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ABSTRACT OF THE THESIS 
 
 
 
 

Temporal variability in the stable carbon and nitrogen isotope values from common mid-
trophic level species in the Bering Sea 

 
 
 

by 
 

 
 

Andrea Kelsey Liu 
 
 
 

Master of Science in Biology 
 

 
University of California, San Diego, 2017 

 
 

Professor Carolyn Kurle, Chair 
 
 
 
 

Analyzing stable isotope values from the tissues of marine consumers is useful for 

reconstructing animal trophic ecology and movement patterns. However, interpretation of 

isotopic values from predators can be confounded by variability in the stable isotope 

values of their prey species, which differ spatially and temporally. Some factors affecting 



 

 

x 

stable isotope values include environmental conditions, nitrogen cycling, primary 

production at the base of the food web, and trophic interactions. Understanding the 

potential for isotopic variation in common prey species for top predators is necessary for 

the best use of stable isotope analysis in marine systems and for tracing energy through 

food webs. In this study, I measured the stable carbon (δ13C) and nitrogen (δ15N) isotope 

values in muscle tissue from common mid-trophic level fish and squid species in the 

eastern Bering Sea over two years to compare values across years and size/age classes. I 

found interannual changes in the δ15N and δ13C values between 2014 and 2016 in atka 

mackerel, Pacific herring, sockeye salmon, squid, and walleye pollock, and variation in 

the δ13C and δ15N values across age/size classes in Pacific herring, sockeye salmon, and 

walleye pollock. I compared my data to those collected from the same size class fish in 

the Bering Sea in 1997 and found increases in the δ15N and decreases in the δ13C values 

consistent with expectations from higher ocean temperatures in 2016 and continued 

increased inputs of anthropogenic, isotopically light carbon.  
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INTRODUCTION 

Evaluating trophic interactions and food web dynamics is important for 

understanding ecosystem functioning and integrating ecosystem-based management 

approaches into the protection of threatened species. Large pelagic vertebrates (e.g., 

tunas, billfishes, and sharks) have been heavily reduced by fishery removals (Pauly et al., 

1998), and populations of protected species like marine mammals have been severely 

impacted by a number of anthropogenic threats (Estes et al., 2009). Effective 

management of marine vertebrates requires a firm understanding of their ecological and 

foraging niches, particularly as climate change continues to modify marine habitats and 

alter availability of resources critical to their survival (Brierley and Kingford, 2009). 

To best manage marine consumers, we need to identify specific energy flow 

pathways that support their biomass and assess how these may change with 

environmental variability. Evaluating the trophic ecology and predator prey interactions 

of marine species is often impossible to directly observe. An alternative approach is to 

use biogeochemical tracer techniques (McClellan et al., 2010; Newsome et al., 2010; 

Trueman et al., 2012), such as stable carbon (δ13C) and nitrogen (δ15N) isotope analysis 

of organismal tissues, to determine species movement and habitat use (Madigan et al., 

2016; Turner Tomaszewics et al., 2017) and to reconstruct animal foraging dynamics 

(DeNiro and Epstein, 1978; DeNiro and Epstein, 1980; Kurle and Worthy, 2002; Herman 

et al., 2005; Kurle and Gudmundson, 2007).  

The δ15N values from bulk organismal tissues increase predictably with trophic 

level due to isotopic fractionation processes (Kurle, 2009), allowing for estimation of 

consumer diet (Ben-David and Flaherty 2012; Newsome et al., 2010). In addition, 
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predictable spatial variation in the δ13C and δ15N values measured from organismal 

tissues reflects differences in the biogeochemical processes driving primary production at 

the base of marine food webs, making it possible to track animal feeding movement 

among oceanic regions (Hobson 2005). These processes can vary across short- and 

longer-term temporal scales (Kurle et al., 2011; Kurle and McWhorter, 2017), allowing 

for both fine- and larger-scale measures of isotopic variation across seasons and years 

that can inform marine consumer movement patterns, habitat use, and diet. An 

understanding of the potential for variations in isotope values across time may be 

especially important in marine systems, such as the eastern Bering Sea, that experience 

strong effects from periodic environmental shifts, such as El Niño Southern Oscillation 

(ENSO) events and the Pacific Decadal Oscillation (PDO), that can significantly change 

the extent of sea ice coverage, primary productivity, and biogeochemistry at the base of 

the food web (Stabeno et al., 2017; Stabeno et al., 2012; Hunt et al., 2011; Macklin et al., 

2002) depending upon the prevailing climate conditions for a particular time period. 

These mechanisms in turn can then influence the isotope values in mid- and top-trophic 

level species, and the environmental repercussions from such events are predicted to 

become increasingly pronounced with ongoing climate change (Wang et al., 2012). 

Therefore, the best interpretation of stable isotope values from consumers in highly 

dynamic marine systems requires an understanding of the potential for spatial and 

temporal variability in the stable isotope values at all levels of marine food webs.   

