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Abstract

Stable isotope analysis is a frequently used tool in ecology for
unraveling dietary dynamics, physiology, and trophic relationships.
In studies that use stable isotope values in mixing models to infer
diet, a single tissue is commonly assumed to represent the isotopic
composition of a source whole organism. In this study, we examine
that assumption in keratin-based tissues for consideration in
isotopic diet studies of animals that consume prey whole. By
comparing carbon (6"°C) and nitrogen (§'°N) stable isotope values
in single tissues of mammals and bird sources, this study aims to
determine if non-invasive sampling methods in tissues such as hair
and feathers accurately represent the overall isotopic composition
of four mammalian species (rats, mice, rabbits, guinea pigs) and
one avian species (quail). We found that keratin may be a good
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proxy in some cases, but keratin was not a universally accurate
representation of whole-body isotopic values. Keratin-based tissue
and the homogenized whole-body samples were significantly
different in §">C values in mammals (mean A™Cyrinwhole-body = —1.93
+ 0.37 %o), and feathers differed significantly from whole-body in
8N values in birds (mean ANy ainwhole-body = =0-32 £ 0.11 %o). We
suggest homogenizing diet sources and maintaining the lipid
content especially for animals consuming whole prey. We
recommend that future studies reconsider the assumption that
non-invasively sampled tissues are representative of whole-body
isotopic values and urge researchers to explicitly account for the
true diet of their study organism.

Keywords: carbon, diet, nitrogen, stable isotope analysis, trophic
discrimination

Introduction

Stable isotope analysis is widely used in ecology to reconstruct diet,
characterize trophic interactions, and examine physiological patterns. The
carbon (613C) and nitrogen (§"°N) isotope composition of animal tissues is a
result of the assimilated diet and the isotopic fractionation that results
from metabolic processes (DeNiro and Epstein 1978; Bastos et al. 2017).
These processes allow for a unique method to analyze an animal's trophic
patterns, but it is necessary to understand the isotopic relationships
between a consumer and its diet. Values of §°C remain relatively stable as
carbon moves through food webs, allowing inference of primary sources of
carbon (Post 2002; Fry 1988). On the other hand, §"°N values can be an
indicator of relative trophic position in the local food web due to their
tendency to increase with trophic level (Minagawa and Wada 1984). The
magnitude of shift between a consumer and its diet is measured as the
trophic discrimination factor (TDF), reported as A"*C for carbon and AN
for nitrogen, defined as A”Ccuegier = 8" Ciissue = '~ Caie (likewise for nitrogen)
(Bastos et al. 2017).
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TDFs that are calculated for animals that eat whole prey in the wild are
largely based on studies that subsampled a single tissue (muscle, blood, or
hair) from these diet items as a proxy for whole prey (Therrien et al. 2011).
For example, the TDF for snowy owls (Bubo scandiacus) was determined
using leg muscle tissue from mice of known origin (Therrien et al. 2011),
though owls also digest organs and skin that make up a considerable
digestible portion of the prey before regurgitating indigestible components
(e.g., keratin structures and bone) in a pellet (Duke 1997). Modification of
mammalian bones may also occur during digestion within the owl,
suggesting part of the bone is also assimilated (Denys, Reed, and Dauphin
2023). In some species of Falconiformes and in other taxa that eat prey
whole including many species of snake, bones are completely digested and
not found in the pellets or feces (Duke 1997; Savitzky 2002). Thus,
understanding the proportion of body tissues digested and their
contributions to overall isotopic value of diet is essential to calculating
TDFs of consumers. In contrast to laboratory studies that use nutritionally
calibrated pellets, which can be easily homogenized to measure TDFs
(Mizutani, Fukuda, and Kabaya 1992; Oelbermann and Scheu 2002), this
process is more challenging for consumers that eat whole prey. As a result,
researchers often rely on subsamples of tissues thought to be
representative of the whole-body value instead.

