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Abstract

The use of biological samples from museum and/or archive

collections is common in stable isotope research, particularly

for marine mammals. Yet, the temporal stability of isotopic

values across various tissue types and the influence of differ-

ent preservatives on these values are not fully understood,

posing significant challenges for accurate data interpretation.

Here we examine the impact of three different tissue preser-

vation methods (DMSO, ethanol, freezing), on seven different

tissues (blubber, heart, kidney, lung, liver, muscle, and skin)

from both a harbor porpoise (Phocoena phocoena) and a gray

seal (Halichoerus grypus) for stable isotope analysis in a 1-year

period. Our results demonstrate that storage in DMSO

generates greater temporal variability in δ13C and δ15N for

all tissue types, particularly in the first six months of storage.

Furthermore, tissues stored in DMSO often exhibited lower

δ13C and δ15N values compared to those stored frozen or

in ethanol. This finding highlights a significant issue for

studies utilizing tissues stored in DMSO, regardless of the

storage duration. These results underscore the critical need

for careful consideration of preservation methods in studies
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involving stored tissues, providing valuable insights for

experimental design and management of tissue archives.

K E YWORD S

archive, DMSO, ethanol, marine mammal, stable isotopes, tissue
preservation

1 | INTRODUCTION

A thorough understanding of the impacts of preservation method on biological samples is fundamental in ensuring

correct interpretation of downstream analyses. Many studies that examine marine mammals at the population level

make use of archived samples or those derived from museum collections (Drago et al., 2009; Parsons et al., 2002;

Rosenbaum et al., 2000; Wandeler et al., 2007; Zenteno et al., 2015). Consequently, researchers often have no con-

trol over the preservatives or storage temperatures of the samples they use. Furthermore, even when preservation

control is possible, studies frequently require extended periods of sample storage, such as throughout a sampling

season, with analysis commencing only after its completion. Therefore, understanding the effects of preservation

methods is crucial for all stable isotope studies of marine mammals. For those readers unfamiliar with stable isotope

analysis (SIA) and its utilization within the field of marine mammal science, we recommend the review by Teixeira

et al. (2022) as an excellent primer on SIA applications, underpinning theory and conventions on notation.

Increasingly, marine mammal studies, particularly those concerning evolutionary biology, often seek a more holistic

ecological understanding by combining genetic approaches and SIA to investigate potential environmental and/or

trophic enrichment factors that might be influencing population structure (Brotons et al., 2019; Genoves et al., 2020).

This presents a potential conflict between the preservation method that best supports the highest DNA extraction

yield (commonly reported as DMSO; Dahn et al. 2022; Kilpatrick, 2002), and the method that has the least impact on

stable isotope ratios. Although commonly used, ethanol as a tissue preservative for genetic use is likely less effective

due to the rapid coagulation of proteins, driven by the high concentration of ethanol, that prevents its further penetration

into the tissue (Oosting et al., 2020). Freezing and lyophilization of samples can be suitable for both genetic and stable

isotope analyses but have significant implications for long-term storage, both requiring careful environmental control (low

temperature and low humidity, respectively) to prevent sample damage. The requirement for extended storage periods

and the diverse potential applications can prompt considerations about the optimal preservation methods for marine

mammal tissue samples, as well as the most suitable tissue types to be used.

Isotopic turnover rates vary across different tissues (Tieszen et al., 1983); for instance, muscle often exhibits longer

isotopic half-lives compared to internal organs (Vander Zanden et al., 2015). Researchers frequently aim to investigate

long-term dietary preferences in their target species, leading them to choose muscle tissue for stable isotope studies

over lung or liver tissue. However, studies utilizing archived tissues from museum repositories may necessitate using

whatever tissues are available, rather than those ideally preferred. Hence, this study examines a broad variety of

potentially available tissue types.

Numerous studies have investigated the impacts of preservation method on SIA (Bosley & Wainright, 1999;

Hobson et al., 1997; Javornik et al., 2019; Kiszka et al., 2014; Sarakinos et al., 2002). However, many of these studies

have focused narrowly on specific tissue types or storage methods, often overlooking potential temporal variability

in isotopic values during storage (see Teixeira et al., 2022 for a review). Several methods of preservation have been

examined, including ethanol (Javornik et al., 2019), formalin (Hobson et al., 1997), freezing (Hidalgo-Reza

et al., 2019), DMSO (Lesage et al., 2010; Newsome et al., 2018), and lyophilization (Bosley & Wainwright, 1999).