I investigated the δ13C and δ15N values in common mid-trophic level teleost fishes 

and squids collected in the eastern Bering Sea that are important prey items for marine 

vertebrates to a) better understand the potential for temporal isotopic variability in this 



 

 

3  

system, b) add to a previous study which investigated stable isotope values of fish and 

squid in this region from 1997 to 2005 (Kurle et al., 2011), and c) use this data to better 

interpret stable isotope data from top trophic level consumers. My goals were to increase 

understanding of the processes in systems that drive variability and to increase 

understanding the best use of stable isotope analysis to decipher food web dynamics in 

the Bering Sea which will contribute to marine vertebrate management and conservation. 
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METHODS 

Sample collection 

In collaboration with NOAA’s National Marine Fisheries Services’ Midwater 

Assessment and Conservation Engineering (MACE) and Bering Arctic Subarctic 

Integrated Survey (BASIS) surveys on the R/V Oscar Dyson, we opportunistically 

collected mid-trophic level forage species known to be important in the diets of 

cetaceans, pinnipeds, and seabirds that breed in or migrate through the southeastern 

Bering Sea (Kurle et al., 2011) and that continue collections begun in 1997 (Kurle and 

Worthy, 2001; Kurle et al., 2011). We collected 144 individuals from 12 species of fish 

and squid during summer (June through September) 2014 and 115 individuals from 12 

species in summer 2016 (Table 1) for a total of 259 specimens spanning 16 fish and 

cephalopod species. All specimens were frozen upon collection, then shipped whole to 

the Kurle Lab at the University of California, San Diego where I weighed, measured, and 

prepared them for stable isotope analysis. We specifically targeted specimens from the 

southeastern Bering Sea (Figure 1), which encompasses primary foraging areas for 

northern fur seals (Callorhinus ursinus) and other marine vertebrates.  
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Table 1. Specimen collection data, including scientific and common names, size 
categorizations (S = small, M = medium, L = large, U = unknown size classification; 
walleye pollock are split by age class (0, 1, 2, and 6+ years)), and sample sizes by year 
for fish and squid collected in the eastern Bering Sea on NOAA/NMFS research surveys 
in 2014 and 2016. Size and age class categorizations follow Kurle et al. 2011.  
 
 

 

Species Sample Size (n) 
  2014 2016 

S M L U S  M L U 
Atka mackerel (Pleurogrammus monopterygius) -- 21 14 -- -- 10 -- -- 
Capelin (Mallotus villosus) -- -- -- -- -- -- -- 6 
Pacific cod (Gadus macrocephalus) -- -- -- 4 -- -- -- -- 
Pacific Herring (Clupea pallasii pallasii) 6 11 7 -- -- 15 -- -- 
Sablefish (Anoplopoma fimbria) -- -- -- -- -- -- -- 10 
Salmon, Chinook (Oncorhynus tshawytscha) -- 5 -- -- -- 2 -- -- 
Salmon, Chum (O. keta) -- 7 -- -- -- 10 -- -- 
Salmon, Coho (O. kisutch)   -- -- -- -- -- -- 1 -- 
Salmon, Pink (O. gorbuscha) -- -- -- -- 10 -- -- -- 
Salmon, Sockeye (O. nerka) 8 5 -- -- 10 4 -- -- 
Sandlance (Ammodytes hexapterus) 5 -- -- -- -- 12 -- -- 
Squid (Berryteuthis magister) 12 1 -- -- 4 -- -- -- 
Squid (Gonatopsis borealis) 1 -- -- -- -- -- -- -- 
Squid (Gonatus midendorffi) 1 -- -- -- -- -- -- -- 
Squid (Gonatus sp.) 2 -- -- -- -- -- -- -- 
 0 1 2 6+ 0 1 2 6+ 
Walleye pollock (Theragra chalcogramma) 34 8 4 12 10 8 2 10 



 

 

6  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Sampling locations from 2014 and 2016 NOAA surveys are indicated with red 
dots. Samples were collected on the eastern shelf and around the Pribilof Islands in the 
Bering Sea, Alaska.  
 

I grouped species into small, medium, and large size classes by the total length for 

fish (cm) and dorsal mantle length for squid (cm) as follows: atka mackerel 

(Pleurogrammus monopterygius) (large: > 31), Pacific cod (Gadus macrocephalus) 

(small: 0-30, medium: 31-70, large: > 71), Pacific herring (Clupea pallasii pallasii) 

(small: 0-15, medium: 16-30, large: > 31), chinook, chum, coho, pink, and sockeye 

salmon (Oncorhynus tshawytscha,  O. keta,  O. kisutch, O. gorbuscha, and O. nerka) 

(small: 0-30, medium: 31-75), sandlance (Ammodytes hexapterus) (small: 0-6; medium: 

7+), squid (Berryteuthis magister, Gonatus sp., Gonatopsis midendorffi, and G. borealis) 

(small: 0-10, medium: 11-25). Walleye pollock (Theragra chalcogramma) were 



 

 

7  

classified by age according to size (Smith, 1981; mean length, cm) as follows: age-0: <10 

cm, 1-2-year-old: 14.4 cm, 2-3-year-old: 24.7 cm, 6+ year-old: 45.5+ cm. All 

classifications followed the protocol in Kurle et al. (2011). I was unable to assign age/size 

classes to capelin, sablefish and Pacific cod. I subsampled muscle tissue from each 

specimen, taking dorsal tissue from fish and mantle tissue from squid, then removed the 

skin tissue. I analyzed whole fish samples from some age-0 pollock after removing the 

gut and eyes from the specimens. Whole fish were analyzed for 3 out of 34 age-0 pollock 

from 2014 and 10 out of 10 age-0 pollock from 2016. This is not problematic for 

comparisons because Kurle et al. (2011) determined that analyzing fish muscle is 

comparable with that of the whole homogenized animal. 

