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Abstract
111

The Arctic amphipod Onisimus litoralis migrates from the seafloor to the sea ice to graze 

on ice algae, a rich food source during the Arctic spring, resulting in complex trophic 

dynamics. I assessed the effect of temperature and season on the rate of change in stable 

isotopic composition of amphipods by simulating a diet switch in the laboratory using 

amphipods collected near Barrow, Alaska in spring and autumn 2004. Additionally, the 

proportional contributions of food sources to the amphipods’ diet in the field were 

estimated. Isotopic change occurred faster in spring with half-lives of 13.9 (1°C) and

18.7 (4°C) days for carbon and 22.4 days for nitrogen compared to autumn rates of 77 

(carbon) and 115 days (nitrogen). Temperature did not have a significant effect on 

turnover. Change occurred primarily through metabolic turnover (versus growth-related 

dilution) and was responsible for 84-89% of the change in carbon and 67-77% of the 

change in nitrogen in both seasons. A two-source mixing model estimated that ice- 

derived biota contributed 59 (±17)% to the amphipods’ diet in May. These data show 

that the rate of isotopic change can vary temporally for a single species, highlighting the 

importance of experimental work for interpreting stable isotope field-data.
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1. Introduction

Sea ice is a prominent feature of the Arctic Ocean covering between 6.2 x 106 km2 in the 

summer and 13.9 x 106 km2 in the winter (Wadhams 2000). Unlike freshwater ice, frozen 

seawater is permeated by a network of brine-filled channels that are created as salts are 

expelled during ice crystal growth. These channels create a unique habitat for a 

specialized community of organisms, including bacteria, proto- and metazoans, and ice 

algae (Homer et al. 1992, Gradinger 2002), that combined contribute on average 57% of 

the total primary production in the central Arctic and 3% in the surrounding regions 

(Gosselin et al. 1997). Pennate diatoms are the most conspicuous members of the ice 

algal assemblage, though various groups of autotrophic flagellates are important 

contributors to sea ice primary production. Both benthic and pelagic metazoan taxa 

inhabit the ice, including rotifers, nematodes, polychaete larvae, turbellarians, crustacean 

nauplii, and harpacticoid and cyclopoid copepods (Carey 1992, Schnack-Schiel 2003).

During early spring, when light penetration to the water column is low and phytoplankton 

production is limited, ice algal abundances can be orders of magnitude higher than 

phytoplankton abundance, providing an important early food source (Homer 1985, 

Sakshaug et al. 1994). The highest ice algal abundances occur in the bottom few 

centimeters where temperature and salinity fluctuations are moderated by the underlying 

seawater, and nutrient exchange is maximized (Homer 1985, Homer et al. 1992). 

Sympagic (ice-associated) fauna take advantage of this rich food source near the ice- 

water interface (Werner 1997, Poltermann 1998). The trophic transfer of ice-derived 

material to benthic consumers has been the focus of a few recent studies (Cooper et al. 

2002, Ambrose et al. 2005, McMahon et al. 2006), but even fewer studies have quantified 

the direct transfer of ice biota to higher trophic levels through sympagic fauna (Werner 

2000, Auel et al. 2002). Ice-derived organic carbon is channeled from sea ice biota 

through sympagic amphipods to fish, birds, and mammals (Bradstreet and Cross 1982, 

L0nne and Gabrielsen 1992, Tynan and DeMaster 1997). However it remains unknown
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how important this ice-based food web is relative to the pelagic or benthic food webs 

throughout a full seasonal cycle for any location in the Arctic.

Over the past several decades both sea ice extent and duration have decreased (Rothrock 

et al. 1999, Johannessen et al. 2004) and are expected to lead to reduced ice algal 

production as warming continues (Lavoie et al. 2005). As sea ice patterns are altered, 

changes in important prey species abundances and distributions will ultimately affect 

higher trophic organisms including birds (L0nne and Gabrielsen 1992) and marine 

mammals (Tynan and DeMaster 1997). To help shed light on the role of sea ice 

production for higher trophic levels, this study focuses on sympagic amphipods, as they 

are a major connector between the sea ice, the water column, and the benthos (Werner 

2000, Peinert et al. 2001).

Sympagic, autochthonous (permanently associated with the ice) gammaridean amphipods 

are the primary constituents of the sub-ice community under offshore Arctic pack ice 

(L0nne and Gulliksen 1991, Carey 1992, Werner and Gradinger 2002, Gradinger and 

Bluhm 2004). Apherusa glacialis, Onisimus glacialis, O. nanseni, and Gammarus 

wilkitzkii occur in this habitat during all seasons (Werner and Auel 2005). They can 

graze 1.1 to 2.6% d '1 of the ice algal standing stock (Werner 1997), and thereby make this 

production available to larger organisms including fish, birds, and seals (Bradstreet and 

Cross 1982). Near-shore pack and fast ice is colonized by benthic amphipods like 

Onisimus litoralis (Boudrias and Carey 1988) that migrate between the ice and the 

benthos (Carey 1992) and play a similar role in transferring ice-produced organic matter 

to larger organisms. Amphipods are a major prey item for Arctic cod (Boreogadus 

saida), making O. litoralis an important trophic link between ice biota and higher trophic 

levels in coastal Arctic waters (Bradstreet and Cross 1982, Hobson and Welch 1992).

Analysis of naturally occurring stable isotope ratios of carbon and nitrogen has become a 

standard method in both field and laboratory food web studies, as the isotopic
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composition of a food source is reflected in the isotopic composition of the consumer in a 

fairly predictable manner (Hobson and Clark 1992, Bosely et al. 2002). The stable 

carbon isotope composition (8I3C) of a consumer is similar to that of its diet, generally 

enriched by 0 to 1 %c, while a consumer’s stable nitrogen isotope composition (815N) 

reflects a stepwise increase from diet to consumer of 2 to 4%o (Peterson and Fry 1987). 

Both isotopes are useful as dietary tracers, integrating carbon and nitrogen sources over a 

period of time, as opposed to giving a snapshot of the most recent meal, as is the case in 

gut content analysis. In addition, the larger difference between 815N of a consumer and 

its diet can be used to estimate trophic position within a food web. This difference 

between the isotopic composition of a consumer and its diet (fractionation) occurs when 

isotopically lighter isotopes are preferentially excreted, leaving the consumer’s tissues 

isotopically heavier (more enriched in the heavier isotope) than its diet (DeNiro and 

Epstein 1981, Peterson and Fry 1987).

In the ice-covered coastal waters of the Arctic, phytoplankton and ice algae, the two main 

primary producers, can have distinctly different isotopic signatures. A typical high 

latitude marine phytoplankton community has a 813C signature o f -27  to -25%c (Hobson 

and Welch 1992, Iken et al. 2005, Dunton et al. accepted). The limited diffusive supply of 

C 0 2 into the network of brine channels within sea ice can cause C 0 2 limitation to the ice 

algae, resulting in higher 813C values in ice algae relative to phytoplankton in the 

underlying water column (Gleitz et al. 1995, Thomas and Dieckmann 2003). Arctic sea 

ice algae can thereby reach 813C values o f -20  to -10%c (Hobson and Welch 1992, 

Gradinger and Bluhm 2005, McMahon et al. 2006, Tamelander et al. 2006). This 

difference between sea ice algae and phytoplankton offers an opportunity to use stable 

isotopes to determine the contribution of each carbon source to the diet of O. litoralis.

The interpretation of stable isotope compositions of animals can be complicated by a 

number of factors. In their natural environment animals may not be in isotopic 

equilibrium with their diet due to migratory movement or seasonal changes in available
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food sources (Hobson 1999, Schmidt et al. 2003). When an animal changes its diet from 

one isotopically distinct food source to another, the stable isotope value of the new diet is 

not immediately reflected in the tissues of the consumer (Tieszen et al. 1983, Hobson and 

Clark 1992, Post 2002). The time required for a consumer’s tissue to reach isotopic 

equilibrium after a diet switch varies with taxon, life stage, the tissue being analyzed, and 

the environment (Fry and Arnold 1982, Hobson and Clark 1992, Frazer et al. 1997). 

Following a change in diet, stable isotopic change in organisms occurs through two 

processes. First, new tissue synthesized after the diet switch will reflect the isotopic 

composition of the new diet, and the rate of growth will directly affect the rate of isotopic 

change (Fry and Arnold 1982). Secondly, metabolic turnover of tissues synthesized from 

the previous diet will result in a shift in isotopic composition towards that of the new diet 

(Hobson and Clark 1992).

