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Abstract Dead animals may be an important or the
only source of tissues to analyze for stable isotopes,
with the goal of making inferences about an animal’s
past ecological history. However, in nature, stable isotope values may be affected by myriad decomposition
processes, such as abiotic environmental conditions
and bacterial and fungal decay, potentially reducing
the accuracy of derived ecological conclusions. We
used Pacific salmon carcasses left in air or submerged
under water to test whether stable isotope values of
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metabolically active (skin, muscle, and adipose fin)
and inactive (scale) tissues changed over time. We
found that the d13C values of active tissues were all
affected by decomposition but not in a predictable direction, and hard scale tissue was not. In contrast, there
was no effect on d15N values for any tissue up to
4 days under water or 8 days in air. This suggests that
tissues can be analyzed for nitrogen stable isotope
values even after several days in water and even if
covered in fungus on the surface. For populations
within which dead animals are frequently encountered, e.g., salmonid carcass surveys, hard tissues of
fish (scales, otoliths) and other animals (baleen, bone,
hair, feathers) will likely yield relevant biological
information even if soft tissue is rotting, providing
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another avenue to collect important data about the life
history of those animals.
Keywords Decomposition  Pink salmon  Scale 
Stable isotope  Tissue

Introduction
Stable isotope analysis is a frequently used method in
ecological studies to identify aspects of an individual’s
resource and habitat use (e.g., Rubenstein and Hobson
2004; DeNiro and Epstein 1978; Layman et al., 2012).
Stable carbon (d13C values) and nitrogen (d15N
values) isotope ratios are the most commonly used
isotopes by ecologists and can be used to inform
population-level differences and individual specialization in resource and habitat use (Bolnick et al. 2003;
Matthews and Mazumder 2004; Newsome et al. 2012).
The tissues used to analyze isotopes range from those
that are relatively inert (metabolically inactive once
formed, e.g., scales, otolith, feathers, hair, baleen,
bone) to ones that continually renew (e.g., muscle,
skin, fins, mucous, blood), and while these tissues
provide useful ecological information about different
time points in an organisms’ life, they may also be
more or less susceptible to degradation after death.
Although samples are usually obtained from live or
recently euthanized animals, in some field ecology
cases, unpreserved tissues from animals that have been
dead for several days are often the only samples
available for use, especially for rare or hard to sample
animals (e.g., Wild et al. 2018; Arthur et al. 2008). The
impact of decomposition in metabolic active vs
inactive tissues at variable postmortem times is still
widely unknown, reducing our ability to make inferences about the animal’s past history based on those
values.
Tissue decomposition by bacterial and fungal
species may affect the accuracy of stable isotope
values. Nitrogen in protein is broken down by
microbes during proteolysis into amino acids, and
the microbes more readily uptake lighter N14 compared to heavier N15 (Balzer et al. 1997), while
additionally the production of ammonia during degradation further expels more lighter N14 (Keenan and
DeBruyn 2019), both of which result in source tissues
becoming enriched in d15N. However, for carbon,
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some bacteria selectively break down isotopically
heavier amino acids which results in depleted d13C,
while light isotopes are expelled more than heavy
isotopes during production of carbon dioxide (CO2)
leaving d13C enriched (Dent et al. 2004; Balzer et al.
1997). These processes result in a consistent direction
of effect for nitrogen, but conflicting possible directions for changes in carbon isotope values.
Studies on the effects of decomposition on the
stability of stable isotope ratios were initially focused
on plants (e.g., Fenton and Ritz 1988; Fernandez et al.
2003; Schweizer et al. 1999). More recently, the effect
of decomposition on animal tissues has been investigated (Burrows et al. 2014, Yurkowski et al. 2017,
Payo Payo et al. 2013, Perkins et al. 2018, Keenan and
DeBruyn 2019) building off Ponsard and Amlou’s
(1999) work using fruit flies. However, most studies
have been conducted under laboratory conditions,
whereas animals die and decay in natural environments. Many of these studies also froze tissues prior to
decomposition, which causes changes in microbial
abundance (Davis 1976), a switch from aerobic to
anaerobic decomposition (Micozzi 1986; Sulakova
et al. 2014), and physical damage to cells during
freezing (Dannheim et al. 2007). Previous studies also
found inconsistent changes in d13C (increase,
decrease, or no change) and d15N (increase or no
change). These differences in methodologies and
inconsistencies in results have led to an incomplete
understanding of the effects of decomposition, especially as it relates to interpreting isotope signatures
obtained from different tissue samples in field studies.