Utilizing the appropriate TDF for an organism is critical to the accuracy of
isotopic mixing models for diet reconstruction (Bond and Diamond 2011).
Incorrect TDFs can bias estimated proportions of each diet component
resulting in conservation and management implications (Bond and
Diamond 2011). For example, depending on the TDF that was used, mixing
models for critically endangered Balearic shearwaters (Puffinus
mauretanicus) varied substantially (between 2%-56%) in their reliance on
fishery discards (Navarro et al. 2009). Thus, it is unclear if losing this
artificial resource could affect reproductive success of the shearwater.
Many researchers suggest moving away from assumed discrimination
factors and determining species-specific TDFs to avoid bias in the
estimation of wild animal foraging ecology (Bond and Diamond 2011;
Phillips 2012; Eggebo, Grol3, and Nash 2023).

To recreate a representative diet of a consumer, samples of prey tissue
that can be obtained noninvasively (e.g., hair, feathers, feces) offer
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methodological advantages (Codron et al. 2007, Ando et al. 2020), but it is
unknown to what extent they represent the whole animal isotopic
composition. Isotopes of carbon and nitrogen are incorporated differently
within tissues due to metabolic processes, and different tissues from the
same organism may vary in their isotopic values (Tieszen et al, 1983).
Tissues with a high lipid content tend to have lower §"*C values than other
tissues, as lipids are depleted in "*C (DeNiro and Epstein 1977). On the
other hand, §"°N values are influenced by metabolic interconversions of
amino acids, protein synthesis, or protein breakdown, and tissues involved
in these processes, such as the liver, often have higher §"°N values (Poupin
et al. 2011; Yoneyama, Ohta, and Ohtani 1983). In rats, significant
differences in §"°N and §"C values were found between organs of the
same individual (Yoneyama, Ohta, and Ohtani 1983). Similar variation has
also been observed in laboratory mice (Mus musculus) and domestic
rabbits (Oryctolagus cuniculus) (Yoneyama, Ohta, and Ohtani 1983;
Hilderbrand et al. 1996).

Whole-body values include tissues such as fat bodies and organs
surrounded by fat pads, like the liver and heart, that may not be reflected
in the keratin tissue, though this has not been previously investigated.
Lipids represent a substantial portion of carbon and energy transfer in
food webs, and consumers may use ingested lipids either through direct
routing or through de novo synthesis of molecules, such as lipids or
nonessential amino acids (Muller-Navarra 2008; Podlesak and McWilliams
2007; Newsome et al. 2010; Arostegui, Schindler, and Holtgrieve 2019).
Additionally, many carnivores do not digest the keratin-based hair or
feather tissues of prey they consume (Oelbermann and Scheu 2002), so
these tissues may not contribute to the assimilated diet. Thus, it remains
uncertain if the use of a single tissue from prey is an accurate proxy for
whole-body isotope composition for animals that eat prey whole.

In this study, our objectives were to 1) determine if keratin has a consistent
isotopic offset from the whole-body, 2) examine the isotopic values of
homogenized whole organism with and without outer covering (hair or
feathers) in multiple taxa, and 3) examine the C:N ratios as a proxy for lipid
content in these tissues. We compared §"C and §"N values plus C:N ratios
of hair to the homogenized whole-body of four mammalian species (rats
[Rattus spp.], mice, rabbits, and guinea pigs [Cavia porcellus]) and feathers
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to the whole-body of one avian species (quail [Coturnix coturnix]). We also
compared the values of whole-body with the keratin covering removed
versus whole-body with keratin covering intact for these organisms to
determine to what degree the hair or feather tissue influences the
absolute values of the whole-body when homogenized.

Methods and Materials

Prey items were obtained from RodentPro (where they were bred and fed
a uniform diet) in April 2023 and stored frozen until analysis. We tested five
individuals of each small prey group: pup guinea pigs, extra-large mice,
large mice, rat pups, and quail and three individuals of larger prey groups:
medium rabbits and extra-large rats. Each individual was weighed, then
the hair was removed using a Remington Ultimate Precision Detail
Trimmer NE3160, and feathers were plucked manually. The individual was
reweighed to determine contribution of keratin outer covering to total
organism weight. The trimmer was cleaned between individuals using
water and 70% isopropy! alcohol. The individual was then homogenized
using one of two methods: an OXO Good Grips Meat Tenderizer and
VEVOR Hand Operated 304 Stainless Steel Multifunction Manual Meat
Mincer, or a meat tenderizer (because pup rats and large mice were too
small for the meat grinder). Between individuals, the meat grinder was
fully disassembled and each component plus the meat tenderizer were
cleaned with soap and water, then sanitized in 95% ethanol. A subsample
of hair or feathers was taken from each individual to analyze separately,
and the remainder of this material was blended back into remaining
homogenized mass with the meat grinder. All samples were dried at 60°C
for at least 24 hours, then ground into powder using a mortar and pestle
or finely diced with a scalpel blade (feathers and hair).