Knowledge about the time required for a consumer to equilibrate with the isotopic 

composition of its current diet is essential in order to interpret stable isotope values for 

trophic interactions (Gannes et al. 1997, Bosley et al. 2002), yet isotopic turnover has 

been determined for few animals, and to our knowledge, there are no published turnover 

rates for any Arctic marine organisms. In sea ice covered regions, temporal changes in 

the ice algal isotopic baseline can confound interpretation of stable isotope data if recent 

changes in the isotopic baseline have not yet been expressed in the tissues of consumers. 

Moreover, diet switching is likely in the Arctic, where strong seasonal pulses of 

production can lead to seasonally available food sources that are exploited by consumers 

during the short productive season (Legendre et al. 1992, Dower et al. 1996).

Isotopic change in rapidly growing ectotherms is primarily driven by growth (Fry and 

Arnold 1982, Herzka and Holt 2000, Bosley et al. 2002), while metabolic requirements 

have been shown to drive isotopic change in adult, non-growing endotherms (Tieszen et 

al. 1983, Hobson and Clark 1992, MacAvoy et al. 2005). In polar regions, slow growth 

among ectotherms is common (Brey et al. 1995, Bluhm et al. 1998, Peck 2002).
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However, few studies have focused on slow-growing ectotherms to determine how 

metabolic turnover contributes to isotopic change. The majority of these studies have 

focused on temperate fish species (Hesslein et al. 1993, MacAvoy et al. 2001, Tominaga 

et al. 2003, Jardine et al. 2004, Sakano et al. 2005). Frazer et al. (1997) provided the first 

and so far only data for a polar invertebrate and found that metabolic turnover can be 

important in Antarctic larval krill Euphausia superba. Published results for aquatic 

ectotherms representing various taxa, stages of development, and environmental 

temperatures show a broad range of isotopic turnover rates (Fry and Arnold 1982, Bosley 

et al. 2002, Sakano et al. 2005, Jardine et al. 2006, McIntyre and Flecker 2006). These 

results highlight the need for experimentally determined turnover rates on species of 

interest in a particular environmental setting to more accurately interpret trophic 

dynamics and interactions in food web studies.

Here, stable isotopic changes following a diet switch were monitored in the gammaridean 

amphipod O. litoralis to provide the first isotopic turnover data for an Arctic marine 

invertebrate. Additionally, an experiment was carried out to investigate the effect of 

fasting on the stable isotope composition of O. litoralis. These data provide the 

foundation for using stable isotope ratios to examine the temporal dynamics of stable 

isotopic composition in ice-associated fauna that exhibit habitat or dietary changes as a 

response to seasonally available sea ice in coastal Arctic waters. The objectives of the 

field study were to i) collect O. litoralis and its potential food sources in the field to track 

trophic changes throughout a complete ice cycle and ii) to apply mixing models to 

determine the relative contribution of ice-derived material to the nutrition of O. litoralis 

during periods of ice cover. The objectives of the laboratory experiments were to i) 

estimate isotopic turnover rates for O. litoralis through controlled diet switch 

experiments, ii) examine the effect of temperature and season on turnover rates, and iii) 

determine the effect of fasting on the isotopic composition of O. litoralis over time.

These experiments provide calibration information essential for interpretation of in situ
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field results and are compared to previous vertebrate and invertebrate stable isotope 

turnover studies.
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2. Materials and methods

2.1 Field collections

Specimens of O. litoralis were collected in baited minnow traps under shore-fast sea ice 

in the Chukchi Sea near Barrow, Alaska (71.3359° N, -156.7070° W, Fig. 2.1) 

in March, May, and December 2004. The traps were deployed through holes in the ice 

200 to 400 m offshore at a water depth of approximately 7 m. The baited traps were 

positioned within 1 m of the ice bottom and remained in the water for 24 to 48 hours 

during each deployment. Bait, consisting of canned cat food, artificial trout bait and 

salmon eggs, was wrapped in filter paper and screen material to prevent ingestion. In ice- 

free conditions in September 2004, traps were deployed attached to buoys at this location, 

but no specimens were collected. Instead, at this time O. litoralis were collected in 

nearby Elson Lagoon (71.3321° N, -156.5415° W) in traps 300 m offshore at 5 m water 

depth. Traps were positioned 2 m above the seafloor, attached to anchors at the seafloor 

and to buoys at the surface.

In March, May, and December, ten amphipods were immediately preserved in buffered 

4% formaldehyde-seawater solution for gut content analysis (see 2.14). Ten additional 

amphipods were transferred to containers with clean seawater for 24 hours to clear their 

guts before being frozen for stable isotope analysis (see 2.13). In March and September 

the remaining animals were transported to a University of Alaska, Fairbanks (UAF) 

laboratory for long term (9 and 10 week) feeding experiments. Upon arrival in Fairbanks, 

the amphipods were placed in incubation chambers (Precision 815 and 818) in the dark at

1 °C to acclimate for 1 week. No food was offered during this period.

Potential food sources were sampled at the time of each amphipod collection. For this 

purpose, four replicate samples of sea ice (except September), seawater, and seafloor 

surface sediment were collected and analyzed for chlorophyll a (chi a), phaeopigment 

(phaeo), particulate organic carbon (POC) and nitrogen (PON) concentrations, and 513C



8

Fig. 2.1 Field study area near Barrow, AK. NARL = Navel Arctic Research 
Lab. Site 1 is the collection site for ice-covered periods (March, May and 
December 2004), Site 2 is the collection site for ice-free period (September 
2004).
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and 515N of the particulate organic matter (POM). Ice cores were collected with a 

Kovacs ice corer and bottom sections (10 cm) were melted in the dark in 800 ml of GF/F 

filtered seawater to reduce osmotic stress (Garrison and Buck 1986). Seawater was 

collected from 3 m water depth using a Kemmerer water sampler. Seawater and melted 

ice samples were filtered onto precombusted GF/F (0.7 nm) filters (25 mm). The top 2 

cm of seafloor sediment were collected using a benthic corer deployed through ice core 

holes or from a boat during ice-free conditions. All samples were stored frozen at -18°C 

until analysis.

Ambient seawater temperature and salinity and ice temperature were measured during 

each sampling period. Seawater temperature and salinity were measured with a YSI 85 

sensor underneath the ice (or from the water surface in September) at 1 m intervals. Ice 

temperature was measured with a Traceable thermometer along a complete core length at 

10 cm intervals. Ice thickness was measured on a single ice core and snow depth was 

determined as the mean of ten measurements.

2 .1.1 Chlorophyll a analysis

Chi a filters from water and melted ice samples were extracted in glass tubes with 7 ml 

90% acetone and placed in a freezer (-18°C). After 24 hours the tubes were allowed to 

adjust to room temperature in the dark before being analyzed with a Turner TD700 

fluorometer (Arar and Collins 1992).

Seafloor sediment samples were defrosted, and approximately 1 g of sediment was 

transferred to preweighed 25 ml glass vials. 15 ml 90% acetone was added to the vials 

that were then placed in the freezer at -18°C (Conde et al. 1999). After 24 hours the 

sediment in the vials was mixed thoroughly, and the liquid was decanted into 50 ml 

centrifuge tubes and centrifuged for 7 minutes at 4000 rpm. The supernatant was poured 

into glass tubes and allowed to come to room temperature prior to analysis. Chi a was
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measured as above. The remaining sediment was then dried and weighed. Chi a 

concentration was standardized to sediment dry weight (see above).

2.1.2 Proportional contribution o f food sources 

Two- and three-source mixing models (Isoerror 1.04;

http://www.epa.gov/wed/pages/models/isotopes/isoerrorl_04.htm) were used to 

determine the relative contributions of particulate organic matter from sea ice (POMjce), 

seawater (PO M waterX and seafloor sediment (PO M se(i) to field amphipod diets. The 

Isoerror program provides estimates (and 95% confidence intervals) of the proportional 

contribution of multiple diet sources to a consumer using linear mixing models (Phillips 

and Gregg 2003). Fractionation factors used in the mixing models (1 %c for 813C and

2.5%o for S15N) were chosen based on average values of published, experimentally 

determined fractionation factors for an amphipod (Gammarus lawrencianus) and isopod 

(Idotea baltica, McCutchan et al. 2003), and ghost shrimps (Nihonotrypaea japonica and 

N. harmandi, Yokoyama et al. 2005) because isotopic fractionation has not been 

experimentally assessed in O. litoralis.

2.1.3 Stable isotope and POC/PON analysis

Filters, amphipods, and experimental diet samples (see below) were oven dried for 24 

hours at 60°C, fumed with HC1 to remove carbonates, and re-dried for 48 hours at 60°C. 