 

Stable isotope analysis 

 I dried muscle tissue in a lyophilizer for 24 hours, then ground samples to a 

powder by hand. I removed lipids from a subset of tissue samples to evaluate effects of 

lipid extraction on isotope values for more accurate δ13C values. I followed the protocol 

used in Kurle et al. 2011 and using petroleum ether, removed lipids from samples with 

carbon to nitrogen ratios (C:N) greater than 3.5 (Post et al., 2007). Approximately 0.5 to 

1.0 mg of each sample were sealed into tin capsules, and we determined the δ13C and 

δ15N values using a CE1108 Elemental analyzer (Carlo Erba, Milan, Italy) interfaced via 

a CONFLO III device to a Thermo-Electron Delta Plus XP mass spectrometer (Thermo-

Finnigan, Bremen, Germany) at the Stable Isotope Laboratory at the Department of Earth 

and Marine Sciences at the University of California, Santa Cruz. Stable isotope values are 

reported in δ notation relative to atmospheric N2 for nitrogen and PeeDee Belemnite for 
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carbon. Mean accuracy of all stable isotopic analyses was < ± 0.1 ‰ (1 SD) based on 

multiple analyses of a set of reference materials with known δ15N and δ13C values. 

 

Data analysis 

I used paired t tests to determine differences in the δ13C and δ15N values between 

tissues that were lipid-extracted (LE) vs. left intact (non-lipid-extracted; NLE). I used t 

tests to determine whether δ13C and δ15N values within each species differed between age 

and/or size classes and whether δ13C and δ15N values differed between years. I also used 

ANOVAs to test for significant differences in δ13C and δ15N values between age groups 

of species within a single year, then used Tukey’s tests to determine further significant 

differences. I generated all tests using the statistical software R (R Core Team, 2017) and 

determined significance at the α = 0.05 level. 
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RESULTS 

Lipid extractions 

I conducted lipid extraction on muscle tissue from species with C:N ratios greater 

than 3.5, which included atka mackerel, Pacific herring, salmon (chinook, chum, 

sockeye), and squid (B. magister) (Table 2; Figure 2), then compared the δ13C and δ15N 

values between the LE and NLE tissues. There were significant statistical differences 

between both the δ13C and δ15N values from muscle from atka mackerel, Pacific herring, 

and salmon (chinook), for the δ15N values from LE and NLE salmon (sockeye) and squid 

(B. magister), and for the δ13C values from LE and NLE chum salmon (Table 2). I found 

differences in 9 of 12 comparisons, and my data support many studies demonstrating that 

lipids reduce the δ13C values in tissues and lipid extraction can change δ15N values (Post 

et al., 2007; Skinner et al., 2016). Therefore, I conducted all further analysis using the 

δ13C values from LE muscle and the δ15N values from NLE muscle.   

 

Interannual comparisons 

I conducted eleven interannual comparisons of the δ13C and δ15N values from fish 

and squid collected in 2014 and 2016 (Table 3; Figure 3). The δ15N and δ13C values from 

atka mackerel were higher in 2016 versus 2014. The δ15N values from Pacific herring 

were higher in 2014 versus 2016 whereas the δ13C values were not different. The δ13C 

and δ15N values from chinook, chum, and medium sockeye salmon were not different, 

however the δ13C values from small sockeye were higher in 2016 versus 2014. The δ15N 

values from squid were higher in 2016, but the δ13C values were not different between 

years. The δ15N values from age-0 pollock were higher in 2014, whereas the δ13C values 
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were higher in 2016. The δ15N and δ13C values from 1-2-year-old pollock were higher in 

2016. The δ15N and δ13C values from 2-3-year-old pollock and age 6+ pollock were not 

different. 

 

Age/Size class comparisons 

I conducted six comparisons of the δ15N and δ13C values among different age/size 

classes from four species caught in 2014 and 2016 (Table 4; Figure 4). Atka mackerel 

and sockeye salmon from 2014 showed no differences in stable isotope values among 

size classes whereas the remaining comparisons (herring, pollock, and 2016 sockeye 

salmon) demonstrated at least one isotopic difference (δ15N, δ13C, or both) between 

various age/size classes. Sockeye salmon from 2016 had higher δ13C values for small 

fish, and larger herring had lower δ15N values than small and medium herring. Larger 

herring also had higher δ13C values than small herring, and medium herring also had 

higher δ13C values than small herring. Walleye pollock from both 2014 and 2016 

demonstrated higher δ15N and δ13C values in age 6+ pollock versus age-0 pollock. 

Walleye pollock from 2014 demonstrated significantly higher δ15N values in age 6+ 

pollock versus 1-2-year-old pollock, as well as 2-3-year-old pollock versus age-0 pollock. 

Walleye pollock from 2014 demonstrated higher δ13C values in age 6+ pollock, 2-3-year-

old pollock, and 1-2-year-old pollock versus age-0 pollock. Walleye pollock from 2016 

demonstrated higher δ15N values in age 6+, 2-3-year-old pollock, and 1-2-year-old 

pollock versus age-0 pollock. Walleye pollock from 2016 demonstrated higher δ13C 

values in age 6+ and 1-2-year-old pollock versus age-0 pollock. 
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Due to opportunistic sampling, I was unable to use all of my data for interannual 

comparisons and age/size comparisons. Data from fish and squid species not used in 

these comparisons are in the Appendix (Table 5). 

 

 

Table 2. The mean (±SD) δ13C and δ15N values (‰) from lipid-extracted (LE) and non-
lipid-extracted (NLE) muscle collected from fish and squid in the eastern Bering Sea in 
2014 and 2016. Superscripts refer to the results of the paired t tests listed below the table 
and numbers in bold indicate a significant difference between δ13C and δ15N values from 
LE and NLE tissues. 