We had three tissue types for analysis: 1) homogenized mass of
whole-body with keratin removed (three replicates per individual), 2)
homogenized mass of whole-body with keratin included (three replicates
per individual). This tissue type was from the whole organism ground up
with almost all the removed hair or feathers added back in and reground
(a very small amount [<0.5g] was set aside for tissue type #3); and 3)
keratin tissue only (one replicate per individual). Isotopic values from the
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three replicates of whole-body and whole-body with keratin removed were
averaged, and the mean value was used in statistical analysis for each
tissue type. No additional replicates of keratin were taken as organisms
were held on a stable diet year-round and the keratin sample should be
representative of the homogenous nature of this tissue.

Samples weighing between 0.400 and 0.600 mg were placed into 5x 9 mm
tin capsules and analyzed at the Stable Isotope Mass Spec Lab at the
University of Florida on one of two instrumentation combinations with
differing elemental analyzers. Samples were combusted on N.C.
Technologies 8020 Elemental Analyzer or a Costech 4010 Elemental
Analyzer interfaced to a Thermo Scientific V Advantage isotope ratio mass
spectrometer via a Thermo Scientific ConFlo IV Universal Interface. Sample
gas was measured relative to laboratory N, and CO, gases. All isotopic
compositions are expressed in standard notation relative to Vienna Pee
Dee Belemnite (carbon) or AIR (nitrogen). Two reference materials (USGS40
and USGS41a) were used to normalize measured §"*C and §'°N values in a
two-point regression and to calibrate accuracy. The standard deviations of
bovine liver (n =6, 0.09 %o [6">C] and 0.08 %o [6'°N]) and porcine keratin (n
=6, 0.09 %o [6"°C] and 0.38 %o [§'°N]) were used to assess sample precision
as matrix-matched working standards. Percent carbon and nitrogen values
were used to calculate C:N ratios for all samples.

Linear mixed-effects models using the R package Ime4 (Bates et al. 2015)
were conducted on mammal and bird data independently due to the
difference in sample size between taxa. Within each taxonomic group,
mixed effects models were conducted for each isotope. Tissue type was
included as a fixed effect for both taxa, and species was included as a
random effect for mammals only. Post hoc estimated marginal means
(EMM) analysis with confidence level of 95% were used to conduct pairwise
comparisons among tissues for both §"*C and §"N values. Results from the
contrasts of the estimated means were used as offset estimates (A).

Results

Patterns in isotopic offsets in tissues differed between the two taxa, such
that §°C values predictably differed among the mammal tissue and §"°N
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values predictably differed among the bird tissues. For carbon, the EMM
analysis resulted in two statistically significant (p<0.05) results for §">C
values in the tissues of mammals: between homogenized whole-body and
keratin outer covering (A" Cyeratinwhole-bosy) at =1.93 %o (SE = 0.08), and
homogenized whole-body with keratin removed and keratin outer covering
(A Cheratinwhole-body keratin removed) at =1.90 %o (SE = 0.08) (Fig. 1a). The other
pairwise relationships in mammals were not significant (Table 1).
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Figure 1. Values of §"C (A) and §"°N (B) from different tissue types (feather, hair, and whole-body) from five
species (mice, rats, guinea pigs, rabbits, and quail). Values of whole-body with keratin removed were not
compared in this figure, as they were not significantly different from whole-body.

For nitrogen, the EMM analysis resulted in two statistically significant
results for §"°N values in the tissues of birds: between whole-body and
keratin (A" Nyeratinwhole-body = ~0.32 %o, SE = 0.05) and between whole-body
with keratin removed and keratin (AN atin-whole body keratin removed = —0-35 %0,
SE =0.05) (Fig. 1b). The other pairwise relationships in birds were not
significant (Table 1).
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Table 1. Estimated marginal means pairwise comparisons and offsets (contrasts) between tissue §"°C and §"”°N

values in mammals and birds.