We used Pacific salmon carcasses from spawning
grounds as a case study to assess if tissues collected for
stable isotope analysis would provide useful information about the past state of these fish. Stable isotopes
have been effectively used in many ecological studies
of Pacific salmonids (e.g., Johnson and Schindler
2009, 2012; Qin and Kaeriyama 2016) but many
salmon populations are in decline, making it undesirable/difficult to sacrifice live individuals. The ability
to use carcasses from the spawning grounds would
enable further insights into their ocean ecology, such
as comparisons of spawned vs non-spawned individuals. We asked whether the tissues of fish carcasses
found in natural situations (either on land or under
water) could still provide accurate information for
stable isotope analysis as decomposition progresses.
We predicted that both d13C and d15N would increase
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as time progressed due to preferential uptake of lighter
isotopes by microbes; that soft tissues (skin, muscle,
and adipose fin) would change, whereas hard scales
would not; and that carcasses under water would have
larger changes due to more extensive growth of fungus
and microbes.

Methods
On September 27–29, 2017, male Pink Salmon
(Oncorhynchus gorbuscha) were located within 24 h
of natural death on their spawning grounds near
Lillooet, British Columbia. Once located, each fish
was tagged with a dart tag for individual identification
and then sampled (day 0). Each sample consisted of
removing four tissues: one inactive tissue (scales), and
three metabolically active tissues (adipose fin, muscle,
and skin). Scales were scraped from the lateral part of
the fish posterior to the dorsal fin. Adipose fin was
sampled by cutting a piece from the posterior part of
the lobe. A plug of muscle with attached skin was cut
from the lateral part of the fish ventral to the adipose
fin, and subsequent samples were cut in the anterior
direction (Fig. 1). Once sampled, fish were alternatively assigned to either air or water treatment, for a
final sample size of six fish per treatment. Air
treatment fish were placed on their side on a grate
under insect netting to prevent insects laying eggs or
consuming the fish, but were otherwise exposed to

Fig. 1 a A male pink salmon in the air treatment after 5 days of
sampling. b A male pink salmon in the water treatment after
5 days of sampling; note the extensive fungus covering the
underwater fish

ambient weather conditions. Air temperature ranged
from 1.2 to 26.3 °C during the experiment (www.
climate.weather.gc.ca), and though rainfall was not
measured, the nearest weather station indicates precipitation during this period was minimal (* 8 mm).
Water treatment fish were placed together in a single
black bag with mesh ends that blocked light but
allowed for continuous water flow, and was kept fully
submerged, in an off-channel of Gate’s Creek. Water
temperature varied between 13 and 14.5 °C. Both
treatments were sampled on day 0, 1, 2, 3, and 4
(Fig. 1a,b), but only samples from day 0 and 4 were
analyzed for isotopes as that was the maximum duration of both treatments. As effects were small even
after four days, we chose not to run the isotopes of the
intermediate days. Air treatment fish were also sampled on day 8, but water treatment fish were too
decayed to sample.
Samples were kept frozen on site (- 18 °C) then
stored at - 80 °C until analyzed. All samples had
external fungus removed under a microscope, were
washed in distilled water, and then were dried for 48 h
(except scales, which were dried for 24 h) at 60 °C.
Tissues were analyzed for d13C and d15N at the
Environmental Isotope Laboratory at the University of
Waterloo using a Delta Plus Continuous Flow
Stable Isotope Ratio Mass Spectrometer (Thermo
Finnigan, Bremen, Germany) coupled to a Carlo Erba
elemental analyzer (CHNS-O EA1108, Carlo Erba,
Milan, Italy). Precision was determined through repeat
analysis of internal laboratory standards cross-calibrated against certified international reference materials (i.e., IAEA-N1 ? N2, IAEA-CH3 ? CH6). No
less than 20% of samples in any given run were
comprised of internal standards or reference materials,
with measurements used to assess linearity and or
mass spectrometer drift throughout the duration of the
analytical run. Results (precision ± 0.2%) for d13C
are reported in per mil (%) units, against the primary
reference scale of Vienna Pee Dee Belemnite (VPDB).