There has been some consideration for temporal variability (Burrows et al., 2014; Rennie et al., 2012), but the tissue

type examined is often limited to skin (Newsome et al., 2018) or muscle (Yurkowski et al., 2017) since these
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tissue types are most often collected through biopsy sampling (Aubail et al., 2013; Noren & Mocklin, 2012; Parsons

et al., 2003). However, museum and tissue bank archives may contain many different tissue types and it is from

these archives that population level studies often draw necessary samples.

On May 9, 2017, the Cetacean Strandings Investigation Programme (CSIP) conducted a demonstrative necropsy

of a harbor porpoise (Phocoena phocoena) and a gray seal (Halichoerus grypus) for marine biology undergraduate

students at Newcastle University, UK. We utilized this opportunity to obtain samples of multiple tissue types

found in tissue archives, from both a cetacean and a pinniped species. We took samples from multiple tissue types

available in tissue archives of both cetaceans and pinnipeds. Our study aimed to assess the effects of three common

preservation methods (DMSO, ethanol, freezing at �20�C) over an extended storage period on various marine

mammal tissues (blubber, heart, kidney, lung, liver, muscle, and skin). Our findings are essential for guiding future

marine mammal biology investigations using biopsied samples and archived tissues.

2 | MATERIALS AND METHODS

2.1 | Sample collection

We collected the various tissue samples from both necropsied animals. We examined three storage preservation

methods: (1) submersion in 90% ethanol, (2) submersion in salt-saturated dimethyl sulfoxide (DMSO), and (3) freezing

at �20�C with no preservative solution. We collected a single individual sample for later isotopic analysis at each of

the later analysis periods (months 0, 2, 4, 6, 8, 10, and 12), with an additional sample collected as a spare, giving

8 samples of each tissue type for each species. Samples were analyzed on the same calendar date each month.

Both the P. phocoena and H. grypus individuals were found dead and stranded in good body condition on the

Northumberland coast, with the cause of death unknown. We obtained multiple tissue samples from both

necropsied animals, which were immediately frozen following collection. Prior to attending the necropsy, we

prelabeled and filled 1.5 ml Eppendorf tubes with 1 ml of preservation fluid (90% ethanol or DMSO) where applicable.

Duplicated for the two study species, this method generated a sample suite of 336 samples. During the necropsy, after

examination of each tissue type was completed by the UK Cetacean Strandings Investigation Programme (CSIP), a large

section was made available for subsampling. From this larger section of tissue, we collected samples of size

1 � 0.5 � 0.5 cm using scalpel, forceps, and dissection scissors. We then transported samples in cold storage back to

Durham University where they were all stored at �20�C.

For each analysis period, we removed the appropriate samples from frozen storage and prepared them for stable

isotope analysis. To understand the impacts of lipid extraction we divided each sample into thirds, with one third

archived for potential future use, the second third used for standard analysis and the final third subject to lipid

extraction. We defrosted and transferred the standard isotope analysis sample to a clean prelabeled 1.5 ml

Eppendorf tube where we finely diced it using bow scissors. 1,000 μl of deionized H2O was added to the Eppendorf

tube which we then placed in a foam float in an ultrasound bath and sonicated for 15 min. Following this, we

centrifuged the sample at 3,000 rpm for 10 min after which we carefully removed the H2O and placed the sample

open in a drying oven heated to 45�C until the sample was fully desiccated.

2.2 | Lipid extraction

We performed lipid extractions using a dichloromethane:methanol protocol (Svensson et al., 2014), modified to

exclude the final N2 drying step. Samples to be lipid extracted prior to stable isotope analysis were defrosted and

transferred to a clean prelabled 1.5 ml Eppendorf tube. The same methodology was applied to all tissue types.

Dichloromethane:methanol (1,000 μl of 2:1) was added and the Eppendorf placed in a foam float and ultrasonicated
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for 15 min. The sample was then centrifuged at 3,000 rpm for 10 min before the dichloromethane:methanol mix was

removed. These steps were repeated twice more so that the sample had been sonicated in new 1,000 μl of

dichloromethane:methanol mix three times. Upon removal of the final mix the sample was placed in a drying oven

set at 45�C until it was fully desiccated.

