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ABSTRACT

The use of stable isotopes of sulfur (3°*S) to infer avian diets, foraging habitats, and
movements is relatively uncommon, resulting in a lack of information on patterns of
534S incorporation in avian tissue. In a controlled study of Gentoo Penguins (Pygoscelis
papua), we found that diet-tissue isotopic discrimination factors (A3*Sdiet-tissuc) differed
among egg components and feathers synthesized from a common diet, ranging from —
0.4 to —1.7 %o. We also found that methodical choices such as lipid extraction and prey
tissue selection influenced calculated A**Sdict-tissue Values. Specifically, A3*Sdiet-tissue
values were lower (i.e., more negative) when calculated using whole fish relative to fish
muscle and lipid-extraction biased egg yolk, but not fish tissue, 6**S values. A**Sdict-tissue
values obtained for Gentoo Penguins fed a marine fish diet were generally lower than
those reported for freshwater fish consuming Double-crested Cormorants
(Phalacrocorax auritus), the only other bird species in which A3*Sgiet-tissuc has been
quantified. We found support for the hypothesis that tissue A3*Sdgict-tissuc Values are
inversely related to dietary 8**S values in birds, similar to what has been observed in
mammals. Given this relationship, the discrimination factors reported here for Gentoo
Penguins may be broadly applicable to other avian species with a similar marine diet.
Finally, we provide recommendations for future studies seeking to quantify A3*Saict-tissuc
in avian tissues and guidance to allow for greater application of sulfur stable isotope
analysis in ornithological research.

Keywords: Stable isotopes, Sulfur, Discrimination factors, Diet, Eggs, Feathers
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LAY SUMMARY

Stable isotope analysis of sulfur can provide new discoveries on birds’ diets and
migration patterns if we gain a better understanding of how isotope values in
bird tissues are related to those in their diets.

We measured the difference in sulfur stable isotope values between Gentoo
Penguins diets and their eggs and feathers in a controlled study.

We found that the offset in sulfur isotope values from diets differed among
tissues and is influenced by the choices researchers make when selecting and
analyzing their samples.

The difference in sulfur stable isotope values between diets and bird tissues is
related to the isotope values of the diet itself, which can help researchers
studying other birds in the absence of similar controlled studies.

We provide recommendations for future research and guidance to promote the

increased use of sulfur stable isotope analysis in bird studies.
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INTRODUCTION

Stable isotope analysis is a commonly used method in studies of avian foraging
ecology (Inger and Bearhop 2008, Hoenig et al. 2022). This is because the stable
isotope values of avian tissues act as a time integrated measure of these same isotopes in
their prey, allowing researchers to infer avian diets and/or foraging habitats (Hobson
and Clark 1992a, b). Stable isotope values of carbon (5!*C) and nitrogen (5!°N) are
commonly applied to ornithological research (Figure 1), as they provide information on
avian foraging habitat use and trophic position, respectively (Hobson 1999, Kelly
2000). In contrast, the use of sulfur stable isotope values (6°*S) in ornithological
research has been less common (Figure 1), even though sulfur isotopes (**S/*2S) have a

broad range of biological applications (Krouse 1989).

Past studies have used sulfur isotopes to reconstruct Earth’s biogeochemical
history, study microbial activity, quantify nutrient inputs into estuaries, and identify the
sources and bioaccumulation patterns of pollutants (Peterson and Howarth 1987, Fry et
al. 1988, Canfield 2001, Fry and Chumchal 2012, Lavoie et al. 2015, Penland et al.
2018, Elliott et al. 2021, Jouanneau et al. 2022). Sulfur containing amino acids
(methionine, cystine, cysteine and taurine) and sulfolipids are important dietary sources
of organic sulfur to animals (Farooqui and Horrocks 1985, Brosnan and Brosnan 2006).
While limited, avian studies have exploited the ability of §**S values to discriminate
between marine and terrestrial resource and habitat use (Hobson et al. 1997, 2015), due
to the generally higher **S values observed in primary producers from marine relative
to terrestrial/aquatic ecosystems (Connolly et al. 2004). Prior studies have also used
534S values in birds to discriminate between benthic vs. pelagic prey resources
(Morkune et al. 2018), identify the salinity zones of foraging locations (Yohannes et al.