 
Species N δ15N NLE δ15N LE δ13C NLE δ13C LE C:N NLE C:N LE 
Atka Mackerel 19 10.2 ± 

0.7a 
11.0 ± 
0.6a 

-22.7 ± 
0.9b 

-21.8 ± 
0.9b 

3.9 ± 0.3 3.6 ± 0.2 

Pacific Herring 23 14.6 ± 
1.1c 

15.7 ± 
1.1c 

-22.2 ± 
1.7d 

-20.2 ± 
0.8d 

6.5 ± 3.2 4.0 ± 0.5 

Salmon, Chinook 4 13.9 ± 
1.0e 

14.5 ± 
1.1e 

-20.9 ± 
0.6f 

-19.9 ± 
0.2f 

3.8 ± 0.4 3.4 ± 0.1 

Salmon, Chum 10 11.9 ± 
1.3g 

12.2 ± 
1.2g 

-22.2 ± 
0.7h 

-21.4 ± 
0.7h 

4.0 ± 0.4 3.4 ± 0.1 

Salmon, Sockeye 17 14.0 ± 
1.5i 

14.9 ± 
1.6i 

-20.1 ± 
1.5j 

-20.0 ± 
1.5j 

3.4 ± 0.2 3.4 ± 0.2 

Squid (B. 
Magister) 

13 11.4 ± 
1.3k 

12.8 ± 
1.3k 

-21.6 ± 
0.9l 

-21.4 ± 
0.7l 

3.8 ± 0.2 4.0 ± 0.4 

 
Superscript t value df P value 
a -17.95 22 <0.01 
b -4.83 22 <0.01 
c -22.62 18 <0.01 
d -6.90 18 <0.01 
e -6.78 3 <0.01 
f -4.46 3 <0.01 
g -0.87 9 0.41 
h -3.15 9 0.01 
i -18.96 16 <0.01 
j -1.68 16 0.11 
k -7.97 12 <0.01 
l -0.78 12 0.44 
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Figure 2. The mean (±SD) δ13C and δ15N values (‰) from lipid-extracted (LE) and non-
lipid-extracted (NLE) muscle collected from fish and squid in the eastern Bering Sea in 
2014 and 2016.  
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Table 3. The mean (±SD) δ13C and δ15N values (‰) from muscle collected from fish and 
squid in the eastern Bering Sea in 2014 and 2016 and compared between years. 
Superscripts refer to the results of the t tests listed below the table and numbers in bold 
indicate a significant difference between years. 

 

Superscript t value df P value 
a -3.77 14.9 <0.01 
b -4.41 28.6 <0.01 
c 8.47 13.9 <0.01 
d -0.28 17.5 0.78 

Species N Mean length 
(cm) 

Estimated age 
(years) or size class 

Collection 
year 

δ15N δ13C 

Atka Mackerel 21 21.4 Medium 2014 10.3 ± 0.7a -21.7 ± 0.9b 

Atka Mackerel  10 19.5 Medium 2016 11.6 ± 0.9a -20.7 ± 0.4b 

Pacific 
Herring 

11 20.4 Medium 2014 16.6 ± 0.7c -20.7 ± 0.8d 

Pacific 
Herring 

15 26.0 Medium 2016 14.7 ± 0.4c -20.6 ± 0.6d 

Salmon, 
Chinook  

5  Medium 2014 14.3 ± 1.4e -19.9 ± 0.2f 

Salmon, 
Chinook 

2 58.6 Medium 2016 13.2 ± 0.6e -19.9 ± 0.2f 

Salmon, Chum 7  Medium 2014 11.5 ± 0.8g -21.6 ± 0.4h 
Salmon, Chum 10 41.7 Medium 2016 12.4 ± 1.9g -21.1 ± 1.3h 
Salmon, 
Sockeye 

5  Medium 2014 13.2 ± 1.4i -21.3 ± 0.6j 

Salmon, 
Sockeye 

4 39.1 Medium 2016 12.6 ± 1.5i -20.8 ± 0.3j 

Salmon, 
Sockeye 

8 20.9 Small 2014 14.2 ± 2.7k -21.5 ± 1.0l 

Salmon, 
Sockeye 

10 22.5 Small 2016 14.2 ± 0.9k -19.0 ± 0.7l 

Squid (B. 
Magister) 

12 4.5 Small 2014 10.6 ± 0.9m -21.7 ± 0.7n 

Squid (B. 
Magister) 

4 4.5 Small 2016 13.0 ± 0.2m -21.2 ± 0.8n 

Walleye 
pollock 

34 6.6 0 2014 11.4 ± 1.3o -21.9 ± 0.7p 

Walleye 
pollock 

10 2.8 0 2016 10.7 ± 0.3o -20.9 ± 0.3p 

Walleye 
pollock 

8 15.1 1-2 2014 11.0 ± 1.1q -20.6 ± 0.6r 

Walleye 
pollock 

8 18.1 1-2 2016 14.2 ± 0.6q -19.7 ± 0.4r 

Walleye 
pollock 

4 23.8 2-3 2014 13.0 ± 0.8s -20.6 ± 0.5t 

Walleye 
pollock 

2 21.6 2-3 2016 13.2 ± 1.4s -20.1 ± 0.6t 

Walleye 
pollock 

12 51 6+ 2014 14.2 ± 1.1u -19.9 ± 0.5v 

Walleye 
pollock 

10 46.9 6+ 2016 13.9 ± 1.3u -19.7 ± 0.6v 
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Table 3. The mean (±SD) δ13C and δ15N values (‰) from muscle collected from fish and 
squid in the eastern Bering Sea in 2014 and 2016 and compared between years. 
Superscripts refer to the results of the t tests listed below the table and numbers in bold 
indicate a significant difference between years, continued. 
 

