejooidfseq {F ~ - BJOOBUOW BQUIOUE]IYY 2= M
= $o - oed snjnoung _ = - sniqiydwe snwejododdiH o m
=5 { - sneojpeds sniniog S .
m —3 » - sdeoubu snjoy |E| N - gjooyuows snydojeyda) =] ..m
5 4 - syjoojosny snuinbes .—“T. ™ - snbAdyjeo snydojeyded w W,.
S o ~ - snaidno snqaalyien S ——
m £« - snjnojuas eyenoly aE < - J8jseboons| snydojeyded m m
© A
> - & eyoLjobej xjyjobe nw a .=_. ™ - snonenbe snyosowaAH @ <
) —3e- - gjjede sniedeg 2 <5 >
S B~ - Snauns nues Q,N = {~ - Joynomifs snydojeyde) P m )
o (&)
—{}~ - yoweyo sajejy wn
. L o
&~ - SIsuaINOq LILIES E < sijesiop snydojeydad \v“u w n...m =
I - SIsuequIEGNIN SNGEVIIED fmn =] - suoyublu snydojeyda) e E o m
! x =
-~ suouqe snqap < <
4 - Sneuuniq snqasljjeD z — ) j [BUAGH SHYIGRUISD <=3
! g = m
| = -iop0sp sngeoyen S .IEl. <« - snjduos snydejebes °©
© 1~ - wnssodo Japueiyd | I o < g
m I~ - SNwiIXew SejuopoLd m .IYAEI 2 - snaJod sniaoyoowejod w\ w
2 Sz | [ -smjoutowanou sndfseq o IE.. « - Joyads snydejebes| P nm
S €5 |- - ejf1oepuy ebeydosswfyy ! A
s m w I- B S, M < _ - - Ioyeo snisouAs Q =
- I =
3 - - sniAoepip sedojoAd g .m_H_Ix © - juabeyzuaurow sniaoyoojAH ..
5 S to - snjebauen sndApeig W < . «.nm
) -2 - uuewyoy sndeojoyd % .EI. < - Juojsuyol eideyo % =
< o - smifoepip sndeojoy) .=_. «~ - Isajeq snbesjos) o 2
S 3 . 4 . . . -l =g
o N = e} 3 9 3 9 = o
55 m o~ - : \ . . 50
00 1P, o
(°%) "0 Q (°%) *"0e, Q = w

herbivores represent the vegetation on which they feed. Taxa inside blue boxes are secondary
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displayed on the upper left corner. Red dots represent the data per taxon. The ! " C_g)(of the



consumers, so their ! " C_g)( value represents the predicted ! " Cio s of the prey on which they
feed. Numbers below (or above) each boxplot represent the number of samples analyzed per

taxon.
Statistical Analyses presented in the main text

Statistical analyses, within and between orders, across continents, and between dietary guilds,
were conducted with both parametric (t-test, ANOVA) and non-parametric (Mann-Whitney,
Kruskal-Wallis) tests for significance. Normality was evaluated with the Shapiro-Wilk test.
Unless noted, we report differences as statistically significant when O-values of pairwise
comparisons for B$-. parametric and non-parametric tests are $0.01.

The ! * C.g) of herbivorous mammalian communities in western Amazonia (p-value = 3.512e-16)
and equatorial Africa have a non-normal distribution (p-value = 8.531e-10). The mean ! " C_g)( of
western Amazonia and equatorial African herbivores are not significantly different at the 0.01
level, but differ significantly at the 0.05 level (p-value = 0.03).
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Figure S4. Density and Q-Q plots for Amazonian (A) and African (B) mammalian herbivores.
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The ! C_g)( of carnivorous terrestrial carnivorans (i.e., G/$0()%31F'E-/#$5"&31F O(#+5-+1F'<37(
median " C.g)=-13.48%o) vs the frugivorous carnivoran (<$-$1 median 8" C.g)(=-27.42%o) is
significantly different (p-value=0.001).

The !'* C.g)( of artiodactyls from Amazonia (mean= -25.04%o, median= -24.86%o) and equatorial
Africa (mean= -25.57%o, median= -25.75%o) are not significantly different (p-value= 0.3). The

I'"" C_g)( of primates from Amazonia (mean= -28.1, median= -28.2) and equatorial Africa (mean=
-27.0, median= -27.0) are significantly different (p-value< 0.01), but the difference is only ~1%o.

I I5Nhair and hair-bioapatite ! 1*C enrichment
The ! " Nxgg:of primary and secondary consumers are significantly different (p-value= 0.0002)