2014), infer the relative importance of capital vs. income nutrient source to egg
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production (Jones et al. 2022), trace the dietary sources of environmental contaminants
(Ramos et al. 2013), and quantify the use of anthropogenic derived resources
(Abdennadher et al. 2014). However, 6°*S measurements on biological material such as
avian tissues are analytically complex and expensive relative to other light elements.
This is due to the generally low elemental concentration of sulfur in organic matter, the
challenge of efficiently converting organic matter to SOz prior to isotopic analysis, and
the tendency of sulfur to “stick™ to stainless steel surfaces within instrumentation, and
hazards associated with using sulfur dioxide (SOz2) as a reference gas (Kaczmarek and

Gondko 1986, Krouse 1989, Griffiths 1991).

This legacy of analytical and financial constraints have contributed to a general
lack of information on patterns of §**S values in birds. This includes data on diet-tissue
isotopic discrimination factors, which are key requirements in many methods of dietary
analyses using stable isotopes, such as mixing models (Phillips et al. 2014). Diet-tissue
discrimination factors are calculated as the differences in stable isotope values between
diet and consumer tissues. DeNiro and Epstein (1976) colloquialized this concept as
“you are what you eat, plus a few per mil”. Multiple factors including tissue-type, diet
quality, diet isotopic composition, and taxa-specific physiology can affect
discrimination factors (Hobson and Clark 1992a, Vanderklift and Ponsard 2003,
Robbins et al. 2010). For example, Florin et al. (2011) found that dietary §**S values
accounted for 89% of the variation in sulfur isotopic discrimination factors (A*Sgict-
tissue) for mammalian blood obtained from controlled feeding studies. However, to date
there has been only one controlled feeding study that has experimentally calculated

A¥*Sdict-tissue in avian tissues (Craig et al. 2015).

The scarcity of research on A**Sdict-tissue in avian tissues is likely a limiting factor

in the use of $**S in ornithological research, especially for those seeking to quantify
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avian diets. In the absence of species and tissue-specific A**Sdict-tissue values studies
using sulfur isotopes in dietary mixing models have applied the discrimination factors
reported by Craig et al. (2015) for Double-crested Cormorants (Phalacrocorax auritus)
fed on freshwater catfish to other bird species (e.g., Peterson et al. 2017). Other studies
have used discrimination factors derived from invertebrates, fish, and/or mammals (e.g.,
Winiarski et al. 2012) or assumed no differences in 8°*S values between diets and avian
tissues (e.g., Morkune et al. 2018). This is of potential concern as mixing model results
are highly sensitive to variation in discrimination factors and the use of inappropriate

values can bias estimates of avian diets (Bond and Diamond 2011).

However, recent methodological advances make &°*S analysis in biological
material more accessible and affordable. Specifically, commercially available elemental
analyzer isotope ratio mass spectrometer systems are now able to regularly obtain
simultaneous, high-precision measurements of §'*C, §!°N, and §**S values from a single
sample in a manner that avoids many of the historic issues with §*#S analyses (Hansen et
al. 2009, Fourel et al. 2014, Mambelli et al. 2016). Moreover, the price of simultaneous
813C / 8°N / &°*S analyses is commonly between $20 to $30 USD per sample at
university-based laboratories in North America. This provides ornithologists the
opportunity to quantify A**Sdiet-tissue Values in avian tissues more easily and facilitates the
expanded use of sulfur stable isotopes in mixing model analyses of avian diets. This is a
worthwhile goal, as incorporating §**S values as a third isotope value, along with §'*C
and 8'°N values, can greatly improve mixing models by providing better discrimination
among potential food source (Connolly et al. 2004, Phillips et al. 2014) and more

constrained estimated of avian diets (e.g., Moreno et al. 2010).

Our study focuses on a captive breeding population of Gentoo Penguins
(Pygoscelis papua) to provide new data on sulfur stable isotope discrimination between

6
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avian diets and tissues. This research builds on prior studies quantifying carbon and
nitrogen isotopic discrimination factors in the tissues of this species (Polito et al. 2009,
2011). Our specific goals were to: 1) Quantify isotopic discrimination factors (A**Sdict-
tissue) in egg and feather tissues, 2) explore the effects that methodical choices such as
prey tissue selection and lipid extraction may have when calculating A*Sgict-issue in
avian tissues, 3) compare A**Sdict-tissue among penguin tissues and with a prior study of
Double-crested Cormorants (Craig et al. 2015), and 4) test the applicability of the
predictive relationship between dietary §**S values and isotopic discrimination

developed Florin et al. (2011) in mammals to A3*Sgict-tissue in avian tissues.