Filters were packed directly into tin capsules. Feed samples and whole amphipods were 

homogenized using a mortar and pestle before being weighed into tin capsules. 5°C  and 

815N were measured by continuous flow isotope ratio mass spectrometry, using a Costech 

elemental analyzer interfaced with a Thermo Finnigan Delta Plus Isotope Radio Mass- 

Spectrometer at the UAF Alaska Stable Isotope Facility. Isotope ratios were reported in 

per mil (%c) using the standard notation:

8X — { (Rsample"Rstd)/Rstd} X 1000 (%c)

http://www.epa.gov/wed/pages/models/isotopes/isoerrorl_04.htm
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where X = 13C or 15N, R = 13C/12C or 15N/14N, and std (standard) = V-PDB (Vienna-Pee 

Dee Belemnite) or air N2, respectively. Analytical precision was 0 . \%c for 813C and 

0A%c for 8l5N and was established by analyzing numerous (n=5-9) standards (peptone) 

throughout each run. The % carbon and % nitrogen were analyzed concurrently with 

isotope analysis.

2 .1.4 Gut content analysis

Guts and stomachs of 30 amphipods, ten from each sampling period (except September), 

were extracted under a dissecting microscope and mounted in deionized water on glass 

slides. These were examined using a Zeiss inverted compound microscope at 300x 

magnification. Guts and stomachs were individually assigned arbitrary scores from 1 to 4 

describing fullness (1: less than 25% full; 2: >25-50% full; 3: >50-75% full; 4: more than 

75% of the volume filled). Items present in the digestive tract were categorized as algal 

cells, crustacean parts, detritus, and sediment grains; other categories could not be 

identified.

2.2 Turnover experiments

Two long term feeding experiments (63 and 72 days for experiments 1 (Exp 1) and 2 

(Exp 2), respectively) were performed to estimate C and N turnover rates in amphipods 

collected during ice-covered (March) and ice-free (September) periods (see below). Exp 

1 assessed the turnover of C and N at two different temperatures and for two different 

diets, while Exp 2 was conducted to compare the turnover in amphipods collected during 

an ice-free period to those collected during an ice-covered period.

Prior to the start of each feeding experiment, amphipods were blotted dry, weighed to the 

nearest 0.1 mg, digitally photographed for subsequent length measurements, and 

transferred to 500 ml plastic cups filled with artificial seawater (Instant Ocean ©, 30%c) 

at 1 °C or 4°C in the dark. Each cup contained two animals, one serving as a backup in 

case the primary specimen died prior to sampling, separated by a screen to prevent
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cannibalism. Length measurements, from the base of the antennae to the tip of the telson, 

were conducted using ImageJ image processing and analysis software 

(http://rsb.info.nih.gov/ij/).

2.2.1 Experimental diets

Three isotopically distinct experimental feeds were created using a combination of 

commercial algal-based aquaria fish food (Wardley® Premium Algae Discs™) and ice 

algae collected from the study site in June 2003. Ice algal cells were cultured in artificial 

seawater (Instant Ocean, 30%o), at 4°C under 24 hours of artificial light and constant 

aeration. Fresh artificial seawater and Guillard’s f/2 (Sigma G9903) nutrient solution 

were added to the main culture weekly. Stable isotopic enrichment of the ice algae was 

accomplished through incorporation of heavy isotopes during algal incubations with l5N 

and 13C labeled compounds (Na15N03 and NaH13C0 3 . respectively). Each week 2 L of the 

culture was transferred to a separate container and 0.8 ml labeled Na^NO? solution 

(0.086 g/L) and 4 ml labeled NaH13C03 solution (4.3 g/L) were added. Algal cells in the 

2 L culture were incubated under the same environmental conditions as the main culture 

for 24 hours. After 24 hours, the enriched culture was centrifuged, the water was 

decanted, and algal cells were frozen. The isotopic signature incorporated by the algal 

cells was checked periodically during this period.

All isotopically enriched algal samples were pooled (813C = 605.8 %c, 815N = 44.0%c), 

dried for 3 days at 60°C, and ground using a Wig-L-Bug homogenizer. The commercial 

fish food (8L,C = -22.8 (±0.4) %c, 81:>N = 2.0 (±0.2) %c, n=5) was homogenized in a food 

mill. Experimental diets were formulated by mixing different ratios of the isotopically 

enriched algae with the commercial food (Table 2 .1). Deionized water was added to 

make a paste, and pellets of 2 mm diameter were portioned onto aluminum foil using a 

syringe. The pellets were dried at 60°C for 48 hours and stored at -18°C.

http://rsb.info.nih.gov/ij/
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Table 2.1 Experimental temperatures and diets for turnover experiments. Diet 
5 i3C and 615N values are mean±SD (n=5). Experiment 1 (Exp 1) was run from 
April to June, and experiment 2 (Exp 2) was run from October to December, 2004.

Exp. Treatment T(°C) Diet Diet S*C (% c ) Diet S^N

1 High 813C 
enrichment

1,4 1 20.6±1.0 3.7 ±0.6

1 Moderate S13C 
enrichment

1 2 -15.4*0.6 2.5 ±0.6

1 Fasting 1 None - -

1 Control 1 3 -22.8 ±0.2 2.0^0.2
2 High 813C 

enrichment
1 la 49.3±0.8 22.8±1.0

2 Control 1 3 -22.8i0.2 2.0±0.2
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Pellets were soaked in artificial seawater to determine the stability of the isotopic values 

under experimental conditions. After soaking for 72 hours (the average time a food pellet 

would sit in an experimental cup before being replaced with a fresh pellet), pellets were 

re-dried and 813C and 8I5N values of the soaked pellets were measured. Soaking reduced 

the enrichment level of the enriched diets by approximately \0% c for 813C and 3%c for 

815N. Diet values reported below are for soaked pellets. Soaking had no effect on the 

non-enriched diet.

The final isotope values for the experimental diets (Table 2.1) ranged from -22.8 (±0.2) 

to 49.3 (±0.8) %o for 813C and 2.0 (±0.2) to 22.8 (±1.0) %c for 815N. The highly enriched 

diet, reformulated for the second experiment using algae enriched during a second set of 

incubations (pooled enriched ice algal values; S13C=425.0%o, S15N=112.4%o), is 

designated diet la. For both experiments a non-enriched diet, composed of non-enriched 

ice algae and the commercial food, served as a control.

2.2.2 Experimental setup

Exp 1 took place from April 2 to June 3, 2004, using amphipods collected in March 2004. 

Amphipods were randomly assigned to one of four treatments as outlined in Table 2 .1. 

Each treatment consisted of five replicate animals and their backups for each of the ten 

sampling periods. Two treatments received the highly enriched diet (diet 1), one 

maintained at 1 °C and the other at 4°C, to investigate the effect of temperature on carbon 

and nitrogen turnover. All other treatments were maintained at 1°C. The third treatment 

received the moderately enriched diet (diet 2) with a 813C value similar to values found in 

Barrow fast ice communities in late spring under bloom conditions (Gradinger et al. in 

review). The fourth treatment received no food but otherwise experienced the same 

conditions as the treatments above. A fifth group of amphipods received the non- 

enriched diet (diet 3) to serve as a control for weeks 1 through 3. At week 4, the control 

accidentally began receiving diet 1 for the duration of the experiment, leaving no control 

group from week 4 through the end of the experiment.
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Amphipods were kept in the dark and fresh feed pellets were added every 3 days, at 

which time uneaten food and fecal pellets were suctioned off the bottom of the cups, and 

molts were collected. A third of the water volume in each cup was removed each week 

during cleaning and replaced with fresh artificial seawater. Incubation temperature was 

surveyed daily and dead animals were removed.

Initial amphipod S13C and 81:>N ratios determined at the start of the experiment. 

Thereafter, 5 replicate amphipods (and their backups) were sampled weekly from each 

treatment. Sampled amphipods were transferred to cups containing clean artificial 

seawater and allowed to clear their guts for 24 hours. They were then blotted dry, 

weighed to the nearest 0.1 mg wet weight (WW), photographed to determine length, and 

frozen at -18°C until processed for stable isotopic analysis.

Exp 2 took place from October 1 to December 25, 2004. The low number of amphipods 

collected in September and that survived the transfer to the Fairbanks laboratory allowed 

for only two treatments: one receiving the highly enriched diet (diet la) and the other 

receiving the non-enriched diet as control. Both groups were maintained in the dark at 

1°C. During Exp 1 much of the isotopic turnover occurred in the first three weeks. 

Therefore, amphipods were sampled every four days in the first two weeks of Exp 2. 

Sampling was then extended to every seven days at week 3, and finally every ten days 

from week 6 to the end of the experiment. Upon sampling, amphipods were processed as 

described for Exp 1.

2.2.3 Turnover rate modeling

Turnover rates were calculated as a function of days since the diet switch using the 

equation (Tieszen et al. 1983):

E q .( l) 5(0 — 5f + (So — 5f) e c 1
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where 8(t) = §13C or 815N (%o) at time t, 8f = the value (%o) being approached 

asymptotically, 80 = the amphipod 813C or 815N in equilibrium with the old diet (%c), c = 

the fractional turnover rate constant (d '1) and t = time (d) since diet switch. 8(t), 80, and t 

were known. The model was used to estimate the parameters c and 8f.