Test Animal Class Offset Estimate (A) SE  p-value
§"C whole-body with keratin removed vs. §"C whole-body Mammal -0.02 0.08 0.94
§"C whole-body with keratin removed vs. §"*C keratin Mammal -1.90 0.08 <0.001
§"C whole-body vs. §"*C keratin Mammal -1.93 0.08 <0.001
§"C whole-body with keratin removed vs. §"*C whole-body Bird 0.26 0.16 0.26
§"C whole-body with keratin removed vs. §"*C keratin Bird -0.42 0.16 0.06
§"C whole-body vs. §"°C keratin Bird -0.15 0.16 0.60
§"N whole-body with keratin removed vs. §"°N whole-body =~ Mammal -0.09 0.08 0.48
&"N whole-body with keratin removed vs. §"N keratin Mammal -0.06 0.08 0.70
&"N whole-body vs. §"°N keratin Mammal -0.16 0.08 0.12
&"N whole-body with keratin removed vs. §"°N whole-body  Bird -0.03 0.05 0.76
&"N whole-body with keratin removed vs. §"N keratin Bird -0.35 0.05 <0.001
&"N whole-body vs. §"°N keratin Bird -0.32 0.05 <0.001

The mass of keratin outer covering was a minimal amount of the total
mass of each prey item (reported as mean percent mass for each prey

group) extra-large mice (1.04%), extra-large rats (1.07%), guinea pigs

(1.76%), large mice (0.88%), rat pups (1.04%), medium rabbits (1.11%), and
quail (4.37%). The mean whole-body C:N ratios for each species were:
extra-large mice (5.97), extra-large rats (5.64), guinea pigs (5.97), large mice
(5.62) medium rabbits (5.21) rat pups (5.19) and quail (4.10) (Fig. 2). The

mean difference in C:N ratios across whole-body and keratin outer
covering samples was larger in mammals (2.49) than in birds (0.79).
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Figure 2. C:N ratios across different tissue types (feather, hair and whole-body) from five species (mice, rats,
guinea pigs, rabbits, and quail).

Discussion

By comparing isotopic values from the homogenized whole-body of
organisms to their hair or feathers, we found that keratin may be a good
proxy in some cases, but keratin was not a universally accurate
representation of whole-body isotopic values. Feather §"°C values were
representative of whole-body for birds, and hair §'°N values were
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representative of whole-body for mammals. However, we found that
keratin-based tissue and the homogenized whole-body samples were
significantly different in §">C values in mammals and feathers differed
significantly from whole-body in §"°N values in birds.

Due to the similarities between whole-body with keratin removed and
whole-body isotopic composition, we will focus on the whole-body in this
discussion. The observed differences between isotope values of
whole-body and keratin outer covering are likely due to distinct metabolic
mechanisms affecting variability in §"*C vs. §"°N values (Martinez del Rio et
al. 2009). Though we did not directly measure lipid content in this study,
the consistently higher C:N ratios in whole-body tissue than hair or
feathers are indicative of a higher lipid content (Fig. 2) (Post et al. 2007).
One explanation for differences in §"°C values of mammal tissues but not
birds could be that mammals have a higher lipid content than birds and
higher intra-specific variation (as indicated by the C:N ratios), though we
only tested one bird species (quail, Fig. 2). Using the observed C:N values
and equation from Post et al. 2007, converting C:N values to percent lipids,
the whole-body lipid content of mammals was estimated to be 12-55% and
that of birds was 12%. Alternatively, the oil that birds use to preen their
feathers, which is high in cholesterol (Elder 1954), may lower the §'C value
of feathers to be more similar to that of whole-body. Avian species with
higher fat stores, such as those found in colder climates (Le Maho, 1977) or
those that migrate long distances (McWilliams et al. 2004), may not follow
this trend. Additional studies of bird species are needed to corroborate
feathers as a suitable proxy for whole-body isotope values.