Superscript t value df P value 
e 1.52 4.4 0.20 
f -0.14 1.8 0.90 
g -1.38 13.3 0.19 
h -1.25 11.3 0.24 
i 0.53 6.3 0.61 
j -1.34 5.7 0.23 
k 0.03 8.2 0.98 
l -6.12 12.3 <0.01 
m -8.80 13.7 <0.01 
n -1.06 4.6 0.34 
o 3.12 40.8 <0.01 
p -6.94 34.9 <0.01 
q -7.31 11.2 <0.01 
r -3.43 11.2 0.01 
s -0.15 1.4 0.90 
t -1.14 1.7 0.39 
u 0.68 18.0 0.51 
v -1.10 16.6 0.29 

 

 
 
Figure 3. The mean (±SD) δ13C and δ15N values (‰) from muscle collected from fish and 
squid in the eastern Bering Sea in 2014 and 2016 and compared between years. 
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Table 4. The mean (±SD) δ13C and δ15N values (‰) from whole, subsampled fish 
collected in the eastern Bering Sea in 2014 and 2016 and compared among age/size 
classes. Superscripts refer to the results of the ANOVA, Tukey, and t tests listed below 
the table and underlined superscripts indicate a significant difference between age/size.  
 

Species N Mean length 
(cm) 

Estimated age 
(years) or size class 

Collection 
year 

δ15N δ13C 

Atka 
Mackerel 

21 21.4 Medium 2014 10.3 ± 0.7a -21.7 ± 0.9b 

Atka 
Mackerel 

14  Large 2014 10.1 ± 1.0a -21.9 ± 0.8b 

Pacific 
Herring 

6 14.6 Small 2014 16.9 ± 0.8cde -21.8 ± 1.3ghi 

Pacific 
Herring 

11 20.4 Medium 2014 16.7 ± 0.7cdf -20.7 ± 0.8ghj 

Pacific 
Herring 

7 33.0 Large 2014 13.5 ± 0.6cef -19.7 ± 0.4gij 

Salmon, 
Sockeye 

8 20.9 Small 2014 14.2 ± 2.7k -21.5 ± 1.0l 

Salmon, 
Sockeye 

5  Medium 2014 13.2 ± 1.4k -21.3 ± 0.6l 

Salmon, 
Sockeye 

10 22.5 Small 2016 14.2 ± 0.9m -19.0 ± 0.7n 

Salmon, 
Sockeye 

4 39.1 Medium 2016 12.6 ± 1.5m -20.8 ± 0.3n 

Walleye 
pollock 

34 6.6 0 2014 11.4 ± 1.3opqr -21.9 ± 0.7vwxy 

Walleye 
pollock 

8 15.1 1-2 2014 11.0 ± 1.1opst -20.6 ± 0.6vwz1 

Walleye 
pollock 

4 23.8 2-3 2014 13.0 ± 0.8oqsu -20.6 ± 0.5vxz2 

Walleye 
pollock 

12 51 6+ 2014 14.2 ± 1.1ortu -19.9 ± 0.5vy12 

Walleye 
pollock 

10 2.8 0 2016 10.7 ± 0.33456 -20.9 ± 
0.31a,2a,3a,4a 

Walleye 
pollock 

8 18.1 1-2 2016 14.2 ± 0.63478 -19.7 ± 
0.41a,2a,5a,6a 

Walleye 
pollock 

2 21.6 2-3 2016 13.2 ± 1.43579 -20.1 ± 
0.61a,3a,5a,7a 

Walleye 
pollock 

10 46.9 6+ 2016 13.9 ± 1.33689 -19.7 ± 
0.61a,4a,6a,7a 

 
Letter/Number ANOVA/Tukey tests t value df P value 
a  -0.65 22.3 0.52 
b  -0.66 30.5 0.52 
c ANOVA, F= 54.31, P 

<0.01 
   

d Tukey’s P = 0.73    
e Tukey’s P <0.01    
f Tukey’s P <0.01    
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Table 4. The mean (±SD) δ13C and δ15N values (‰) from whole, subsampled fish 
collected in the eastern Bering Sea in 2014 and 2016 and compared among age/size 
classes. Superscripts refer to the results of the ANOVA, Tukey, and t tests listed below 
the table and underlined superscripts indicate a significant difference between age/size, 
continued.  
 

Letter/Number ANOVA/Tukey tests t value df P value 
g 
 

ANOVA, F = 9.95, 
P<0.01  

   

h Tukey’s P = 0.05    
i Tukey’s P <0.01    
j Tukey’s P = 0.06    
k  -0.94 10.76 0.37 
l  0.61 10.92 0.56 
m  -1.96 3.9 0.12 
n  -6.98 11.9 <0.01 
o ANOVA, F = 19.96, 

P<0.01 
   

p Tukey’s P = 0.84    
q Tukey’s P = 0.01    
r Tukey’s P <0.01    
s Tukey’s P = 0.04    
t Tukey’s P <0.01    
u Tukey’s P = 0.31    
v ANOVA, F = 35.67, 

P<0.01 
   

w Tukey’s P <0.01    
x Tukey’s P <0.01    
y Tukey’s P <0.01    
z Tukey’s P = 1.00    
1 Tukey’s P = 0.14    
2 Tukey’s P = 0.26    
3 ANOVA, F = 30.7, 