Isotopic change rate is often expressed as a half-life. Half-life refers to the amount of 

time required for the stable isotope signature of the consumer’s tissues to reach a 

midpoint value between the equilibrium value of the consumer before the diet switch and 

the expected equilibrium value of the consumer on the new diet (Bosley et al. 2002). 

Half-life was calculated as HL = ln(0.5) / c.

Fractional turnover rates obtained using this model provide estimates of the time required 

for the tissues of O. litoralis to reflect a switch to an isotopically distinct diet. However, 

the model does not provide information about the relative contribution of metabolic 

turnover to isotopic change. To better understand the processes governing isotopic 

turnover in O. litoralis, we used a model that partitions the fractional turnover rate, c, into 

two components: growth (g = the growth rate in d '1) and metabolic turnover (m = the 

metabolic turnover rate in d '1) according to Hesslein et al. (1993):

Eq.(2) S(t) = 8f + (80 -  8f) e _(g+m) 1

The growth rate was calculated as g = ln(Wf/W0)/t, where Wf is the amphipod (mg wet 

weight) at time of sampling and W0 is the initial amphipod weight at the start of the 

experiment. The sum of (g+m) corresponds to the fractional turnover rate constant, c, 

and describes total isotopic change resulting from both growth (g) and metabolic turnover 

(m). Final equilibrium values (8f) estimated using Eq. 1 were used in Eq. 2.
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2.2.4 Statistical analysis

All statistical analyses were performed in SYSTAT version 6.0 (SPSS Inc., Evenston,

IL). The estimates of the fractional turnover rate constant (c) and the metabolic turnover 

rate (m) were obtained using nonlinear, iterative, least squares minimization techniques. 

Differences in isotopic turnover between temperature treatments was tested using a 

likelihood ratio test (Haddon 2001) that compares the total sum of squared residuals 

(RSS) for the two data sets pooled and fit with a single model to the sum of the RSS from 

fitting each data set with separate models. The resulting statistic is compared to a chi 

square distribution with the degrees of freedom equal to the number of constraints placed 

upon the fit (= estimated parameters).
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3. Results

3.1 Field observations

3.1.1 Environmental data

Snow depth was similar in March, May, and December 2004, with means of 6.3 (±0.9),

6.5 (±0.4), and 7.8 (±1.2) cm, respectively (Table 3.1). Ice thickness in March was 143 

cm and ice temperature ranged from -19.6°C at the surface to -2.0°C at the ice-water 

interface (Fig. 3.1). Ice thickness had increased by May to 175 cm, and the ice surface 

had warmed. A light sediment layer was observed 1 m from the surface at that time. In 

December, the newly forming sea ice was 56 cm thick at the time of sampling. Seawater 

temperatures in March and May ranged from -0.6°C at the seafloor to - 1.7 °C just below 

the ice. Seawater temperature was constant in December. Salinity ranged from 30.7%o at 

the seafloor to 29.7%o directly below the ice in March and May, and from 26.6 to 25.1%e 

in December. In September the water temperature in Elson Lagoon was approximately 

9°C with a salinity of 28.7%c.

3.1.2 Chlorophyll a and POC

From March to May, chi a concentration in the ice increased from 2.6 (±0.0) pg/L to 19.1 

(±5.6) pg/L (Fig. 3.2a). Although the water chi a concentrations also increased (0.0 

(±0.0) to 0.2 (±0.0) pg/L), they were about two orders of magnitude lower than those 

found in the ice. Pelagic chi a concentrations were highest for the season in August (0.5 

(±0.0) pg/L). Phaeo concentrations were highest in May in both the ice and water 

column, with 1.7 (±0.8) and 0.2 (±0.1) pg/L, respectively. In December chi a 

concentrations were less than 0.1 (±0.0) pg/L in both the water column and in the newly 

formed sea ice. Seafloor sediment chi a and phaeo concentrations were highly variable. 

The highest and most variable values were found in March (0.6 (±0.3) pg/g dry weight 

(DW) chi a and 1.9 (±1.9) pg/g DW phaeo). Concentrations decreased in May to 0.3
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Table 3.1 Field environmental measurements near Barrow, AK, 2004. Sea ice 
thickness and seawater temperature and salinity profile ranges are reported from 
directly below the ice (number on left in each column) to the seafloor (number on 
right within each column). In September, only a single temperature reading was 
taken, and the temperature profile was constant in December.

Month Ice thickness (cm) Snow depth 
(cm) ± SD

Seawater temperature 
(profile range) (^C)

Salinity (%o) 
(profile range)

March 143 6.3 ±0.9 -1.7 to -0.6 29.8 to 30.7

May 175 7.8 ±1.2 -1.7 to -1.5 29.7 to 30.4

August — — 5.9 to 6.0 24.6 to 24.8

September 
(Elson Lagoon)

— — 9.0 —

December 56 6.5 ±0.4 -1.8 25.1 to 26.6

Temperature (°C)

-20 -15 -10 -5 0

Fig. 3.1 Sea ice temperature profiles in land fast ice near Barrow 
Alaska, in March, May, and December 2004.
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Fig. 3.2 Algal pigment and POC/PON concentrations in sea 
ice, water column, and seafloor sediments. All samples 
collected near Barrow, Alaska in 2004. a) Chlorophyll a (Chi 
a) and phaeophytin (Phaeo) and b) particulate organic carbon 
(POC) and nitrogen (PON). All values n=4. Error bars are SD.
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(±0.1) and 0.2 (±0.3) pg/g DW for chi a and phaeo, respectively, and remained constant 

through the rest of the sampling periods.

POCjCe values were highest in May with 1031.0 (±63.7) pg/L (Fig. 3.2b), while the 

highest POCWater values occurred in August. POCsed values ranged from 0.0 (±0.0) in 

March to 0.3 (±0.2) pg/g in May. In May, two of the four POMsed replicates were more 

than an order of magnitude higher than all other samples throughout the season.

3.1.3 Field isotope values and proportional contributions o f food sources 

Mean POMice ranged from -24.0 (±0.3) to -23.2 (±0.4) %c for §13C and from 9.1 (±0.6) to 

15.0 (±3.2) %o for 815N (Fig. 3.3). Mean POMwater ranged from -24.8 (±0.5) to -22.0 

(±0.4) %c for 813C and from 10.6 (±1.0) to 16.6 (±0.7) %c for 815N. POMice 813C and S15N 

changed little from March to May, while POMwater 813C showed a mean 1.5%o enrichment 

during this period. POMsed values were consistently lower in 81;>N (>13 %c) relative to 

amphipod values and means ranged from -0.0 (±0 .6) to 1.6 (± 1.9) %c. Mean POMsed 8 I3C 

ranged from -25.7 (±0.3) to -23.8 (±0.6) %o. The 813C and 815N isotopic ratios of 

amphipods collected in the coastal Chukchi Sea (March, May, and December) showed no 

change with season, with a maximum difference of 0.5%c for 813C values and 0.4%o for 

S15N values. The mean SL'C and 815N ratios of amphipods collected in Elson Lagoon in 

September were enriched (-19.6 (±0.6) %c for 813C, and 15.4 (±0.3) %c for 8lr>N) 

compared to those in the Chukchi Sea during all other sampling periods (-21.7 (±0.5) to 

-21.2 (±0.6) %c for 813C and 13.6 (±0.7) to 13.9 (±0.5) %c for S15N). Therefore, 

inferences into their diet were not made using end members collected from the Chukchi 

Sea in August. (Note: amphipod 813C and 815N values plotted in Fig. 3.3 are corrected 

for fractionation; see 2 .12).

The three-source mixing model was not able to estimate the contributions from the three 

potential end members using fractionation factors of 1 %c for 8 1 "C and 2.5%e for S15N. 

POMSed 815N were 13-15%c lower than O. litoralis 815N throughout the year, a difference



813C (%c) vs. VPDB

Fig. 3.3 Field 813C and 815N values for amphipods and 
potential diet items; sea ice, water column, and seafloor 
sediment POM in a) March, b) May, c) August, and d) 
December (n=10 for amphipod values, n=4 for POM 
values per sampling period), 2004. Amphipod values 
corrected for fractionation using 1.0%e 81?C and 2.5%c 
815N. Values are expressed relative to the following 
standards: atmospheric nitrogen (atm. N2) and Vienna- 
Pee Dee Belemnite (VPDB). Error bars are SD.
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representing approximately four trophic levels, suggesting that POMsed was not an 

important diet source. Therefore, a two-source mixing model was used to estimate 

relative contributions of POMice and POMwater. Using 813C ratios from May, this model 

estimated that O. litoralis was getting 59.2 (±17.8) % of its carbon from the ice and

40.8 (±17.8) % from the water column. POMice and POMwater isotope ratios were too 

similar in March and December to differentiate between the two sources.