METHODS

Penguin diet and tissue collection

Egg and feather collection methods are fully detailed in Polito et al. (2009) and
Polito et al. (2011), respectively. In summary, we focused this research on a captive
breeding population of Gentoo Penguins (Pygoscelis papua) at the Henry Doorly Zoo in
Omaha, Nebraska. Penguins were hand-fed ad libitum a consistent diet of Atlantic
herring (Clupea harengus; hereafter “herring”) for eight and ten months prior to the
start of egg tissue collection and feather molt, respectively. We sampled five individual
herring randomly per month during the two months prior to the mean date of egg-laying
(11 November 2007) and during each of the three months leading up to and including
the molt period (January to March 2008), measured (i.e., standard length in mm), then
stored frozen prior to analysis. We marked eggs as they were laid using a black
permanent marker to track laying order. Approximately seven days after laying, we
candled eggs to determine if they were fertile. We collected and froze a sub-sample of
five infertile eggs from different nests for later isotopic analysis of egg albumen and

yolk. Following Hobson (1995), we assume that infertile eggs would be similar to
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fertilized eggs in isotopic value, as fertilization is independent of egg formation. The
remaining eggs were allowed to be incubated by their parents until they either hatched
or were determined to be addled, at which time eggshell and membrane samples were
collected. This provided us with eggshell membrane samples from nine two-egg
clutches and two three-egg clutches for a total of 20 eggs. Finally, we collected three
newly grown breast feathers from 20 adult Gentoo Penguins (8 males, 12 females)

following their annual molt in late March 2008.
Sample preparation and analyses

We homogenized whole fish and fish muscle samples and then dried them for 48
h in an oven at 60 °C. We separated eggshell, shell membrane, albumen and yolk by
hand and sub-samples of yolk and albumen were collected and freeze-dried. Dried fish,
egg albumen and yolk were ground to a powder using an analytical mill. We removed
lipids from whole fish, fish muscle, and yolk samples using a Soxhlet apparatus with a
1:1 Petroleum—Ether: Ethyl-Ether solvent mixture for 6-8h (Seminoff et al. 2007). We
cleaned feathers of surface contaminants using a 2:1 chloroform: methanol rinse and cut
into small fragments with stainless steel scissors. Prior studies suggest little to no effect
of lipid extraction on the §**S values of teleost fish tissues (Moradi et al. 2011,
Larocque et al. 2021), but that lipid extraction may increase 6**S values in avian egg
yolks (Oppel et al. 2010). As such, we tested for an effect of lipid extraction by
analyzing whole herring collected during the pre-egg laying period and all penguin yolk

534S values before and after lipid-extraction.

We loaded approximately 0.5 mg of each of the above materials into tin cups for
534S analysis. These samples were then flash-combusted using a Thermo Scientific™
EA IsoLink™ Elemental Analyzer System coupled to a Thermo-Fisher Delta V

Advantage continuous-flow stable isotope ratio mass spectrometer for sulfur stable
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isotope (5**S) analysis. We normalized stable isotope values using a two-point system
with silver sulfide reference materials (IAEA-S2 and IAES-S3; International Atomic
Energy Agency). A certified reference material of known isotopic composition (Gelatin:
EA Consumables, LLC.) was measured after every seven samples to allow for drift
corrections using a linear model (Werner and Brand 2001). Our sample precision was
+0.3 %o based on the standard deviation of repeated reference materials and a Red Drum
(Sciaenops ocellatus) muscle internal laboratory standard. Sulfur stable isotope values
are expressed in standard delta (d) notation referenced to Vienna-Canyon Diablo

Troilite (VCDT) and reported in per mil units (%eo).
Data analysis

We used paired t-tests to compare 5°*S values between lipid extracted and non-
lipid extracted whole herring and penguin egg yolk samples. We also used a t-test to
examine if there were differences in the herring body size between the egg-laying and
pre-molt periods. We also tested for differences in 3**S values between fish tissue
(whole fish vs. fish muscle) and the period sampled (pre-laying vs. pre-molt), using a
generalized least square model (GLS) with the Varldent function (nlme package;
Pinheiro et al. 2015) to allow different variances per period sampled. If significant
differences were found, we examined them with pairwise comparisons (Ismeans

package; Lenth and Herve 2015).