The results for d15N (precision ± 0.3%) are similarly
reported but against the primary reference scale of
Atmospheric Air.
We used a mixed effects ANOVA to examine the
effect of time (day 0 vs 4), treatment (air vs water), and
their interaction on d13C and d15N for each tissue
separately, with fish as the random factor to account
for multiple measurements on individuals. If the
interaction was not significant, we removed that effect
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Results
Treatment (air vs water) and time (day 0 vs 4)
There was no effect of either treatment, time, or their
interaction on d13C for scales (time x treatment:
p = 0.237, time: p = 0.239, treatment: p = 0.998).
The effect of treatment depended on time for skin
(treatment x time: F1,10 = 6.87, p = 0.026; Fig. 2),
with the water treatment resulting in d13C enrichment
by 0.85% at day 4 compared to day 0 (F1,5 = 20.2,
p = 0.012) whereas the air treatment showed no
change (p = 0.446). Adipose fin tissue was enriched
in d13C by 0.86% at day 4 compared to day 0 (time:
F1,9 = 12.96, p = 0.006; Fig. 3), but there was no
effect of treatment (p = 0.424) or their interaction
(time x treatment: p = 0.340). Muscle tissues were
depleted in d13C by 0.35% at day 4 compared to day 0
(time: F1,10 = 9.68, p = 0.011; Fig. 4), but there was
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and tested main effects only (time and treatment). Data
passed normality tests, except d15N in scales, where
we used permutation tests. We also used a permutation
paired t-test (due to a small sample size of n = 6
samples per treatment) to examine the effect of day
(day 0 vs 8) for the air treatment on d13C and d15N for
each tissue separately. Statistical analyses were conducted in R 4.0.3 (R Core Team, 2020) using packages
rstatix 0.6.0 (Kassambara, 2020), permuco 1.1.0
(Frossard and Renaud, 2019), and coin 1.3-1 (Hothorn
et al 2006, 2008).
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Fig. 3 Adipose carbon values. Air treatment is solid circles and
lines; water is open circles and dashed lines. Circles linked by a
trend line indicate repeated measures over time within an
individual fish. n = 6 samples per treatment for each time point,
except one water carbon value was not available at day 4; no
water samples at day 8

Fig. 4 Muscle carbon values. Air treatment is solid circles and
lines; water is open circles and dashed lines. Circles linked by a
trend line indicate repeated measures over time within an
individual fish. n = 6 samples per treatment for each time point,
with no water samples at day 8

no effect of treatment (p = 0.462) or their interaction
(time x treatment: p = 0.666).
There was no effect of either treatment, time, or
their interaction on d15N for any tissue (scale: time x
treatment p = 0.426, time p = 0.914, treatment
p = 0.381; skin: time x treatment p = 0.293, time
p = 0.512, treatment p = 0.412; adipose fin: time
x treatment: p = 0.361, time p = 0.147, treatment
p = 0.388; muscle: time x treatment: p = 0.832; time
p = 0.413, treatment p = 0.482).
Time (day 0 vs 8), air treatment only
Fig. 2 Skin carbon values. Air treatment is solid circles and
lines; water is open circles and dashed lines. Circles linked by a
trend line indicate repeated measures over time within an
individual fish. n = 6 samples per treatment for each time point,
with no water samples at day 8
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There was no effect of time on d13C for scales
(p = 0.26), skin (p = 0.484; Fig. 2), or adipose fin
(p = 0.144; Fig. 3). Muscle d13C was depleted by
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0.19% at day 8 compared to day 0 (Z = 2.355,
p = 0.018; Fig. 4). There was no effect of time on
d15N for any tissue (scale: p = 0.887; skin: p = 0.824;
adipose fin: p = 0.410; muscle: p = 0.609).