3.1.4 Gut content analysis

Amphipod stomachs and guts were on average less then 25% full in March (Fig. 3.4a) 

with three amphipods having completely empty guts and/or stomachs. Stomachs and 

guts were on average nearly completely full in May and were 50 to 75% full in 

December. During all sampling periods amphipod guts contained primarily 

unidentifiable detritus, with only a few crustacean parts and sediment grains present (Fig. 

3.4b). Algal cells (diatom frustules) were present in the gut of one amphipod sampled in 

May.

3.2 Experimental data

3.2.1 Growth and mortality

O. litoralis collected in March were successfully transported from Barrow to the 

laboratory at UAF (travel time 2 hours) with <3% mortality, while the amphipods 

collected in September experienced >80% mortality during transport (travel time 2.5 

hours) and acclimation to laboratory conditions. Amphipods in Exp 1 ranged in length 

from 1.1 to 1.7 cm and from 1.1 to 1.9 cm in Exp 2 (Fig. 3.5). Mean initial amphipod 

wet weight (WW) was 53.9 (±11.6) mg WW (n=250, Exp 1) in May and 55.3 (±28.1) mg 

WW (n=100, Exp 2) in September and increased over time in all fed treatments (Table 

3.2). The weight range of amphipods included in Exp 2 was large, from 9.1 to 110.2 mg 

WW, due to the low number of surviving amphipods of a similar size that were collected



Algae Crust Detritus Sediment

Stomach contents item

Fig. 3.4 O. litoralis gut contents in March,
May, and December 2004. a) stomach and gut 
fullness and b) cumulative presence = number 
of amphipods out of ten per sampling period 
with the following identifiable items present in 
guts or stomachs: algae (algal cells/diatom 
frustules), crustacean parts (crust), detritus, and 
sediment grains. For explanation of 
stomach/gut fullness index see text. Error bars 
are SD, n=10.
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1.1 1.15 1.2 1.25 1.3 1.35 1.4 1.45 1.5 1.55 1.6 1.65 1.7 1.75 1.8 1.85 1.9

Length (cm)

Fig. 3.5 Initial length-frequency distribution of O. litoralis in experiment 1 
(Exp 1) and experiment 2 (Exp 2).

Table 3.2 0. litoralis initial and final wet weights, growth and molting 
rates in all treatments for experiments 1 (Exp 1) and 2 (Exp 2). Wet weight 
(WW) and growth rates reported as mean±SD). *control molting rate 
reported for weeks 1-3 only

Exp. Treatment T(°C) Initial amphipod 
WW (mg), n=50 

per treatment

% of 
amphipods 
that molted

Final amphipod 
WW (mg), n~45

Mean growth rate 
(mg/day)

1 High 813C 1 51. 9± 13.6 72 64.5±19.3 0.4d0.5

1 High 813C 4 54.6±12.0 82 68.8±14.8 0.6+0.6

1 Moderate
813C

1 54.4±10.4 78 66.5±15.9 0.4±0.5

1 Control 1 56.3±12.7 22* 68.8±13.8 0.4+0.8

1 Fasting 1 55.0±11.1 36 60.8±16.6 0 2 ^ ) 9

2 High 813C 1 54.9±28.1 31 57.1±26.9 0.0:dQ.l

2 Control 1 55.6±21.8 20 57.0±21.7 0.0+0.1
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in September. Most amphipods in fed treatments in Exp 1 underwent a single molt cycle 

(72 to 82%); fewer amphipods molted in Exp 2 (20 and 31%; Table 3.2). Amphipods in 

the fasting treatment also gained weight and molted, but at a slower rate than those in the 

fed treatments in Exp 1.

Mortality during both experiments was low, between 2 and 4% in all treatments. At least 

one animal in each tank survived until sampling, so no replicates were lost. Growth rates 

were similar among the fed treatments in Exp 1, ranging between 0.4 (±0.8) and 0.6 

(±0.6) mg WW d 1. There was no significant difference between the two temperatures 

when comparing mean growth rates throughout the experiment (t-test, p=0.310). By the 

final week, amphipods maintained at the higher temperature had gained a higher 

percentage of weight (59.7 (±28.1) %) compared to those at 1°C (33.3 (±11.1) %), but 

again, the difference was not significant (t-test, p=0.075). Amphipods in Exp 2 showed a 

significantly lower mean growth rate of 0.0 (±0.1) mg WW d 1 compared to the mean 

growth rates in fed treatments in Exp 1 (0.4 (±0.8) to 0.6 (±0.6) mg WW d '1, t-test, 

p<0.001). Growth rates for small (<60 mg WW: 0.1±0.1 mg WW d"1) and large 

amphipods (>60 mg WW: 0.0±0.1 mg WW d"1) were not significantly different (t-test, 

p=0.529). There was also no difference in growth rate between the control and the 

enriched treatment in Exp 2 (t-test, p=0.423).

3.2.2 Carbon and nitrogen turnover

Mean initial stable isotope values of the amphipods within individual treatments in Exp 1 

ranged from -22.0 (±1.0) to -20.7 (±1.6) %o for 813C and from 14.1 (±0.5) to 12.5 (±0.5) 

%o for 815N (Table 3.3). Mean initial amphipod values in Exp 2 were -2 0 .1 (±0.9) 813C 

and 15.4 (±0.5) 815N for the control and -19.5 %c (±1.2) 813C and 15.9 (±0.6) %o 815N for 

the highly enriched treatment. The 813C and 815N of the amphipods approached 

asymptotic values toward the end of the nine week experiment in all fed treatments in 

Exp 1; however, asymptotic values were on average approximately 10%c below the 813C
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Table 3.3 Initial and final experimental amphipod 5I3C and 815N values for 
experiments 1 (Exp 1) and 2 (Exp 2). to = initial isotope value, tf = final 
isotope value, (n=5 for all samples). Values reported as mean±SD.

Exp Treatm ent T
(°C)

S*3C A m phipod(t0)

(%«)

813C A m phipod (t,)

(% c)

815N A m phipod(t0)

(% c)

815N Am phipod
(V  (% c)

1 High S13C 1 -22.0±1.0 8.0±4.8 13.2±0.8 10.6±0.4

1 High 813C -20.7+1.6 10.3±4.7 13.1 ±0.8 9.7±0.2

1 Moderate
8 13C

1 -21.8±1.2 -18.0±0.7 14.1 ±0.5 10.6±0.4

1 Fasting 1 -21.7±1.5 -21.4±1.1 13.2±0.4 14.1±0.7

1 Control 1 -22.0±0.9 -22.9±0.6 12.5±0.0 11.4±0.6

2 High 813C 1 -19.5±0.9 7.9±14.4 15.9±0.6 19.6±0.3

2 Control 1 -20.1±1.2 -20.8±0.7 15.4±0.5 12.3±0.4

Table 3.4 Fractional (c) and metabolic (m) turnover rate constants for 
experiments 1 (Exp 1) and 2 (exp 2). Fractional turnover rate constants 
estimated using the model from Tieszen et al. 1983. Half-lives were calculated 
using the equation, half-life=ln (0.5)/c. Metabolic turnover rate (m) constants 
were estimated using the model from Hesslein et al. (1993) and are the relative 
contribution of metabolic tissue replacement to the total observed isotopic 
change (fractional turnover) in O. litoralis. Growth rates (g) were calculated 
according to Hesslein et al. (1993).

Exp Treatment Hement Diet T(°C) c ± S E (d 1) Half-life
(d)

m ± S E ( d 1) g ± S E
(mg d 1)

1 High 813C 813C 1 1 0.037d£) .009 18.7 0.033 i£) .003 0.007dD.001

1 High 813C 813C 1 4 0.050±D.012 13.9 0.042±0.005 0.009 ±0.001

1 High 813C 815N 1 1 0.031 dO .013 22.4 0.024dd0.003 0.007dO.OOl

1 High 813C 815N 1 4 0.031+0.013 22.4 0.023 ±0.003 0.009 ±0.001

1 Moderate
813C

815N 2 1 0.034+0.013 20.4 0.026^0.003 0.008 ±0.001

2 High 813C 813C la 1 0.009±0.002 77.0 0.008^0.001 0.002 ±0.000

2 High 813C 815N la 1 0.006±0.001 115.5 0.004±0.000 0.002^0.001
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values of the enriched diets. Amphipods in Exp 2 did not reach asymptotic values by the 

end of the ten weeks.