For penguin tissue samples, we first tested for an effect of laying order (egg one
vs. egg two) and sex (female vs. male) on the §**S values of eggshell membrane and
breast feathers, using paired and two samples t-tests, respectively. We then tested for
differences in 8**S values between tissues using a GLS with the Varldent function to

allow different variances per tissue. Pairwise comparisons were performed afterwards.
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Following the approach of Polito et al. (2009) and Polito et al.(2011) used to
estimate carbon (A'*Cict-tissue) and nitrogen (A'*Nuiet-tissue) discrimination factors in
penguin tissues, we calculated A*Sgicttissue by subtracting the §**S values of each
individual egg tissue and feather sample from the mean isotopic values of the diets
(herring) consumed prior to tissue synthesis. Herring samples from the pre-lay and pre-
molt periods were used to calculate A*Sgicttissue for egg tissues and feathers,
respectively. We also separately calculated A**Siet-tissue using herring muscle and whole
fish 6°*S values. We used the GLS with the pairwise comparison method described

above to test for differences in A3*Sgict-tissue among penguin and fish tissues.

Last, we incorporated the mean &°*S values of whole fish and fish muscle fed to
penguins into the equation developed by Florin et al. (2011) to predict A**Sdiet-tissue in

mammals:
A34Sdiet—tissue =116 - 0.26 X 634Sdiet
This allowed us to assess the transferability, as previous investigators using sulfur

isotopes in dietary mixing models have applied Florin et al.’s (2011) equation to

estimate A**Sdict-tissue avian tissues (e.g. Winiarski et al. 2012, Yohannes et al. 2014).

All statistical analyses were performed in R software version 4.2.1 (R Core
Team 2015). Assumptions for each statistical analysis (e.g., normality and homogeneity
of variances) were tested beforehand. Statistical significance was assumed at the o =

0.05 level and all means are presented + standard deviation (SD).

RESULTS

There were no differences in mean §°*S values between lipid extracted
(18.9£0.2%0) and non-lipid extracted (18.8+0.3%o) whole fish collected during the pre-
egg laying period (to=0.89, P = 0.40; Figure 2). Given their similar $**S values and the

greater availability of archived lipid-extracted herring samples, we used lipid extracted

10
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whole fish and fish muscle §**S values for all subsequent analyses. However, the mean
534S values of lipid extracted yolk (18.0+0.1%o) were significantly higher than those of
non-lipid extracted yolk (17.2+0.1%o; ta= 10.85, P < 0.001; Figure 2). Therefore, we
used non-lipid extracted yolk §**S values for all subsequent analyses.

Herring fed to penguins prior to egg lay were longer (250+9 mm) than those
during the pre-molt period (187+10 mm; t20= 16.22, P < 0.001). §**S values differed
between fish tissues (muscle vs. whole fish; F146=20.3, P <0.001) and between
feeding periods (pre-egg laying vs pre-molt; Fi46=16.7, P <0.001), and there was a
significant interaction between tissue type and feeding period (Fi.46= 15.5, P <0.001).
The &**S values of fish muscle during the pre-molt period was the only significant
pairwise comparisons among groups (all P < 0.001), with lower mean &**S values
relative to other tissue types and/or feeding periods (Table 1).

The 5**S values of egg membrane did not differ between first (17.240.6%o) and
second (17.6£0.6%o) eggs laid in the same clutch (t7=-1.78, P = 0.12). The mean §**S
values of egg membrane from the two females that laid a third eggs was 17.4+0.1%o.
Breast feather 5°*S values did not differ between males (17.8+0.5%o) and females
(17.8+0.3%o; tio=-0.50, P = 0.65). Therefore, egg membrane and feather 6°*S values
were combined across egg order and sex, respectively for all subsequent analyses. §**S
values differed among tissues (F346=15.4, P <0.001). Pairwise comparisons indicated
that yolk 8**S values were significantly lower than albumen (ts= 5.1, P = 0.005; Table
1) and feathers (t23= 5.98, P < 0.001; Table 1). Feather 6°*S values were significantly
higher than albumen (t23 = -3.25, P = 0.02, Table 1) and egg membrane §**S values did
not differ from other tissues (all P > 0.10, Table 1).