P<0.01 
   

4 Tukey’s P <0.01    
5 Tukey’s P = 0.01    
6 Tukey’s P <0.01    
7 Tukey’s P = 0.45    
8 Tukey’s P = 0.80    
9 Tukey’s P = 0.76    
1a ANOVA, F=14.50, 

P<0.01 
   

2a Tukey’s P <0.01    
3a Tukey’s P = 0.13    
4a Tukey’s P <0.01    
5a Tukey’s P = 0.74    
6a Tukey’s P = 1.00    
7a Tukey’s P = 0.67    
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Figure 4. The mean (±SD) δ13C and δ15N values (‰) from whole, subsampled fish 
collected in the eastern Bering Sea in 2014 and 2016 and compared among age/size 
classes. 
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DISCUSSION 

I compared the δ15N and δ13C values from LE and NLE tissues and found 

significant differences in the δ15N values from atka mackerel, Pacific herring, chinook 

salmon, sockeye salmon, and squid (B. magister), as well as significant differences in the 

δ13C values from atka mackerel, Pacific herring, chinook salmon, and chum salmon. I 

found temporal changes in δ15N values from atka mackerel, Pacific herring, squid (B. 

magister), and walleye pollock, and changes in δ13C for atka mackerel, sockeye salmon, 

and walleye pollock between 2014 and 2016. I also found changes in δ15N and δ13C 

values among age/size classes in Pacific herring, sockeye salmon, and walleye pollock. 

The variations in stable isotope values I found among years and age/size classes affirm 

those found by others demonstrating significant differences in δ13C and δ15N values from 

various sized prey species collected in Alaskan waters over multiple years (Baduini et al., 

2006; Kurle et al., 2011).  

 

Lipid extractions 

Although past studies have shown that using petroleum ether for lipid extraction 

has no effect on the δ15N values from tissues (Dobush et al., 1985; Doucette et al., 2010), 

I found significant differences in the δ15N values from five out of six compared species. 

Four out of six species tested showed significant differences in their δ13C values, which is 

to be expected as lipid contains more of the lighter isotope 12C, thereby reducing the δ13C 

values in lipid-rich tissues.  Tissues with C:N ratios of 3.5 or less are generally 

considered to have low lipid content and can be left intact for stable isotope analysis 

(Post et al., 2007). I found similar results. I encourage more studies on the effects of lipid 
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extraction and its effects on δ15N values of fish and recommend lipid extraction for fish 

tissues with C:N ratios higher than 3.5 and analyses of the δ13C values from the LE tissue 

and of the δ15N values from intact tissues.  

 

Interannual variability 

Previous work by Kurle et al. (2011) also found significant temporal variation in 

stable isotope values from fish in the Bering Sea, but their work spanned eight years 

(1997 to 2005), longer than the two-year sampling period in this study. However, I also 

found significant changes, emphasizing the potential for more frequent temporal changes 

in δ13C and δ15N values in ocean habitats that could potentially confuse interpretation of 

stable isotope results from marine consumers. This follows other recent work 

demonstrating short-time scale variation in isotope values in phytoplankton at the base of 

the food web in nearshore marine systems (Kurle and McWhorter, 2017).  

  I found no consistent pattern in the δ15N values between 2014 and 2016 for the 

same size fish caught in the Bering Sea. Instead, I observed a mix of higher, lower, and 

equal δ15N values (Table 3). I compared the mean δ15N values from medium-size Pacific 

herring and 1-2-year-old walleye pollock caught in 1997 in summer in the Bering Sea 

(Kurle et al., 2011) with those from the same size/age fish caught in 2014 and 2016 in 

this study and saw an overall increase by 2016 (herring: 13.5‰ vs. 16.6‰ vs. 14.7‰, 

respectively, and pollock: 12.7‰ vs. 11.0‰ vs. 14.2‰, respectively). Variability in the 

δ15N and δ13C values from fish among years could be attributed to several mechanisms 

(Kurle et al., 2011). For example, fish may be foraging at different trophic levels or on 

species whose availability may change with differing environmental conditions from year 
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to year. Differences in isotope values between years could also indicate shifts in habitat 

use patterns as fish can move through different geographic areas that have different 

baseline isotope values. For example, nitrogen cycling greatly influences the δ 15N values 

of phytoplankton at the base of marine food webs, creating natural isotopic gradients 

throughout marine environments (Somes et al., 2010; McMahon et al., 2013; Kurle and 

McWhorter, 2017), which are then reflected in the isotope values of consumers in that 

food web (Rau et al., 2003). Finally, natural variations in factors such as sea surface 

temperature and seasonal wind patterns are strongly correlated with oceanographic 

conditions that drive differential nutrient regimes that can also strongly influence primary 

production, species composition, and marine δ15N values (Stabeno et al., 2012; Kurle and 

McWhorter, 2017). These conditions can be highly variable over longer time scales in the 

Bering Sea (Stabeno et al., 2012; Stabeno et al., 2017), and my sample years of 2014 and 

2016 coincide with a shift in the Bering Sea from extensive sea ice and below average 

ocean temperatures to reduced sea ice and higher than average ocean temperatures 

(Stabeno et al., 2017). Higher ocean temperatures correlate with reduced NO3 and 

increased δ15N values in phytoplankton in the Southern California Bight (Kurle and 

McWhorter, 2017), which could also have driven the increases in δ15N values I observed 

in the herring and pollock samples from 1997 to 2016 (Figure 5). 1997 was colder than 

average in the Bering Sea (Stabeno et al., 2012, Stabeno et al., 2017), but 2016 was 

nearly 4°C warmer than average (Stabeno et al., 2017), increasing the potential for higher 

temperatures to influence the δ15N values reflected in my 2016 samples. 