2.3 | Sample analysis

Once the samples were fully desiccated, they were ground in an Eppendorf using a stainless-steel micro-pestle to

produce a fine powder. We then loaded tin capsules with 0.3–0.6 mg of tissue powder to be analyzed. Carbon and

nitrogen isotope analysis was performed in the Stable Isotope Biogeochemistry Laboratory (SIBL) at Durham

University using an ECS 4010 elemental analyzer (Costech, Valencia, CA) coupled with a Delta V Advantage Isotope

Ratio Mass Spectrometer (Thermo Scientific, Bremen, Germany). Stable isotope ratios are reported in standard delta

(δ) notation in per mil (‰) relative to Vienna Pee Dee Belemnite (VPDB) and atmospheric nitrogen (AIR) for carbon

and nitrogen respectively. Five select in-house standards (Urea [powder], Collagen [powder], Alpha cellulose [fibers],

Calcium carbonate [powder], and Spirulina [powder]), that are stringently calibrated against the following interna-

tional standards (e.g., USGS40, USGS24, IAEA-600, IAEA-CH-3, IAEA-CH-7, IAEA-N-1, IAEA-N-2) were analyzed

after every eight samples to monitor accuracy.

2.4 | Data analysis

All statistical analyses were conducted using Minitab 14. Analyses were identically replicated for both study species.

Temporal variation in data was calculated across combined tissue data sets and for all preservative methodologies

with the 12-month experimental period being split into 0–6- and 6–12-month windows. Homogeneity of variance

was tested between these two windows using Levene's test. These data sets were then additionally tested for data

normality (Anderson-Darling) prior to testing for significant differences using the appropriate parametric or

nonparametric test.

To illustrate the extensive variance seen in all samples stored in DMSO over the 12-month experimental period

relative to those stored either frozen or in ethanol, a combined tissue data set for DMSO was tested for homogeneity

of variance against a super-combined tissue data set including samples stored either frozen or in ethanol using Levene's

test. These data sets were then also additionally tested for data normality (Anderson-Darling) prior to testing for signifi-

cant differences using the appropriate parametric or nonparametric test.

3 | RESULTS

Initial examination showed similar patterns of preservative impacts for both raw and lipid extracted data. Thus, in the

interests of brevity and with the focus remaining on impact of preservation, all analyses were performed on lipid

extracted data only. All data (raw and lipid-extracted), including %N and %C for calculation of C:N ratios, are available

in Table S1 and Table S2 in Appendix S1.

3.1 | Phocoena phocoena

δ13C values in tissues from P. phocoena that were stored in ethanol or were frozen remained relatively stable

throughout the experimental period (Figure 1) with equal variance (Figure 2a) and no significant difference between
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coefficients of variation (CV) of values recorded in the first 6-month period compared to the second 6-month experi-

mental period (Wilcoxon signed-rank, p = .63). However, when P. phocoena samples were stored in DMSO variability

in δ13C values was significantly higher across all tissue types in the first 6-month experimental period

F IGURE 1 Temporal variation in δ13C for tissues sampled (n = 7) from Phocoena phocoena. Each line represents a
different preservation method, showing ethanol (orange diamonds), DMSO (blue circles) and frozen (gray triangles).
Tissues were sampled every two months over a 12-month period.
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(mean CV = �15.13) than in the second 6-month experimental period (mean CV = �.38, Wilcoxon signed-rank,

p = .018), suggesting an initial period of sample instability as clearly apparent in Figure 1. Tissue storage in DMSO

produced far higher variability in measured δ13C values for all tissue types across the experimental period than those

stored frozen or in ethanol (Figure 2b). Furthermore, samples preserved using DMSO produced significantly lower

δ13C values across all tissue types (Mann–Whitney U, p < .005). Blubber δ13C values were lower than all other tissue

types but retained a similar pattern of storage-influenced variation across the experiment. However, the largest

range (and lowest value) in δ13C for DMSO stored tissue was exhibited by blubber (�20.2‰), followed by

kidney (�11.1‰). Interestingly, tissues stored in DMSO demonstrated a drop in δ13C values after four months

(Mann–Whitney U, p < .005).

Examination of δ15N for P. phocoena (Figure 3) revealed a similar pattern of results whereby DMSO stored

tissues exhibited the greatest variation over the experimental period (Figure 2b). Both ethanol and frozen stored

samples recorded greater levels of variation in δ15N than for δ13C. However, despite the overall greater levels of

F IGURE 2 (a) Comparison of variation in δ13C and δ15N, averaged across tissue types, in the first 6 months to
the second 6 months of the experimental period for tissues from Phocoena phocoena. (b) Variation in δ13C and δ15N,
averaged across tissue types, for those tissues sampled from Phocoena phocoena stored in DMSO compared to
Frozen/Ethanol storage.
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variation for δ15N values there was no significant change in CV across samples over the course of the experiment

whether they were stored frozen or in ethanol (paired sample t test, p = .604) or in DMSO (Wilcoxon signed-rank,

p = .63). Tissues preserved in DMSO recorded significantly lower δ15N values than those which were frozen or

F IGURE 3 Temporal variation in δ15N for tissues sampled (n = 7) from Phocoena phocoena. Each line represents a
different preservation method, showing ethanol (orange diamonds), DMSO (blue circles) and frozen (gray triangles).
Tissues were sampled every two months over a 12-month period.