Discussion
We examined if d15N and d13C stable isotopes within
four types of salmon tissues changed over the short
term under natural environmental conditions. We
found that d15N did not change under water (over four
days) or in air (eight days) within soft or hard tissues,
indicating the utility of salmon carcasses for this
source of ecological data. For d13C in both air and
water, we found that change did not occur in hard
tissue (scales), and relatively small (\ 1 ppt) changes
were observed in soft tissues (skin, adipose fin, and
muscle). Therefore, over the short term (eight days in
air and four days under water), our study indicates it is
valid to utilize tissues of salmon carcasses for d15N
and d13C stable isotope data, though d13C data based
on soft tissues should be treated with suitable caution.
It is well known that chemical (Kelly et al. 2006)
and nonchemical preservation techniques can affect
stable isotope values. For example, fermentation,
baking, and drying approaches do not (Bostic et al
2015; Hobson et al. 1997; Bugoni et al. 2008; Barrow
et al. 2008; Xu et al. 2011), but freezing sometimes
does due to cell damage, loss of compounds, and
disruption of proteins (Kim et al. 2016; Dannheim
et al. 2007; Wolf et al. 2016; Feuchtmayr and Grey
2003; Bosley and Wainwright 1999; Barrow et al.
2008). The effects of decomposition within a natural,
live environment, inclusive of live microorganisms
and variable climate, are less clear. Microorganisms
preferentially uptake the lighter isotopes from tissue as
decomposition progresses and discriminate against the
heavier isotopes thereby depleting microbial d13C but
concurrently enriching substrate d13C (McGoldrick
et al. 2008). Microorganisms can also selectively
break down isotopically heavier amino acids thereby
decreasing the substrate 13C:12C ratio and depleting its
d13C (e.g., Macko et al. 1994). However, light isotopes
are expelled more than heavy isotopes during the
production of gases such as carbon dioxide, leaving
d13C enriched (Dent et al. 2004; Balzer et al. 1997).
Our two tissues that were exposed (skin and adipose
fin) were enriched by 0.85% and 0.86%, respectively,

after 4 days, whereas the tissue encased in the body
(muscle) was depleted by 0.35% at 4 days and 0.19%
at 8 days, which we infer means that more carbon
dioxide may have been produced on surface tissues
under aerobic conditions, both in air and under water,
as described for human decomposition by Dent et al.
(2004). While samples in water were too degraded to
allow for stable isotope analysis at 8 days, we were
able to test samples in air. We observed that effects of
degradation upon d13C were actually less at eight days
compared to four days. (Adipose and skin were no
longer significantly enriched at eight days, and
depletion in muscle was reduced at eight compared
to four days.) These results may be explained by
differences in statistical power; at four days we had a
larger data set including water-based samples and the
water samples showed stronger effects than air-based
tissues, likely driving the stronger effects observed at
day four. Alternatively, even on short timescales
bacterial composition and activity may have changed,
resulting in different patterns of isotopic changes. The
latter explanation may be why patterns of change in
d13C across studies are not consistent. Similar to our
results, d13C was depleted in lipid extracted ringed
seal muscle after 8 days by 0.4% and lipid extracted
lake trout (by 0.3%) and Greenland shark (by 0.8%)
muscle in open vials after 256 days (Yurkowski et al.
2017), fruit flies by 0.81% after 10 days (Ponsard and
Amlou 1999), lipid extracted whale blubber by *
0.3% after 14 days (Burrows et al. 2014), and nonlipid extracted bivalves by * 0.25% and mantis
shrimp by * 1.2% after 5 days (Perkins et al.
2018). In contrast, d13C was enriched in lipid extracted
whale skin after 3 days by 0.15% (Burrows et al.