From Equation 1 (Tieszen et al. 1983), estimated fractional turnover rate constants (c) for 

the highly enriched treatments were 0.050 (±0.012) d"1 at 4°C and 0.037 (±0.009) d' 1 at 

1°C for carbon, and 0.031 (±0.013) d'1 for nitrogen at both temperatures (Table 3 .4). 

Corresponding carbon half-lives (HL) were 13.9 and 18.7 days for 4°C and 1°C, 

respectively, and 22.4 days for nitrogen. Amphipods at 4°C showed faster carbon 

turnover (Fig. 3.6a-d) compared to the 1°C observations, but the difference was not 

significant (likelihood ratio, %2=4.778, p=0.114). While the high data variability did not 

allow an estimation of the carbon turnover rates for diet 2, the nitrogen turnover was very 

similar to the two highly enriched treatments (c = 0.034±0.013 d \  HL = 20.4 days). The 

control group that received non-enriched (in S13C) diet for the first three weeks of Exp 1 

exhibited constant 8 13C values (Fig. 3.6a).

Fasting amphipods exhibited little change in 813C over the course of the experiment (Fig. 

3.6g), while the 8 l5N data showed a 3.3%c enrichment from week 1 (12.6 (±1.1) %o to 

week 5 (15.9 (±3.2) %c, Fig. 3.6h). A linear regression of the 8l5N change over time 

showed a significant increase (r2=0.34, p<0.0001) from weeks 1 to 5 , but no change was 

detected in 815N from week 6 through the end of the experiment (r2=0.09, p=0.07).

In Exp 2, amphipods did not equilibrate with diets 1 and 3 during the ten-week 

experiment (Fig. 3.7a, b, d), evidence that both carbon and nitrogen turnover were slower 

for amphipods collected in September. It is important to note that variability was greater 

in Exp 2, and the data did not fit the exponential models as well as in Exp 1. Thus, the 

confidence in the estimated rate constants for Exp 2 is low. However, they are reported 

here for comparison to Exp 1, and to illustrate the magnitude of difference in fractional 

turnover rates between the two experiments. The estimated carbon turnover rate for the 

highly enriched treatment (c = 0.009 (±0.002) d '1, HL = 77.0 days) was 75% slower than
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Time (days) Time (days)

Fig. 3.6 Changes in 513C and 815N as a function of time in Experiment 1. a) 813C, 
diet l(open circles) and diet 3 (closed circles), T=1°C. The control group (diet 
3) ran until week 3, when the diet was accidentally switched to diet 1. b) S15N 
diet 1, T=1°C, c) 513C and d) 515N diet 1, T=4°C, e) 613C and f) 615N diet 2, 
T=1°C, g) 8I3C and h) 815N no food, T=1°C. For a-f, lines represent best fit 
nonlinear regression. For fasting 615N plot, lines represent separate least squares 
linear regression for weeks 1-7 and 7-9. Note the y-axis scale was expanded in 
plots g and h to better show stable isotopic dynamics during fasting.
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Fig. 3.7 Changes in 813C and 815N as a function of time in Experiment 2. a) diet la, 
813C, b) diet la, 815N, c) diet 3, 813C, d) diet 3, 815N. Lines represent best fit 
nonlinear regression. Turnover rates calculated for a and d only.
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carbon turnover in Exp 1 at the same temperature. Amphipods receiving the highly 

enriched diet did not approach an asymptotic 815N value; therefore a nitrogen turnover 

rate could only be calculated for the control group (c = 0.006 (±0.001) d '1, HL = 115.5 

days). Amphipods receiving the non-enriched diet as a control maintained constant 513C 

values, with less than 0.8%c difference between the initial (-20.1 (±0.9) %c) and the final 

(-20.8 (±0.7) %o) mean 613C (Fig. 3.7c).

Using Equation 2 (Hesslein et al. 1993), metabolic turnover rate constants (m) in Exp 1 

ranged from 0.033 (±0.003) to 0.042 (±0.005) d_i for 513C and from 0.023 (±0.003) to 

0.026 (±0.003) d 1 in 515N (Table 3.4). Relative to total isotopic change (g+m), metabolic 

turnover was responsible for 84 to 89% of the observed change in carbon and 74 to 77% 

of the observed isotopic change in nitrogen in Exp 1 (Fig. 3.8). Metabolic turnover rates 

were faster at 4°C than at 1 °C carbon, and nitrogen showed no difference between the 

two temperatures. Amphipods in Exp 2 showed slower metabolic turnover, with a carbon 

turnover rate constant of 0.008 (±0.001) d ' 1 and 0.004 (±0.000) d' 1 for nitrogen; however, 

total observed isotopic change was also slower, and the relative contribution of metabolic 

turnover was similar to Exp 1, accounting for 89% of carbon and 67% of nitrogen 

turnover in Exp 2 (Fig. 3.9).
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Time (days) Time (days)

Fig. 3.8 Relative contribution of metabolic turnover to isotopic change in 
Experiment 1. Plots are for treatments receiving the highly enriched diet (diet 1); a) 
813C, 1°C, b) 815N, 1°C, c )  8 13C, 4°C, d) 815N, 4°C. Experimental observations 
(circles) plotted with predicted data points based on growth alone (=no metabolic 
turnover, triangles). Lines represent theoretical curves describing fractional 
turnover (=growth + metabolic turnover). Lines are fit through means of five 
theoretical data points calculated using the model from Hesslein et al. (1993). Error 
bars are SD.
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Fig. 3.9 Relative contribution of metabolic turnover to isotopic change in O. 
litoralis in Experiments 2 (Exp 2). a) 513C, 1°C, highly enriched diet (diet la) 
treatment and b) 615N, 1°C, control. Experimental observations (circles) plotted 
with predicted data points based on growth alone (=no metabolic turnover, 
triangles). Lines represent theoretical curves describing fractional turnover 
(=growth + metabolic turnover). Lines are fit through means of five theoretical data 
points calculated using the model from Hesslein et al. (1993). Error bars are SD.
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4. Discussion

Stable isotopes are increasingly being used to investigate trophic interactions in the 

Arctic (Hobson and Welch 1992, Hobson et al. 1995, Iken et al. 2005) and Southern 

Ocean (Frazer et al. 1996, Schmidt et al. 2003) where sea ice algal production provides 

seasonal food sources, resulting in diet switching among marine fauna that utilize this 

production. Examples include the dominant copepod Calanus glacialis that relies 

primarily on ice algae for its nutrition during ice covered periods in Hudson Bay (Runge 

and Ingram 1988) and the dominant Antarctic copepod Stephos longipes that utilizes ice 

algae prior to the phytoplankton bloom in the austral spring (Schnack-Schiel 2003). 

Despite wide use of stable isotope techniques, few laboratory studies have calibrated 

isotope turnover in the organisms that rely on these resources. This study provides the 

first isotopic change and metabolic turnover rates for an Arctic marine invertebrate.

4.1 Methodological constraints

Fry and Arnold (1982) found that the natural isotopic variability in brown shrimp and the 

analytical error associated with isotope measurements at that time limited their ability to 

estimate metabolic turnover. Despite advancements in the technology, a similar problem 

was encountered in this study. The moderately enriched diet 2 in Exp 1 was 3-5%o 8°C  

more enriched than initial amphipod values, but this difference was overwhelmed by the 

natural and experimental variability of amphipod 8!3C values. Hence, carbon turnover 

rate could not be calculated for this treatment. Fry and Arnold (1982) therefore 

suggested using experimental diets that are even more different from the initial value of 

the experimental organism to overcome this problem. For an opportunistic omnivore like 

O. litoralis (Carey and Boudrias 1987), natural variability can be high due to broad 

individual diet selection and feeding opportunities in the field. In this study, field 

collected O. litoralis had 813C with a difference of 1.4-2.6%c between individual animals 

within each sampling period. In the diet switch experiments, a difference between initial 

amphipod values and diet greater than 5%c (813C) was necessary to clearly show carbon
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isotope dynamics in this species. The initial amphipod-diet difference in 815N was 

greater than 10%c in all experiments and was sufficient to overcome the natural and 

experimental variability of O. litoralis, which was similar to that reported for S13C.

The experimental diets used in this study were composed of two main components: 

enriched ice algae and a commercial algal-based fish food. This might explain the low 

(by approximately 10%c relative to the diet) final 813C values reached by the experimental 

amphipods receiving the highly enriched diets and suggests that the full enrichment of the 

feed may not have been available to the amphipods. The loss of enrichment could have 

been caused by leaching of inorganic 13C that was not rinsed from the ice algal cells 

following the enrichment incubations or by differential assimilation rates among the feed 

components via selective feeding, or assimilation processes. These results highlight the 

advantage of using a single component experimental diet, as recently suggested by 

Yokoyama et al. (2005).