Mean Plot )
with 95% CI

= p-value
frugivore-carnivore 0.99
herbivore-carnivore 0.05
insectivore-carnivore = 0.93
omnivore-carnivore 0.99
piscivore-carnivore 0.99
herbivore-frugivore <0.001
insectivore-frugivore  0.61
omnivore-frugivore 0.99
piscivore-frugivore 1
insectivore-herbivore = 0.13
omnivore-herbivore 0.02
piscivore-herbivore 0.33
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Figure S5. Mean " *ss02'5.(3g)+&$values for each dietary category (black circles), sample
numbers, 95% CI (blue bars), and Tukey pairwise comparison between group means (right box).
Groups with significantly different " *#s%e&(sg)+gssvalues (0.05 level) are in red.
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Figure S6. (A) Mean "*ssuea(sp+a@values for each dietary category (omnivore, primary
consumer, secondary consumer; black circles), with sample numbers, 95% CI (blue bars) and
Tukey pairwise comparisons between group means. No significant differences between dietary
groups were found (lower box). (B) Mean " *ss0s:2(89+&($f0r each dietary category (primary and
secondary consumers only, with omnivores binned in secondary consumers; black circles), with
95% CI (blue bars). No significant differences between groups were found in the primary-
secondary (binned) consumer Tukey pairwise comparison (p-value= 0.27).
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Figure S7. (A) Mean "*_g)@31+&@$values for each dietary category (omnivore, primary consumer,
secondary consumer; black circles), with sample numbers, 95% CI (blue bars) and Tukey
pairwise comparisons between group means (lower box). No significant differences were found
between omnivores and primary consumers, but secondary consumers were significantly
different than primary consumers and omnivores (lower box). (B) Mean "*_g)a)+g$for each
dietary category (primary and secondary consumers only, with omnivores binned in secondary
consumers; black circles), with 95% CI (blue bars). Significant differences between primary and
secondary (binned) consumers were found in Tukey pairwise comparison (p-value< 0.01).
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Distribution and summary statistics of the ! 3Cagic¢ values in other mammalian communities

a)! 1" C.g)( of Pleistocene mammalian herbivores from Argentina (Fig. S9)

Min. 1<(quartile | Median | Mean | 3" quartile | Max.
-25.4 -23.2 -21.6 -21.5 |-20.2 -16.2
31 s '30

Theoretical

Figure S8. Median/mean and range (top), density plot (left) and Q-Q plot (right) for the ! " C.gy(
of late Pleistocene mammals (n=103) from Argentina (11). Shapiro-Wilk normality test: p-

value= 0.09.

b)! I'" C.¢) of middle Miocene mammalian herbivores from Panama (Fig. S10)
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Min.
-29.3

1<(quartile
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-25.7

-22.5

Figure S9. Median/mean and range (top), density plot (left) and Q-Q plot (right) for the ! " C.g)(
of middle Miocene mammals (n=23) from Panama (12). Shapiro-Wilk normality test: p-value=
0.33.

Distribution and summary statistics of leaf ! 13C in closed canopy tropical rainforests

a)! Leaf!" C from Rondonia, Brazil (Fig. S11)

Min. | 1<(quartile | Median | Mean | 3" quartile | Max.
-33.5 | -31.3 -30.4 -30.5 | -29.6 -27.2
32 1 —230 28

0 1
Theoretical

Figure S10. Median/mean and range (top), density plot (left) and Q-Q plot (right) for ! " Cpey<
value= 0.36.

of closed canopy rainforest (n=139) in Rondonia, Brazil (13). Shapiro-Wilk normality test: p-

b)! Leaf ! C from Ituri, Congo (Fig. S12)
Min. | 1<(quartile
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Figure S11. Median/mean and range (top), density plot (left) and Q-Q plot (right) for ! " Cpey<
of closed canopy rainforest (n=42) in Ituri, Democratic Republic of Congo (14). Shapiro-Wilk
normality test: p-value= 0.55.

c)! Leaf!" C from Venezuela (Fig. S13)

Min. | 1<(quartile | Median | Mean | 3* quartile | Max.
-359 |-33.8 -32.5 -31.8 | -29.5 -25.4
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Figure S12. Median/mean and range (top), density plot (left) and Q-Q plot (right) for 8" Cpey< of
a closed canopy rainforest (n=36) in Venezuela (15). Shapiro-Wilk normality test: p-value= 0.08.

d)! Leaf!" C from French Guyana (wet season) (Fig. S14)

Min. | 1<(quartile | Median | Mean | 3* quartile | Max.
-33.6 | -32.5 -31.7 -30.9 | -30.3 -26.1
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Figure S13. Median/mean and range (top), density plot (left) and Q-Q plot (right) for ! " Cpey<
of a closed canopy rainforest (wet season, n=15) of French Guyana (16). Shapiro-Wilk normality

test: p-value= 0.02.

e)! Leaf!" C in French Guyana (dry season) (Fig. S15)

Min. | 1<(quartile | Median | Mean | 3* quartile | Max.
-32.9 | -32.1 -31.6 -30.3 | -28.5 -25.1
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Figure S14. Median/mean and range (top), density plot (left) and Q-Q plot (right) for ! " Cpey<
of a closed canopy rainforest (dry season, n=15) of French Guyana (16). Shapiro-Wilk normality

test: p-value= 0.02.
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f)! Leaf!" C from a subtropical monsoon forest, China (Fig. S16)

Min. | 1<(quartile | Median | Mean | 3* quartile | Max.
-33.6 | -29.5 -28.1 241 | -124 -9

25

0.075

0.050

density

0.025

-50

0.000

" 2 Theoretical
Figure S15. Median/mean and range (top), density plot (left) and Q-Q plot (right) for ! " Cpey<
of a closed canopy rainforest (n=128) of a subtropical monsoon forest in China (17). Shapiro-

Wilk normality test: p-value< 0.001.
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Figure S16. ! Negswvs "* g)@swnes@of Amazonian mammals. We note that the extremely low
"*_g)@n+&(s9f carnivores (i.e., O(#+5-+6G/$0()%3land E-/#3$5"&3)lis likely an artifact of a
dietary reconstruction using a " *.g)@sweae9f -1.3 (6), based only on a small sample of
hypercarnivores from North America.
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