Calculated discrimination factors (A**Sdiettissuc) ranged from —0.4 to —1.7 %o

(Table 2). A*Sdict-tissue values significantly differed when calculated using whole fish vs.

11
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fish muscle (F1,92=53.09, P <0.001) and differed among penguin tissues (F392= 54.16,
P <0.0001). In addition, there was a significant interaction between these two terms
(F392=5.71, P = 0.001). Specifically, when averaged across all tissues A>*Sdiet-tissue
values were lower when calculated using whole fish (-1.3+0.5%o) relative to fish muscle
(-0.9+0.6%o; t74=5.63, P < 0.001). In general, feathers had the highest Adict-tissuc>*S
values, yolk had the lowest Adgict-tissuc>*S values, and egg membrane and albumen were
intermediate of other tissues (Table 2). Pairwise comparisons indicated that only feather
(t3g=6.05, P <0.001) and albumen (ts= 4.47, P = 0.003) A**Sdict-tissue values differed
when calculated using whole fish or fish muscle (Table 2). All other within-tissue,
pairwise comparisons were non-significant (P > 0.50; Table 2).

Using the mean §**S values of whole fish (18.9%o) and fish muscle (18.2%o) fed
to penguins in our study (Table 1), the predictive relationship developed by Florin et al.
(2011) between dietary §**S values and isotopic discrimination estimated A**Siet-tissue

values of -3.6%o and -3.8%o, respectively.

DISCUSSION

We quantified sulfur isotopic discrimination factors (A**Sdict-tissuc) between diet
and egg and feather tissues in a controlled dietary study of Gentoo Penguins. To our
knowledge, this is the second study to report A**Sict-tissue Values in avian tissues (e.g.,
Craig et al. 2015), and the first to report A*Sgict-tissue values in egg components. Our
results indicate that estimates of sulfur isotope discrimination in avian tissues can be
influenced by methodological choices such as lipid-extraction and the use of whole prey
vs. prey muscle. In addition, we found that A**Sdict-tissue values varied among avian egg
components and feathers even when synthesized from a common diet. Moreover, the
range of A**Sdict-tissue values across tissues we obtained for Gentoo Penguins generally

differed from those reported for Double-crested Cormorants by Craig et al. (2015).

12
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These sources of variation highlight the need to better quantify sulfur isotopic
discrimination in avian tissues so that appropriate values can be selected and applied in
trophic studies.

Variation in lipid content among tissues reflects a common methodological
challenge in stable isotope studies. This is most significant for carbon (§'*C) and
hydrogen stable isotope (§°H) values as lipids are generally depleted in *C and ?H
relative to proteins (Hobson et al. 1999, Post et al 2007). Studies seek to remove and/or
account for lipid effects on 8'*C values by using chemical extraction or mathematical
normalization (Post et al. 2007, Logan et al. 2008, Yurkowski et al. 2015). Little is
known about the potential effects of chemical lipid extraction in 6**S values, though
there is concern that the incidental loss of sulfur-bearing amino acids and/or sulfolipids
could bias §**S values (Oppel et al. 2010). However, we found no differences between
the 5°*S values of lipid extracted and not lipid extracted whole herring. One prior study
also examined the influence of lipid extraction on 6°*S values in teleost fish tissues.
Larocque et al. (2021) found little to no effect of chemical lipid extraction on the **S
values of salmonids muscle and fin tissues. Moreover, Riveron et al. (2022) examined
white muscle and liver samples from two species of sharks and skin samples from two
species of pinnipeds and found that tissues with higher lipid content (e.g, shark liver)
showed the greatest differences in $**S values due to lipid extraction. The similar
findings of our study and others suggest that the §**S values of fish tissues may be
broadly robust to chemical lipid extraction when they contain low amount of sulfolipids
(Moradi et al. 2011). When validated a priori, this will allow researchers to use lipid-
extracted and not extracted teleost fish tissue §**S values interchangeably in trophic