In diet switch experiments, final equilibrium values are typically determined by adding a 

fractionation factor to the value of the diet. In this study, final equilibrium 813C and 815N 

values were obtained by fitting Eq. 1 to the data and estimating the asymptotic values 

being approached by the amphipods (8f). There is an advantage to this procedure.

Though there are generally accepted ranges, carbon and nitrogen fractionation rates vary 

between individual consumers and can be unpredictable because they are affected by 

factors such as food type and physiological state (McCutchen et al. 2003, Yokoyama et 

al. 2005). Using experimentally determined end equilibrium values avoids the necessity 

of assigning arbitrary fractionation factors. In addition. Fry and Arnold (1982) found 

good agreement between end equilibrium estimates from fitted data and estimates from 

diet values with added fractionation factors.
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4.2 Turnover rates

Stable isotopic change in a consumer following a diet switch results from growth, as 

tissues synthesized from the new diet are added, and from metabolic turnover, as tissues 

synthesized from the previous diet are replaced with tissues synthesized from the new 

diet (Bosley et al. 2002). Only a handful of studies have investigated the contribution of 

metabolic turnover to isotopic change in invertebrates, and of these most have focused on 

rapidly-growing larval and post-larval life stages for which growth was the primary 

mechanism driving isotopic change. In a pioneering study. Fry and Arnold (1982) 

determined carbon turnover in larval brown shrimp that doubled in weight in 8 to 23 days 

and concluded that metabolic turnover in invertebrates is tied primarily to growth rather 

than to maintenance metabolism. Because isotopic change was driven by dilution effects 

during the production of new tissue, Fry and Arnold (1982) reported carbon turnover in 

terms of growth. This turnover model has subsequently been used for various 

invertebrate and fish species, all exhibiting rapid growth (Fry and Arnold 1982, Herzka 

and Holt 2000, Bosely et al. 2002, Jardine et al. 2004, Logan et al. 2006). O. litoralis in 

this study grew slowly in the feeding experiments compared to the target species in the 

studies listed above, increasing initial body weight by 32 to 59% in nine weeks in the 

spring and by less than 10% in ten weeks in autumn. Yet, in both experiments, relatively 

rapid isotopic change was observed. In the current study, isotopic change was highly 

correlated with time since the diet switch, suggesting that isotopic change was tied 

closely to maintenance metabolism. Because of this, an approach so far used only for 

endotherms and a few slow-growing fish species was used to report isotopic change in O. 

litoralis as a function of time rather than growth (Tieszen et al. 1983, Hesslein et al 

2002).

Half-lives obtained from our Arctic amphipods in early spring (13.9 to 18.7 days for 813C 

and 22.4 days for 815N) are within the range of those found for rapidly-growing Japanese 

temperate bass Lateolabrox japonicus juveniles reared between 18 and 25°C with carbon 

and nitrogen half-lives of 19.3 to 25.7 days (Suzuki et al. 2004, Table 4.1a and b), rapidly



Table 4.1a Published fractional and metabolic turnover rates for comparison. Fractional turnover constants calculated according to Tieszen et al. (1983) and metabolic 
turnover constants calculated according to Hesslein et al. (1993). * indicates half-life values not published in original literature that were calculated here for comparison (HL 
= ln(0.5)/c, where c is the isotopic change constant including change attributed to both growth and metabolic turnover). * indicates value calculated using published growth 
rate constants (k) with the equation; growth (doubling time) = In 2 / k .§ indicates values estimated from published plots in original literature references. BW = body weight.
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Organism T(°C) Growth 
(doubling time 

(days)

Fractional turnover constant c
(d-1)

C N

Half-life (days) 

C N

Metabolic turnover 
(*‘)

C

constant m 

N

Study

Krill (Euphausia superba) -1.5 140 0.000 0.001 Frazer et al. 1997

Krill (Euphausia superba) 1.5 70 30.4* 25* 0.007 0.004 Fra2er et al. 1997

Amphipod (Onisimus litoralis; spring) 1.0 180 0.037 0.013 18.7 22.4 0.033 0.024 This study

Amphipod (Onisimus litoralis; spring) 4.0 130 0.050 0.013 13.9 22.4 0.042 0.023 This study
Amphipod (Onisimus litoralis', autumn) 1.0 >300 0.009 0.006 77.0 115.5 0.008 0.004 This study

Snail (Tarebia granifera) 20-27 0.034 20.2 McIntyre and Flecker 2006

Snail (Lavigeria grandis) 25-27 0.014 49.5 McIntyre and Flecker 2006

Tadpole (Rana palmipes) 20-27 0.005 138.6 McIntyre and Flecker 2006

Catfish (Ancistrus triradiatus) 20-27 0.038 18.2 McIntyre and Flecker 2006
Flounder (Paralichthys olivaceus', mean BW 0.26g) 14.8-18.9 3-7 0.04-0.05 14-1 r Tominaga et al. 2003

Flounder (Paralichthys olivaceus', mean BW 1.06g) 14.8-18.9 <6 0.14 5.0 Tominaga et al. 2003

Bass (Lateolabrax japonicus) 23 35* 0.033 0.036 21.0 19.3 Suzuki etal. 2005
Salmon (Oncorhynchus nerka; BW 9 to 15g) 10-13 26.7* 0.048 14.4* Sakano et al. 2005

Salmon (Oncorhynchus nerka', BW 71 to 170g) 10-13 86.6* 0.040 17.3* Sakano et al. 2005

Salmon (Oncorhynchus nerka-, BW 169 to 308g) 10-13 231.0* 0.017 40.8* Sakano et al. 2005

Salmon (Salmo salar) 69.3* 71.9 0.008 Jardine et al. 2004

Salmon (Salmo salar) 86.6* 21.9 0.020 Jardine et al. 2004
Salmon (Salmo salar) 173.3 * 19.2 0.022 Jardine et al. 2004

Goby (Rhinogobius sp.) >30§ 33 -  99* 0.002 -  0.006 Maruyama et al. 2001

Catfish (Ictalurus furcatus) 11 -19 77-187.5 * <0.004 <0.004 >173* >173* MacAvoy et al. 2001

Whitefish (Coregonus nasus) 10 100-250® 0.0018 0.0018 Hesslein et al. 1993
Gerbil (Meriones unguienlatus) 0.025 27.6 Tieszen etal. 1983

Mouse (Mus musculus) 0.029 0.027 23.9 25.7 0.027 0.025 MacAvoy et al. 2005

Quail (Cotumix japonica) 0.056 24.4 0.056 Hobson and Clark 1992



Table 4.1b Published fractional turnover rates and metabolic turnover coefficients for comparison. Fractional turnover constants calculated according to Tieszen 
et al. (1983). Metabolic turnover rate coefficients calculated as relative contribution to total isotopic change according to Fry and Arnold (1982). A value o f -1.0 
or greater indicates no metabolic turnover. Metabolic turnover commences at values less than -1.0, and becomes more rapid with decreasing values. Metabolic 
turnover constants in bold indicate that they are significantly lower than -1 . Metabolic turnover constants were calculated for O. litoralis for comparison by 
determining O. litoralis weight at isotopic half-life and applying the equation: c = log(0.5)/log (wt/w;) -  1, where c = metabolic turnover constant according to Fry 
and Arnold (1982), w; is the initial weight and wt is the weight at sampling. Original equations found in Fry and Arnold (1982). * indicates half-life values not 
published in original literature that were calculated here for comparison (HL = ln(0.5)/c, where c is the isotopic change constant including change attributed to 
both growth and metabolic turnover).§ indicates values estimated from published plots in original literature references.
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Organism T (°C) Growth 
(doubling 

time) (days)

Fractional t  

C

urnover constant c 
( * ‘)

N

Half-life (days) 

C N

Metabolic turnover 
coefficient (unitless) 
C N

Study

Shrimp (Penaeus aztecus) 23-25 3.5 -1.94 Fry and Arnold 1982

Shrimp (Penaeus aztecus) 23-25 8-23 -1.45 to -2 .27 Fry and Arnold 1982

Amphipod (Onisimus litoralis; spring) 1.0 >70 0.037 0.013 18.7 22.4 -5.44 -4.98 This study

Amphipod (Onisimus litoralis; spring) 4.0 >70 0.050 0.013 13.9 22.4 -5.64 -4.64 / -4.98 This study

Amphipod (Onisimus litoralis; autumn) 1.0 >100 0.009 0.006 77.0 115.5 -4.80 -435 This study

Drum (Sciaenops ocellatus) 24 l-2§ <2 <2 -1.12 -0.94 Herzka and Ho It 2000

Drum (Sciaenops ocellatus) 28 1-2 § <2 <2 -0 .96 /-1 .96 -0.99 /  —1.13 Herzka and Ho It 2000

Flounder (Pseudopleuronectes americanus) 13 <8§ 0.17 0.18 4.1 3.9 -0.79 -1.0 Bosely et al. 2002