The lower §C values in lipids has motivated the common practice to
chemically remove or mathematically correct for lipids in diet studies
(Sweeting et al. 2006, Post et al. 2007, Hoffman et al. 2015). However, this
correction or removal of lipids in prey, consumers, or both, changes their
relative positions in isotopic space, which alters the interpretation of
mixing model results and may overemphasize the contributions of other
macromolecules like protein to the food web (Brett 2014; Mohan et al.
2016) and violate the assumptions of isotopic mass balance used in mixing
models (Harvey et al. 2002; Arostegui, Schindler, and Holtgrieve 2019). We
opted to maintain the lipids in the measurement of §"°C values in this
study, as it is an important macromolecule when considering the diet of
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animals that consume prey whole. Given the widespread inconsistencies of
lipid-treatment in the literature, it has been suggested to compare mixing
model results with and without lipid-treatment to determine how
ecological interpretations are affected (Arostegui, Schindler, and Holtgrieve
2019).

The nature of keratin as a structural protein may make it more reflective of
the whole-body §'°N values, as terrestrial vertebrate dry matter
composition is often >50% crude protein (Dierenfeld et al., 2002), and
tissues that tend to have the largest differences in §"°N values from hair,
such as blood serum and liver (Kurle et al., 2014), proportionally contribute
very little to the overall digested body mass in mammals. Though feathers
had statistically significantly different §"°N values than whole-body values,
the magnitude of this difference (-0.32 + 0.11 %o) may be limited in its
ecological significance compared to the variability that occurs in §"°N
values with trophic position. For example, a standard level of analytical
precision for §"°N values is 0.26 %o (Jardine and Cunjak, 2005).

Often, tissues are prioritized for sampling when the collection methods are
less invasive. In other cases, it may be logistically challenging to fully
homogenize whole prey items (Parng, Crumpacker, and Kurle, 2014), and it
is not realistic in studies of fossilized remains or in studies of species that
are very large, threatened or endangered, or have life histories that make
them challenging to capture. Many studies assume that muscle represents
the bulk of digestible and assimilated material consumed, an assumption
that is often applied to wild carnivores that eat their prey whole and also to
carnivores that seek specific tissues. This disparity was noted in a study of
the diet of spotted hyena (Crocuta crocuta), in which assuming ingestion of
only muscle may have led to an under-representation of more Cs-reliant
prey in their model due to the exclusion of bone, a *C-enriched tissue that
comprises a noteworthy portion of hyena diets (Codron et al. 2007). The
assumption of muscle consumption might be violated by other predators
that seek out specific organs. For example, killer whales (Orcinus orca)
selectively feed on the livers of broadnose sevengill sharks (Notorynchus
cepedianus) (Engelbrecht, Kock, and O'Riain 2019), an organ with higher
&"N values and lower §"C values than what would be found in a sample of
muscle or skin. Polar bears (Ursus maritimus) consume large proportions of
blubber in their preferred prey, ringed seals (Pusa hispida) (Stricker et al.
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2022), a tissue with a high lipid content and lower §'C values than fur or
muscle. In these cases, quantifying the isotopic values of what is consumed
and in what proportions is warranted.

In this study, the non-invasively sampled tissues closely reflected the
whole-body §"N values of mammals, supporting a common assumption
that has often been applied without validation. However, we also
determined that offsets are needed in some cases (A13Ckeratm_whm_body= -1.93
+ 0.37 %o for mammals, A" N, atinwhole-body = =0-32 £ 0.11 %o for birds), but
this was limited to only a few prey types, so we suggest caution in applying
this value more broadly. Given these results, we are unable to make a
universal recommendation or suggest a consistent offset to apply, as the
results varied among taxonomic groups and isotopes. We suggest that
future studies of consumers that eat prey whole more carefully consider
the assumption that non-invasively sampled tissues are representative of
whole-body isotopic values. If whole-body values are unavailable, or a
reliable proxy has not been validated, we suggest caution in interpreting
mixing model results, particularly if the ecological outcomes will be applied
for management purposes. Isotopic diet reconstructions can reveal trophic
dynamics and ecological roles of consumers in the ecosystems they
occupy, if accurate TDFs are applied and the corresponding limitations are
recognized.
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