2014), non-lipid extracted rabbitfish after 5 days
by * 0.35% (Perkins et al. 2018), and lipid extracted
ringed seal in closed (by 0.7%) and open (by 0.3%)
vials and lake trout in closed vials (by 0.4%) after
256 days (Yurkowski et al. 2017). However, there was
no change in non-lipid extracted d13C of crab, grouper,
and gastropods after 5 days (Perkins et al. 2018), lipid
extracted Greenland shark and lake trout muscle after
8 days and lipid extracted Greenland shark muscle in
closed vials after 256 days (Yurkowski et al. 2017),
rotting beaver tissues (fat, gut, heart, liver, lungs,
muscle) during active decomposition (263–326 accumulated degree days) (Keenan and Debruyn 2019) nor
in lipid extracted striped dolphin or loggerhead sea
turtle skin or muscle after 62 days (Payo and Payo
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2013). Changes over shorter timescales may be
opposite to those over longer timescales. For example,
lipid extracted ringed seal muscle was depleted after
eight days but was enriched by 256 days (Yurkowski
et al. 2017). Thus, the subtleties of changes in d13C
may depend more heavily on the bacterial composition
of the tissues, which may differ depending on sample
preparation (tissues frozen before starting decomposition in some studies), surrounding environment
(whole bodies outside vs separate tissues in laboratory
culture), moisture (wet tissues promote faster bacterial
growth), and bacteria type (aerobic vs anaerobic
digestion), and analytically on whether lipids were
extracted prior to analysis (e.g., Perkins et al. 2018).
Among-study variation in the observed decomposition
effect may also be related to differences in temporal
sampling with respect to steady-state growth, with
heterotrophic bacteria having higher discrimination
rates against heavier isotopes during their exponential
growth phase (McGoldrick et al. 2008).
When there is a decomposition effect on d15N, it is
always enriched (not depleted), but there is still
considerable variation across studies in terms of
whether any enrichment is detected statistically, with
some significant differences in other studies within the
range of our nonsignificant differences. One possible
explanation for the discrepancy in d15N among studies
is that decomposition fluids appear to be enriched in
d15N but not d13C compared to tissues (Wheeler and
Kavanaugh 2017), and studies vary in whether those
fluids are included in the isotope analysis, and whether
the samples are kept wet or dry. However, Yurkowski
et al. (2017) also examined this effect and found that
for two out of three species, tissues in closed vials
(which kept the fluids with the tissue) were enriched in
both d13C and d15N compared to the same tissues in
open vials (which allowed fluids to evaporate) up to
256 days (d15N: on average, 1.5% for ringed seal and
0.9% for Greenland shark, while lake trout at 0.5%
was not significant; d13C: on average, 0.4% for ringed
seal and 0.7% for lake trout, while Greenland shark at
0.9% was not significant), though enrichment for the
first 8 days was not significant (except for open vials
of lake trout with a 0.4% increase, though it decreased
to within 0.1% of the starting value at the next
sampling time point of 16 days). Our study found no
effect on d15N up to 4 days (average tissue change on
land ranged from -0.33 to 0.12% and average tissue
change in water ranged from -0.09 to 0.21%) and
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8 days (average tissue change on land ranged from 0.08 to 0.09%). However, this differs from other
studies that found enriched d15N: Burrows et al.
(2014) found increases in whale skin and blubber
including decomposition fluids in vials after 3 days
(skin by * 0.15%, approximately equal to measurement error at 20 °C; blubber at 4 °C by * 0.45%),
Ponsard and Amlou (1999) found fruit flies including
decomposition fluids increased 0.42% in vials after
10 days, and Perkins et al. (2018) found increases in
fish (grouper * 0.6%; rabbitfish * 1%) and crustacean muscle (mantis shrimp * 1.0%; crab: *
0.8%) but not molluscs in open laboratory trays after
5 days. Additionally, Keenan and Debruyn (2019)
found on average * 3% (range 2.4 to 4.4%) enrichment in rotting beavers at active decomposition
(263–326 accumulated degree days), but not during
bloat (101–138 accumulated degree days), and Payo
and Payo (2013) found no effect in striped dolphin or
loggerhead sea turtle skin or muscle after 62 days.
Similar to d13C, there has yet to emerge a consistent
pattern on when d15N will be enriched, and the same
effects of variation in initial microbial communities
may have a role in explaining these disparate results.