Of 11 comparisons of the δ13C values in fish between 2014 and 2016 (Table 3), 

the δ13C values were equal (7 cases) or higher (4 cases) in 2016, and previous studies 



 

 

21  

reported decreases in δ13C over 50 years in the Bering Sea (Cullen et al., 2001) due to 

changes in atmospheric carbon. As my data span only two years, it is unlikely my results 

would reflect atmospheric changes. However, comparisons of the δ13C values from 

Pacific herring and 1-2 year-old pollock collected in this study (-20.7 to -20.6‰ and -

20.6 to -19.7‰, respectively) with those from the same size/age class fish collected in 

summer 1997 from the same area in the Bering Sea (Kurle and Worthy, 2001; Kurle et 

al., 2011; -17.6‰ and -18.3‰, respectively) demonstrate a reduction in δ13C values over 

nearly 20 years (Figure 5). These changes may reflect increases in isotopically light, 

anthropogenically created carbon stored within ocean ecosystems (Newsome et al., 

2007).  

As with δ15N values, environmentally driven oceanographic factors can also 

greatly influence the δ13C values at the base of marine food webs (Kurle and McWhorter, 

2017) by creating conditions that govern availability of nutrients and consequently affect 

phytoplankton growth rate. Colder ocean temperatures in the Bering Sea are associated 

with increased productivity (Stabeno et al., 2012), which is also associated with higher 

phytoplankton growth rates and increased δ13C values (Kurle and McWhorter, 2017; 

Jacox et al., 2016). As 1997 was much colder in the Bering Sea than 2016, some of the 

decreases in the δ13C values I observed in herring and 1-2 year-old pollock between those 

years could be attributed to changes in productivity associated with the change in 

temperature.  
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Figure 5. The mean (±SD) δ13C and δ15N values (‰) from whole, subsampled fish 
collected in the eastern Bering Sea in 1997 and 2016 and compared between years. 

 

Finally, stable carbon isotope ratios are affected by multiple factors (Popp et al., 

1998; Burkhardt et al., 1999; Nakatsuka et al., 1992) that create geographic patterns in 

δ13C values at the base of marine food webs, such as decreasing δ13C values with 

increasing latitude in the northern hemisphere and higher δ13C values in nearshore vs 

offshore ecosystems (Rubenstein and Hobson, 2004; Hobson, 1999, 2005; Clementz and 

Koch, 2001). In addition, environmental factors driving ocean conditions play a large role 

in shaping community and foraging dynamics of vertebrates in marine ecosystems 

(Tynan, 1999; Salvadeo et al., 2015). For example, in the Bering Sea, fish population 

surveys found changes in the abundance and distribution of juvenile pollock from 2002 to 

2004, which were considered a response to changes in ocean temperatures, with pollock 
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occupying regions farther north with increasing temperatures (Helle et al., 2007). 

Therefore, changes in δ13C values observed in mid-trophic level species across years may 

reflect variations in habitat use in the time before these species were caught for sampling. 

Regardless of the exact mechanisms, the changes in δ13C and δ15N values I observed 

from fish in 2016 compared with 2014 and 1997 could indicate shifts in fish habitat use 

or reflect differing environmental conditions among years, and these types of influences 

should be noted when interpreting stable isotope values from prey and consumers across 

longer time scales. 

 

Age/size class variability 

Variation in stable isotope values from individuals reflecting isotopic 

incorporation over different time periods can indicate potential ontogenetic shifts in 

marine vertebrate habitat use or trophic position (Kurle and Worthy, 2001; Turner 

Tomaszewicz et al., 2017), and I found changes in the δ13C and δ15N values among 

different age classes of fish within the same species. Previous work on prey species 

collected in Alaskan waters indicated that isotopic variation with size/age in mesotrophic 

species coincided with life history patterns that reflected differential environmental 

conditions experienced by prey species at different times in their lives (Kurle et al., 

2011), so the changes we observed with prey age/size may reflect different habitat use 

and/or trophic level with age. The δ 15N values are typically higher in larger and older 

fish compared with smaller individuals of the same species (Hobson et al., 2004; Kurle 

and Worthy, 2001, Kurle et al., 2011). This relationship is frequently attributed to size-

related shifts, where larger, older fish, with bigger gape sizes or different foraging 
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abilities, are able to prey on bigger, higher trophic level species than juveniles (Scharf et 

al., 2000). For example, previous work also found increasing δ15N values with pollock 

age (Kurle and Worthy, 2001; Kurle et al., 2011) and attributed this to pollock foraging at 

higher trophic levels with age, as adult pollock feed mostly on juvenile pollock and other 

smaller fish (Wespestad et al., 2000; Incze et al., 1988), whereas juvenile pollock feed 

almost exclusively on zooplankton (Incze et al., 1988). In addition, fish and squid dive 

depth, nearshore vs. pelagic foraging, and other variations in habitat use can change with 

age, also contributing to the potential for differential stable isotope values observed in the 

same species over different age classes (Brodeur et al., 1999; Brodeur et al., 2002; Mito 

et al. 1999). 