studies.
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In contrast, there is growing evidence that the lipid-extracted and not extracted
avian egg yolk tissue §**S values may not be used interchangeably. Oppel et al. (2010)
found that lipid extraction of wild King Eider (Somateria spectabilis) yolk increased
534S values by 2.3+1.1%o on average likely due to the loss of sulfolipids. We also found
higher §**S values in lipid-extracted Gentoo Penguin egg yolks compared to non-lipid
extracted ones, though at a smaller magnitude (0.84+0.2%o). This difference could be an
effect of our differing lipid-extraction methods. We used a Soxhlet apparatus with 1:1
Petroleum—Ether:Ethyl-Ether solvent mixture while Oppel et al (2010) used a 2:1
chloroform:methanol solvent following the method of Bligh and Dyer (1959). Larocque
et al. (2021) study of salmonid tissues also used the lipid extract of Bligh and Dyer
(1959) method, though Riverdn et al. (2022) study applied the methods of Folch et al.
(1957) with an additional deionized water rinse to remove urea from elasmobranch
tissues (Kim and Koch 2012).

Elliott and Elliott (2016) found that polar solvents (i.e., chloroform—methanol)
more thoroughly removes lipids and likely a greater degree of hydrophobic proteins
compared with nonpolar solvents (i.e., petroleum ether). Our results indicate a need for
future studies that quantify the effect of differing lipid-extraction methods on tissue 3**S
values, like those that have examined &'*C values (Elliott and Elliott 2016). When lipid
extraction is not advisable due to biased §**S values and/or logistically feasible (e.g.
simultaneous measurements of §'3C, §'°N, and §**S values) the use of mathematical
models to lipid-normalize '*C values represents an alternative option (e.g., Larocque et
al. 2021). However, care should be taken when applying mathematical approaches to
avian yolks, as they assume that all egg macronutrients are derived from the same

dietary sources (Oppel et al. 2010).
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The results of our study also underscore the importance of the prey tissue
selection when quantifying discrimination factors. We found that the §**S values of
whole herring were generally higher than those of herring muscle, especially for the fish
sampled prior to penguin molt. Stable isotope values can vary across fish tissues
(Hesslein et al. 1993, Jardine et al. 2005, Matley et al. 2016). While the §**S values of
homogenized whole fish reflect an integration of muscle, organs, and bone tissues,
published ratios indicates that muscle likely represented > 90% of the total body mass
of herring consumed by gentoo penguin in our study (Braune 1987). Moreover, muscle
protein can account for approximately 50% of the body protein in fish (Kaushik and
Seiliez 2010), and prior studies indicate that amino acid concentration, and the sulfur
containing amino acid methionine, can be the same or higher in fish muscle relative to
whole bodies (Arzel et al., 1995, Borges Tesser et al. 2014). Given this information, we
might have expected more similar 5**S values between whole herring and herring
muscle.

One possible explanation is that tissues differing in their proportional
contribution to body mass also had differing rates of isotopic turnover (Hesslein et al.
1993, Donovan and Miles 2010). For example, the isotopic values of internal organs
turnover more rapidly compared to muscle tissue (Vander Zanden et al. 2015). In
addition, herring fed to penguins during egg-laying were slightly larger than those
consumed by penguins during the pre-molt period, and small rapidly growing fish can
have faster tissue turnover rates compared to larger fish (Hesslein et al. 1993, Donovan
and Miles 2010). Moreover, inorganic sulfur and/or the synthesis of sulfur containing
amino acids by bacteria in fish guts could also lead to differing 5**S values between

whole herring and herring muscle (Mekhtiyeva et al. 1976).
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In the context of our focal species, A*Sdict-tissue values derived from whole prey
are likely the most physiologically and ecologically relevant as Gentoo Penguins
consume their prey whole. In contrast, A**Sgiet-tissue values derived from prey muscle are
more applicable to birds that scavenge and/or selectively consume prey tissues (e.g.
raptors, skuas, gulls, etc.). However, it is not always logistically possible for researchers
to collect or homogenize whole prey, and in many cases muscle may reflect the
dominate source of dietary protein even when prey are consumed whole (e.g., Bruane
1987, Kaushik and Seiliez 2010). Therefore, we calculated A**Sdict-issue relative to both
whole fish and fish muscle in an effort to complement previous avian studies that also
compared whole prey and prey muscle A Caiet-tissue and A" Naiet-tissue values (Cherel et al.
2005, Polito et al. 2009).