If the goal of a study is to inform whether
stable isotopes measured from tissues collected in
the field from decomposing specimens are accurate,
then whole unfrozen specimens in the field are needed
to answer this question. Freezing causes changes in
microbial abundance (Davis 1976) as well as a switch
from aerobic (decay from the outside-in) to anaerobic
(putrefaction from the inside-out) decomposition
(Micozzi 1986; Sulakova et al. 2014). Thus, the
results should be interpreted with caution when
samples are first frozen prior to decomposition (e.g.,
Burrows et al 2014; Yurokowski et al. 2017; Payo
Payo et al. 2013; Keenan and DeBruyn 2019) and
when samples are held separately from the rest of the
microbiome of the animal (e.g., Burrows et al. 2014;
Yurokowski et al. 2017) as they may not represent
what would happen under natural conditions. A caveat
to our study is that we held water treatment fish in a
dark flow-through bag which resulted in carcasses not
being exposed to solar radiation. In a more natural
setting carcasses would be exposed to light which may
influence microbial composition and action, and
decomposition processes. However, salmon carcasses
remain submerged for 1–3 days at warmer temperatures and 12–18 days at colder temperatures
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(Patterson et al. 2007); our temperatures would result
in carcasses floating in 4–5 days, making our 4-day
submerged water sampling a relevant time scale for
carcasses under natural conditions, even though they
received less light. The lack of light does not
invalidate our findings but is important context and
something that should be explored in future studies.
The effect of decomposition on d15N and d13C
values also depends on temperature. Lower temperatures generally reduce or eliminate decomposition
effects. For example, keeping samples on ice eliminated almost all changes in d13C and d15N observed at
21 °C (Perkins et al. 2018). Similarly, skin and
blubber had changes in stable isotopes at 20 °C but
not at 4 °C or - 20 °C for up to 14 days, but
surprisingly blubber d15N was enriched at 4 °C
whereas at - 20 °C and ? 20 °C it showed inconsistent changes (Burrows et al. 2014). In our study,
although minimum and maximum air temperature
varied across 25 degrees, average daily temperatures
encompassed a smaller range (10.0–16.9 °C) that
bracketed water temperatures (13–14.5 °C). It is
possible, therefore, that the effect of time on skin
tissue in water but not air may be due to water itself
rather than temperature differences between mediums.
Due to the small absolute levels of these isotope
changes, it is unclear whether some of these changes
are true effects or reflect random sample variation due
to low sample size—e.g., Burrows et al. (2014) had
only three samples per time point, a caveat which
applies to our study as well (six samples per time
point).
Although group mean values are often the primary
summary statistics of interest, in some areas researchers make conclusions based on individual isotope
values. Our study shows that the sampling location on
the fish and/or individual variation in accumulation of
fungal/bacterial species will affect these interpretations, as within-individual changes between sampling
time points were not consistent in direction (Figs. 2, 3
and 4). Similarly, in other studies, not only did
homogenous samples from single individuals also
show variation in stable isotope values, but decomposing tissues showed seemingly random differences
at some sampling days that are hard to explain as a real
decomposition effect (e.g., Burrows et al. 2014: whale
blubber at 20 °C had an increase in d15N of 0.5% at
day 1 but had decreased back to the starting value at
day 3, which was attributed to variation within tissue

or nitrogen extraction). These statistical differences
may not have biological importance, as some were
within the measurement error for the mass spectrometer, typically ± 0.3%. However, these results still
imply that although population-level conclusions may
still be made using decomposed tissues within appropriate timeframes, inferences that require the rank
order of individuals to be maintained should not be
made. For example, Perkins et al. (2018) found
individual variability up to 1.4% for d15N. It is
unclear if changes between sampling time points are
transient and real, due to microbial growth and
turnover, or due to heterogeneous tissue isotope values
even from adjacent sampling locations. The former
issue applies to decomposed tissue, while the latter
applies more broadly to all stable isotope studies.
Here, the temporal variation in isotopic values for
muscle tissue known to have low isotopic variability
(Pinnegar and Polunin 1999) points to the effects of
microbial growth and turnover. Also, possibly due to
small variation among tissue samples in microbial
communities at the start, there was more variation in
stable isotope values after longer timeframes (Yurkowski et al. 2017).