The difference I observed between δ 15N values from herring is counterintuitive, 

as I found higher δ 15N values in the small and medium specimens vs. the large fish 

(Table 4). This is similar to the pattern observed in herring and other fish from previous 

work (Kurle and Worthy, 2001; Kurle et al., 2011; Bode et al., 2003; Revill et al., 2009). 

The difference of ~3‰ I observed in isotope values between size groups may be 

biologically significant, indicating a difference of up to one trophic level. Pacific herring 

reach maturity at 17 cm (Paul et al., 1996), and adult herring consume a mixture of 

zooplankton and fish (Brodeur and Livingston, 1988). It is possible the difference in the 

δ15N values was due to variations in the proportion of these two trophic guilds in the 

herring diets or may simply reflect sampling bias. 

As mentioned, carbon isotope values are often used to evaluate animal habitat use 

as they reflect carbon sources at the base of the food web that are frequently 

geographically specific (Vokhshoori et al., 2014; Kurle and McWhorter, 2017; 
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MacKenzie et al., 2011). I found higher δ13C values in smaller sockeye salmon from 

2016, which are likely due to differences in habitat use with life history stage as sockeye 

salmon in the Bering Sea are known to congregate in different areas with age (Habicht et 

al., 2005). I also found higher δ13C values in large herring and older pollock compared to 

smaller/younger individuals, both of which likely also indicate shifts in habitat with 

size/age. Inshore δ13C values are typically higher compared with those from offshore 

areas (Clementz and Koch, 2001; MacKenzie et al. 2011), and adult Pacific herring move 

inshore to lay eggs (Mito et al., 1999) which could cause this change in carbon isotope 

values. However, the trend of higher δ13C values in older pollock contradicts the pattern 

observed by Kurle et al. (2011), which suggested that higher δ13C values in younger 

individuals could be because younger pollock tend to inhabit waters more inshore over 

the continental shelf in the eastern Bering Sea than older fish (Brodeur et al., 1999; 

Brodeur et al., 2002). As previously mentioned, juvenile pollock were found to be 

occupying more northern regions in response to temperature changes (Helle et al., 2007), 

which could result in decreased δ13C values in individuals due to the geographic patterns 

of decreasing δ13C values with increasing latitude (Rubenstein and Hobson, 2004). 

Finally, the speed at which dietary isotopes are incorporated into tissues depends 

on the growth, metabolism, protein turnover, and synthesis of tissue (Kurle, 2009).  

Isotopic turnover of fish muscle reflects growth and metabolic tissue replacement, and 

this varies among fish species and age (Perga and Gerdeaux, 2005; Buchheister and 

Latour, 2010; Weidel et al., 2011). For example, younger fish have higher growth rates 

than adult fish, and stable isotope values from younger fish tissue could reflect dietary 

choices made spanning days rather than months for the adult fish (Weidel et al., 2011; 
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Kurle et al., 2011). Therefore, some ontogenetic changes in isotope values observed in 

marine prey species may be attributed to variations in physiology that influence the 

isotope ratios and their incorporation rates. 
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CONCLUSION 

 My study showed changes in δ13C and δ15N values between 2014 and 2016, as 

well as changes in stable isotope values among size/age classes in some mid-trophic level 

species. I also showed changes in the δ13C and δ15N values from fish collected in the 

Bering Sea in 1997, a colder than average year, with those collected in 2016, a 

significantly warmer than average year, that follow stable isotope patterns expected with 

both increased ocean warming and increased anthropogenic carbon. My research supports 

previous studies indicating that δ15N and δ13C values from fish and squid vary with 

environmental changes and ontogenetic shifts (Kurle et al., 2011; Barnes et al., 2008; 

Jennings and Warr, 2003) and underscores the importance of understanding the potential 

for isotopic variability in marine systems, as even small differences in stable isotope 

values from species caught in different years or in different age/size classes could lead to 

misinterpretations of consumer stable isotope data (Lorrain et al., 2014).  

This thesis is currently being prepared for submission for publication of material. 

Liu, Andrea K.; Zeppelin, Tonya; Kurle, Carolyn. The thesis author was the primary 

investigator and author of this material. 
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APPENDIX 
 
Table 5. Stable isotope values of fish and squid species not used in interannual or age/size 
class comparisons from 2014 and 2016. 
 

Species N Mean length 
(cm) 

Estimated age 
(years) or size 
class 

Collection 
year 

δ15N δ13C 

Capelin 6 11.7 NA 2016 15.4 ± 0.6 -19.2 ± 0.8 
Pacific Cod 4 6.8 NA 2014 11.9 ± 0.5 -21.4 ± 0.2 
Sablefish 10 18.5 NA 2016 14.0 ± 0.4 -19.9 ± 0.8 
Salmon, 
Coho 

1  Large 2016 17.6 -20.7 

Salmon, 
Pink 

10 22.0 Small 2016 13.5 ± 0.8   -21.1 ± 0.8 

Sandlance 5 7.7 Medium 2014 12.8 ± 0.5 -20.8 ± 0.9 
Sandlance 12 5.8 Small 2016 10.2 ± 0.6 -21.4 ± 1.0 
Squid (B. 
magister) 

1 19.2 Medium 2014 10.4 -20.9 

Squid 
(Gonatopsis 
borealis) 

1 6.5 Small 2014 9.2 -20.51 

Squid 
(Gonatus 
midendorffi) 

1 6.2 Small 2014 11.5 -21.3 

Squid 
(Gonatus 
sp.) 

2 4.1 Small 2014 11.0 ± 1.6 -21.7 ± 0.8 
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