MOORE ET AL. 7 of 15
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stored in ethanol across the experimental period (Mann–Whitney U, p < .005). Kidney and blubber stored in DMSO

recorded the greatest range of δ15N values across the experiment (6.8‰ and 6.6‰, respectively) and blubber tissue

stored either frozen or in ethanol produced higher δ15N values than other tissue types.

F IGURE 4 Temporal variation in δ13C for tissues sampled (n = 7) from Halichoerus grypus. Each line represents a
different preservation method, showing ethanol (orange diamonds), DMSO (blue circles) and frozen (gray triangles).

Tissues were sampled every two months over a 12-month period.

8 of 15 MOORE ET AL.
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3.2 | Halichoerus grypus

δ13C data from H. grypus revealed a similar pattern to that reported for P. phocoena with those tissues stored in

ethanol or frozen remaining relatively stable throughout the experimental period (Figure 4) and exhibiting equal

variance (Figure 5a). Tissues stored in ethanol or frozen showed no significant difference between coefficients of

variation (CV) of δ13C values recorded in the first 6-month period compared to the second six-month experimental

period (paired sample t test, p = .267). Similar to P. phocoena, samples that were stored in DMSO showed

significantly higher variability in δ13C values across all tissue types in the first 6-month experimental period (mean

CV = �11.63) than in the second 6-month period (mean CV = �6.40) (Wilcoxon signed-rank, p = .018). This initial

period of sample instability can be seen in Figures 4 and 5a. Preservation of tissues in DMSO produced δ13C values

that were both more variable across the experimental period (Figure 5b), as well as being significantly lower across

F IGURE 5 (a) Comparison of variation in δ13C and δ15N, averaged across tissue types, in the first six months to
the second six months of the experimental period for tissues Halichoerus grypus. (b) Variation in δ13C and δ15N,
averaged across tissue types, for those tissues sampled from Halichoerus grypus stored in DMSO compared to

Frozen/Ethanol storage.

MOORE ET AL. 9 of 15
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all tissue types (Mann–Whitney U, p < .005). Interestingly some tissue types (muscle, lung, kidney and heart) showed

drops in δ13C after 2–4 months. Several DMSO preserved tissues displayed large ranges in δ13C values across the

experimental period including lung (8.5‰), liver (9.3‰), and kidney (5.7‰).

Preservation of H. grypus tissues through freezing or ethanol produced δ15N values that were stable throughout

the experimental period with no significant change in CV across all tissue types (Wilcoxon signed-rank, p = .128;

Figure 6). As in P. phocoena, tissues preserved in DMSO did not show significantly higher variability in δ15N in

the first 6-month period than in the second six-month experimental period (Wilcoxon signed-rank, p = .612).

DMSO preserved tissues produced δ15N values that were significantly lower over the experimental period than

those preserved through freezing or ethanol (Mann Whitney U, p < .000; Figure 5b). Similarly to P. phocoena, DMSO

preserved tissue δ15N values dropped after 4 months of storage for several tissues including heart, kidney, and lung.

Liver showed the greatest range of DMSO preserved δ15N tissues (8.6‰).

4 | DISCUSSION

This study demonstrates that the preservation method used for archiving tissue samples of marine mammal species

can significantly alter stable isotope values. Our study addresses the gap regarding temporal variation in isotopic

values, which is often overlooked in many studies. While previous research has reported on the effects of storage

methods on δ13C and δ15N (e.g., Arrington & Winemiller, 2002; Burrows et al., 2014; Hobson et al., 1997;

Javornik et al., 2019), no prior study has comprehensively investigated temporal variation in isotopic values over a

full calendar year or across such a diverse array of tissue types as presented here.