Pacific salmon carcasses provide usable tissues for
stable isotope analysis of d15N up to 4 days, thus still
providing useful information about the past state of
these fish. Tissues that differ in their metabolic activity
provide different timescales of past ecological information (Willis et al. 2013; Vander Zanden et al. 2015),
and so tissues collected from dead salmon can add to
the growing literature about Pacific salmonid ocean
ecology (e.g., Johnson and Schindler 2009, 2012; Qin
and Kaeriyama 2016), and help to elucidate differences in nutritional status between spawned and nonspawned individuals. However, more caution is
required before making inferences based on d13C
values in soft tissues, as these seem to change fairly
rapidly; in our study we found depletion up to 0.35%
and enrichment up to 0.86% after 4 days. Hard tissues
appear to be more resistant to changes due to microbial
and autolytic processes. Bone and hair of beaver did
not change in either isotope value over 326.9 accumulated degree days (Keenan and DeBruyn 2019), and
we found no changes in scales over eight days
implying that the collagen matrix of scales had not
been degraded by bacterial collagenases. Though
preliminary, this suggests that collagen fibers are
more resistant or are a less preferred substrate for
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microbes. Future studies should investigate the isotopic consistency of hard tissues that are left in the
natural environment, as hard tissues (otoliths, baleen,
bone, hair, feathers, and scales) may be the only source
of biological information left of an animal after a long
period of time or after carcasses have been scavenged.
Historic or archived hard tissues are already being
used for retrospective isotope analysis, which assume
that no degradation has occurred in these tissues (e.g.,
Guiry et al. 2016; Espinasse et al. 2019; Blight et al.
2015). For populations within which dead animals are
frequently encountered, e.g., salmonid carcass surveys, hard tissues (scales, otoliths) will likely yield
relevant biological information even if soft tissue is
rotting providing another avenue to collect important
data about the life history of those fish.
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Šuláková H, Harakalová L, Barták M (2014) Effect of freezing
on the initial colonization of the carcass with necrophagous
organisms. Acta Musei Silesiae Sci Nat 63(1):29–37
Vander Zanden MJ, Clayton MK, Moody EK, Solomon CT,
Weidel BC (2015) Stable isotope turnover and half-life in
animal tissues a literature synthesis. PloS one
10(1):e0116182
Wheeler TA, Kavanagh KL (2017) Soil biogeochemical
responses to the deposition of anadromous fish carcasses in
inland riparian forests of the Pacific Northwest, USA. Can J
Forest Res 47:1506–1516
Wild LA, Chenoweth EM, Mueter FJ, Straley JM (2018) Evidence for dietary time series in layers of cetacean skin
using stable carbon and nitrogen isotope ratios. Rapid
Commun Mass Sp 32(16):1425–1438
Willis TJ, Sweeting CJ, Bury SJ, Handley SJ, Brown JCS,
Freeman DJ, Cairney DG, Page MJ (2013) Matching and
mismatching stable isotope (d 13 C and d 15 N) ratios in fin
and muscle tissue among fish species: a critical review.
Marine Biol 160(7):1633–1644
Wolf JM, Johnson B, Silver D, Pate W, Christianson K (2016)
Freezing and fractionation: effects of preservation on carbon and nitrogen stable isotope ratios of some limnetic
organisms. Rapid Commun Mass Sp 30(5):562–568
Xu J, Yang Q, Zhang M, Zhang M, Xie P, Hansson LA (2011)
Preservation effects on stable isotope ratios and consequences for the reconstruction of energetic pathways.
Aquat Ecol 45(4):483–492
Yurkowski DJ, Hussey AJ, Hussey NE, Fisk AT (2017) Effects
of decomposition on carbon and nitrogen stable isotope
values of muscle tissue of varying lipid content from three
aquatic vertebrate species. Rapid Commun Mass Sp
31(4):389–395
Publisher’s Note Springer Nature remains neutral with
regard to jurisdictional claims in published maps and
institutional affiliations.

123