Excluding differences due to prey-tissue choice, mean discrimination factors
(Adiet-tissue>*S) varied among tissues in our study, ranging from -1.7 to -1.1 %o when
calculated using whole herring. In addition, tissue A**Sdict-tissue Values were lower than
the corresponding carbon (Adiet-tissue C) and nitrogen (Adict-tissue' *N) discrimination
factors reported by Polito et al. (2009) and Polito et al. (2011) in their analyses of these
same samples (Table 2). Our A**Sgicttissue values for Gentoo Penguin tissues were also
lower than those reported by Craig et al. (2015) for Double-crested Cormorant tissues (-
1.1 to 0.5 %o) fed a diet of channel catfish (Ictalurus punctatus). For example, mean
A**Sdict-tissue values in feathers, the only tissue examined in both studies, were 1.0 %o
lower in Gentoo Penguins relative to Double-crested Cormorants (Craig et al. 2015).
While both studies calculated avian tissue A**Sdict-tissue values using whole fish §*4S
values, there was a large difference in the 5**S values of the prey fish in these studies.
The whole catfish fed to cormorants had an average §**S value of 2.0+2.2 %o (Craig et

al. 2015), while whole herring fed to penguins had an average 5**S value of 18.9+0.2 %o
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(Table 1). This is a reflection of freshwater prey fish generally having lower §**S values
(e.g., Hesslein et al. 1991, Connolly et al. 2004) compared to marine species (e.g.,
Moreno et al. 2010, Morkune et al. 2018).

Florin et al. (2011) obtained a very strong inverse relationship between dietary
534S values and diet-tissue discrimination factors (A**Sdiet-tissuc) in mammalian blood,
plasma and serum. They proposed that this corrlation was due to the sulfur containing
amino acid methionine acting as a limiting, essential amino acid in diets. Moreover,
Florin et al. (2011) found that reducing dietary protein quality and quantity did not alter
in A3*Sdict-tissue values, unlike A" Nuict-tissue values which has been found to vary with both
of these dietary parameters (Podlesak & McWilliams 2006, Martinez del Rio 2009,
Robbins et al. 2010). Unfortunetly our study and Craig et al. (2015) did not directly
measure dietary protein content or quality (e.g., methionine content as a percentage of
total dietary protein; Florin et al. 2011) or explore the potential for sulfur containing
macromolecules to undergo different metabolic routing from diet to incorporation into
consumer tissues (e.g., Martinez del Rio et al. 2009).

Even so, in agreement with Florin et al. (2011) cormorants feeding on whole fish
with lower §**S value (Craig et al. 2015) had higher A**Sdict-tissue values relative to the
Gentoo Penguins that were fed whole fish with higher 6**S value. To explore these
similarities further, we applied the equation developed by Florin et al. (2011) to predict
cormorant and penguin A**Sict-tissue values based on their dietary §**S values. The Florin
et al. (2011) equation predicted a A**Sdiettissue value of 0.6 %o for Double-crested
Cormorants feeding on catfish with a §**S value of 2.3 %o. This predicted A**Sdiet-tissue
value was generally higher than the A**Siet-tissue values empirically measured by Craig et
al. (2015) for whole blood (0.5 %o), red blood cell (0.1 %o), and blood plasma (-0.5 %e).

In contrast, the A**Sict-tissue values predicted by the Florin et al. (2011) equation for

17



406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

Gentoo Penguins feeding on herring (-3.8 to -3.6 %o) were much lower than the range of
A¥*Sgict-tissue values were measured in our study (-1.7 to -0.4 %o; Table 1), though we did
not examine blood tissues.

These results suggest that, like mammals (Florin et al. 2011), A**Sgict-tissue values
are inversely related to dietary §**S values in birds. However, based on our results we
urge caution to those who might apply Florin et al.’s (2011) predictive equation to
estimate A*Sdict-tissue values for birds due to a lack of more appropriate discrimination
factors (e.g., Winiarski et al. 2012, Yohannes et al. 2014). In addition, the range of
A¥*Sgict-tissue values observed among the different tissues in our study and Craig et al.
(2015) indicate that sulfur isotopic discrimination is tissue-specific. Therefore, we
recommend that future studies of avian tissues over a more continuous range of dietary
534S values is needed to obtain predictive equations for diet-tissue sulfur isotopic
discrimination in birds.