4.1 | Temporal variation under ethanol or freezing preservation

Preservation of marine mammal tissues, either by freezing or storage in ethanol, showed no difference in δ13C or

δ15N values over a 12-month period. Similar findings have been previously demonstrated across various species,

including cetaceans (Kizska et al., 2014), sharks (Olin et al., 2014), and birds (Bugoni et al., 2008). The consistency

of these preservation methods in producing stable isotope data is beneficial for field biologists, particularly those

facing limited access to freezing facilities for newly acquired samples. The variation in δ13C and δ15N between

tissue types observed in this work is expected given the differential turnover and incorporation rates of these

tissues as recorded in previous studies (e.g., Bond et al., 2016; Hobson & Clark, 1992; Phillips & Eldridge, 2006;

Vander Zanden et al., 2015). The similar values for δ13C and δ15N observed between species for each tissue type

over the experimental period reflect the similar trophic position of P. phocoena and H. grypus (Das et al., 2003), with

prey species such as Atlantic herring (Clupea harengus) being major dietary component for both species (Andreasen

et al., 2017; Lundström et al., 2010).

4.2 | Impact of DMSO on temporal variation

Storage in DMSO resulted in lower δ15N and δ13C values across all tissues in both species. However, similar to

findings in other studies (Hobson et al., 1997; Marcoux et al., 2007; Todd et al., 1997), this did not lead to signif-

icant changes in temporal variation from the first 6 months of the experiment to the second 6 months. DMSO

contains no nitrogen, so nitrogen uptake is not possible from the preservative. Hence, any variation in δ15N

is likely due to hydrolysis and leaching of the stored tissue, as suggested previously in ethanol preservation

(Sarakinos et al., 2002). Newsome et al. (2018) conducted a study on the impact of DMSO preservation on delphinid

skin samples for stable isotope analysis over a multiyear period, where they observed a decrease in δ13C values.
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However, temporal resolution in their experiment did not allow pinpointing the exact timing of the δ13C decrease.

Our study indicates that the greatest deviation from original δ13C values, as determined from frozen and/or

ethanol-preserved tissues, occurred after a 4-month period of storage in DMSO. This finding differs from our

F IGURE 6 Temporal variation in δ15N for tissues sampled (n = 7) from Halichoerus grypus. Each line represents a
different preservation method, showing ethanol (orange diamonds), DMSO (blue circles) and frozen (gray triangles).
Tissues were sampled every two months over a 12-month period.

MOORE ET AL. 11 of 15
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initial expectation of an immediate impact post preservation. However, our expectation that the impact would be

consistent across all tissue types was confirmed. It is important to note here that Newsome et al. (2018)

compared skin tissues across delphinid species whereas this our study also includes tissues from a pinniped as

well. Newsome et al. (2018) demonstrated that isotopic values could be restored to pre-DMSO storage levels

through application of a lipid extraction protocol, a finding supported by Lesage et al. (2010). The lipid extraction

protocol utilized by Lesage et al. (2010) and Newsome et al. (2018) included an extended period (�12–24 hr) of

sonification in solvent solution and future studies should look to include this step. Care should be taken, however,

to ensure that the impact of lipid extraction on stable isotope value is fully understood before utilizing data from

such studies as the effect is known to vary by species and tissue type (Yukowski et al., 2015). Lipid extraction is

known to create unpredictable changes in δ15N, and it is accepted that ascertaining species and tissue

specific impacts through duplicate analysis is the most appropriate pathway to robust data (Cloyed et al., 2020;

Ryan et al., 2012; Yurkowski et al., 2015).

Due to the challenges marine mammal researchers often face in obtaining tissue samples and the potential

information gained from multiple analytical approaches, marine mammal tissue samples are inherently valuable and

frequently utilized for multiple studies (e.g., Alter et al., 2012). However, different preservation methods may

favor certain analytical approaches over others. For example, preservation of cetacean tissues in DMSO has been

demonstrated to yield more consistent amplifications of extracted DNA compared to tissues stored in ethanol

(Robertson et al., 2013). Therefore, based on our findings, the optimal strategy would be to split newly obtained

samples and store them using multiple preservation methods for archiving purposes—this approach enables future

researchers to request specifically preserved material best suited for their particular aims.

4.3 | Conclusions

This study examined three different preservation methods routinely used in marine mammal research on seven

different tissue types for their effect on values of δ13C and δ15N over a twelve-month period. Our data

demonstrated that storage of tissues in DMSO tends to produce greater variability for both δ13C and δ15N for

all tissue types examined across the experimental period. In addition, we showed that DMSO storage led to

lower recorded values of δ13C and δ15N (an effect not corrected by our lipid-extraction protocols) than other

preservation methods. These results should be considered carefully by practitioners at the experimental design

stage and by tissue archive managers.
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