In conclusion, our study provides sulfur isotopic discrimination factors (A3*Siet-
tissue) between the diets and tissues of Gentoo Penguins. Given the observed relationship
between tissue A*Sdict-tissue and dietary §3*S values, it is likely that the discrimination
factors reported here may also be applicable to tissues from other bird species who
consume a similar marine diet. However, methodological choices such as lipid-
extraction and prey-tissue selection should be considered as we found that they can
introduce tissue-specific variation in avian A**Sgiettissue values. In addition, we
encourage more studies of A¥Sict-tissue across a broader set of avian species and tissues
in the future. Studies that include terrestrial birds and/or those that examine a wide
range of dietary §**S values are especially needed to improve our understanding of diet-
tissue sulphur isotopic discrimination in avian tissues and allow for greater application

of sulfur stable isotope analysis in ornithological research.
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FIGURES & TABLES

Figure 1. The total number of published papers in which sulfur (8°*S), nitrogen (5'°N),
or carbon (8'°C) stable isotope analysis was applied to avian research. We conducted

our literature search on 13 July, 2022 using Web of Science and the terms “avian/bird”
and “stable isotope” and either “sulphur/sulfur/34S/delta S-34”, “nitrogen/15N/delta N-

157, or “carbon/13C/delta C-13”, respectively.
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Figure 2. The sulfur stable isotope values (5**S) of lipid extracted and not lipid
extracted whole herring fish and yolks of captive Gentoo Penguins. Boxplots include
median, interquartile range, minimum and maximum values. Large points represent
mean values while jittered points represent individual values for each tissue and
treatment. Treatment with differing superscript letters reflects significant differences
identified from paired t-tests between lipid extracted and not lipid extracted tissues.
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Table 1. The sulfur concentration (%S) and stable isotope values (8°*S) of food

(herring), egg tissues, and feathers of captive Gentoo Penguins. Values are reported as

mean + SD. Test statistics reflect paired t-test between whole fish and fish muscle §*S

values within the laying and molt periods, a paired t-test between egg one and two for
shell membrane §**S values, paired t-test between lipid extracted and non-lipid

extracted egg yolk, and a two-sample t-test between male and female breast feathers

5%4S values.

Sample n % S 534S (%o)
Herring (laying)

Whole fish 10 1.334+0.03 18.9+0.2

Fish muscle 10 1.25+0.01 18.7+0.1
Herring (molt)

Whole fish 15 1.3140.01 18.9+0.3

Fish muscle 15 1.29+0.02 18.2+0.4
Shell membrane 20 4.20+0.35 17.4+0.6
Egg albumen 5 1.35+0.01 17.5+0.1
Egg yolk 5 0.47+0.03 17.2+0.1
Breast feathers 20 3.31£0.15 17.8+0.4
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Table 2. Carbon (A"*Cdict-tissuc), nitrogen (A" Naiet-tissuc), and sulfur (A**Sgict-tissue) isotopic

discrimination factors between food (whole herring and herring muscle), egg tissues,
and feathers of captive Gentoo Penguins. Values are reported as mean = SD. A3Cict-
tissue and A Ndiet-tissue Values are obtained from Polito et al. (2009) and Polito et al.

(2011). A**Sdiet-tissuc are obtained from this study.

Tissue, diet

Discrimination Factor (%o)

ABCliettissie AP Niet-tissie  A¥*Sdiet-tissue

Shell membrane

Whole fish  2.8+0.5 4.4+0.5 -1.54+0.6

Fish muscle 2.9+0.5 4.240.5 -1.3+0.6
Egg albumen

Whole fish  0.8+0.7 4.7+0.5 -1.4+0.1

Fish muscle 0.9+0.7 4.5+0.5 -1.2+0.1
Egg yolk

Whole fish  0.1£0.5 3.7+0.5 -1.7+0.1

Fish muscle 0.0+0.5 3.5¢0.5 -1.5+0.1
Breast feathers

Whole fish  1.3+£0.5 3.5+0.4 -1.1+0.4

Fish muscle - - -0.4+0.4
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