Founder (Pseudopleuronectes americanus) 18 <8 § 0.32 0.22 2.2 3.1 -1.34 -1.14 Bosely et al. 2002

Mummichog (Fundulus heterocltius) 18 35-105* -2.33 Logan et al. 2006

Flounder (Paralichthys dentatus; larvae) 13 <2 0.08 0.09 9.2 7.5 -1.4 Witting et al. 2004

Flounder (Paralichthys dentatus; larvae) 22 <3 0.24 0.22 2.9 3.2 -1.6 Witting et al. 2004

Flounder (Paralichthys dentatus; young juvenile) 13 <4 0.06 0.05 11.6 13.6 -1.2 Witting et al. 2004

Flounder (Paralichthys dentatus; young juvenile) 22 <2 0.14 0.11 5.0 6.1 -1.2 Witting et al. 2004

Flounder (Paralichthys dentatus; older juvenile) 13 <9 0.04 0.01 16.9 70* -2.6 -0.1 Witting et al. 2004

Flounder (Paralichthys dentatus; older juvenile) 22 <8 0.12 0.01 6.0 70* -5.9 -0.6 Witting et al. 2004
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growing post-larval brown shrimp (carbon half-life 4 to 19 days, Fry and Arnold 1992), 

and adult mouse muscle (carbon half-life 23.9 days, MacAvoy et al. 2005).

The rapid isotopic change observed in Exp 1 in this study resulted primarily from 

metabolic tissue replacement. The metabolic turnover rate constants found in Exp 1 

(0.033 to 0.042 d '1 for 81 ’C and 0.023 to 0.026 d"1 for 815N) are high compared to other 

ectothermic taxa, particularly in light of the slow growth rates and low ambient 

temperatures (Table 4.1a and b). O. litoralis turnover rate constants are within the range 

of those found for salmon smolts Salmo salar (0.008 to 0.022 d '1 for 81SN, no data for 

813C) that were reported to be the fastest to date for any ectotherm (Jardine et al. 2004).

Fry and Arnold (1982) suggested that metabolic turnover would be more important in 

slower- versus faster-growing organisms. The results found here for O. litoralis support 

this hypothesis when compared to rapidly growing organisms, for which isotopic change 

is primarily driven by growth and metabolic turnover is relatively unimportant. In 

addition, compared to Antarctic krill (E. superba) reared at 1.5°C that grew twice as fast 

as O. litoralis in this study, metabolic turnover rates were more than an order of 

magnitude higher for slower-growing O. litoralis (Table 4.1a).

Despite the lower growth rates and fractional turnover rates observed in Exp 2, the 

relative contribution of metabolic turnover to total isotopic change was similar to that in 

Exp 1. While metabolic turnover rate constants were more than an order of magnitude 

lower in Exp 2, metabolic turnover accounted for 75 and 50% of carbon and nitrogen 

fractional turnover, respectively. In Exp 1, metabolic turnover accounted for 67-77% 

change in carbon and 55-67% change in nitrogen. Therefore, within this experiment, 

slower growth in autumn did not necessarily correspond to a higher contribution from 

metabolic turnover as has been previously suggested (Fry and Arnold 1992, Maruyama et 

al. 2001).
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4.3 Growth and mortality

The rate of isotopic change was nearly an order of magnitude slower in amphipods 

collected in autumn compared to those collected in the spring. This difference can 

partially be explained by the very slow growth rates in the autumn-collected specimens, 

also an order of magnitude lower than in March. Higher growth rates in the spring likely 

relate to an abundant food source after the winter food dearth. These findings agree with 

previous life cycle studies in that the fastest growth rates for O. litoralis in the 

southwestern Beaufort Sea occurred in late May at the peak of ice algal production 

(Boudrias and Carey 1988). Possible causes for the slower growth rates in the autumn 

experiment include life history or environmental factors. Not all amphipods in the 

second experiment were of the same age class. Length-frequency distributions from 

Boudrias and Carey (1988) suggest that Exp 1 amphipods collected in March were all 

from the same second year immature cohort, while the wider size range of amphipods 

collected in September (Exp 2) were likely a mix of the same cohort and first year 

juveniles released in the spring. The majority, according to body length, were older 

immature animals (1.0 to 1.7 cm) that would be preparing for mating and reproduction 

under the winter sea ice (Boudrias and Carey 1988). Low growth rates could result from 

energy being routed towards gonad development rather than somatic growth in these 

animals (Glazier 1999). However, growth rates were nearly as slow for the smallest 

amphipods that would overwinter as young immature animals, not reaching adulthood 

until the following autumn. Alternatively, Antarctic krill (E. superba) have been shown 

to reduce their metabolism in winter as an energy saving strategy (Attkinson et al. 2002). 

The transfer from Arctic summer field conditions (24 hour daylight and 9°C seawater 

temperatures) to laboratory conditions (24 hour darkness and 1°C seawater) in Exp 2 may 

have triggered such a response in O. litoralis, however, there is no evidence that other 

Onisimus species employ this strategy (Werner and Auel 2005). Another possibility is 

that slower growth rates occurred in autumn as a result of seasonal temperature 

acclimatization. Ectotherms can acclimate to seasonal temperature regimes, decreasing 

lethal temperatures in winter and increasing them in summer (Schmidt-Nielsen 1997).
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This strategy can be especially useful in nearshore polar species like O. litoralis that 

experience a wide range of seasonal temperatures (-1.8 to 9.0°C, Table 3.1) while 

remaining active throughout the year. In September, the experimental amphipods were 

acclimated to approximately 9°C in the field when they were moved to 1°C experimental 

conditions. Adjustment of metabolism to a new ambient temperature takes much longer 

for a warm-acclimated animal moved to a colder temperature than for cold-acclimated 

animal moved to warmer environment (Schmidt-Nielsen 1997). A cold-induced 

reduction in metabolism may have resulted in lower growth rates.

The massive mortality that occurred during transport from the field and in the laboratory 

in the week prior to the start of Exp 2 indicates that the amphipods collected at that time 

were in poorer physical condition than those collected in the spring. Amphipods were 

collected from Elson Lagoon in September, when seawater temperatures were 9°C.

Along the Chukchi coast this species can escape the warm summer surface temperatures 

by migrating to deeper water. In contrast, the amphipods in the shallow lagoon were 

unable to move vertically to colder water and may have been thermally stressed and in 

poor physical condition prior to capture. This is supported by the C/N values in the Elson 

Lagoon amphipods, which were significantly lower than in amphipods collected during 

all other sampling periods from the Chukchi Sea (6.1 (±0.2) for September versus 7.4 

(±0.3), 7.6 (±0.1), and 7.0 (±0.2) for March, May, and December, respectively, p<0.001). 

Low C/N values may indicate a low ratio of carbon rich lipid to other body tissues and 

have been used as a proxy for lipid content (Perga and Gerdoux 2005). Some polar 

invertebrates use the productive summer season to grow and build up energy stores in 

preparation for over wintering and reproduction (Percy 1993, Lee et al. 2006), and low 

lipid stores in September may be a further indication of physiological stress.

4.4 Temperature effects on isotopic change

Growth and metabolism in marine invertebrates are affected by ambient temperature 

(Hochachka and Somero 2002). In situ temperatures under spring sea ice are lower than
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the experimental temperatures in this study, typically near the freezing point of seawater 

(-1.6 to -1.8°C). Frazer et al. (1997) found that krill reared at - 1 .5°C showed 

significantly slower carbon turnover than at 1.5°C, however, krill have also been shown 

to have a narrow physiological temperature tolerance (McWhinnie 1964). Temperatures 

in offshore Antarctic waters are very stable, ranging from -1.96° to 1.64°C year round 

(Robertson et al. 2001). O. litoralis experience a wider range of seasonal temperatures in 

shallow coastal Arctic waters (see Table 3.1), suggesting that they are more flexible in 

their temperature tolerance. No significant temperature effect on either growth or 

turnover rate was observed in the current study; however, a trend toward slower growth 

and slower carbon turnover in amphipods maintained at 1.0°C compared to those at 4°C 

suggests that both processes are temperature sensitive in this species. Therefore, in situ 

carbon turnover rates in amphipods feeding under the ice in spring will likely be slower 

than those experimentally estimated for 1°C. Spring in situ turnover rates can be 

approximated using the Qio relationship between temperature and carbon turnover 

(Schmidt-Nielsen 1997). Using a Qio of 2.69 calculated for carbon turnover between the 

experimental temperatures 1 and 4°C, a carbon half-life of 24.6 days would be expected 

at -1.8°C, less than six days slower than at 1°C.

4.5 Fasting

Starving or fasting animals can show a progressive enrichment in 13C or 15N as the lighter 

isotopes are preferentially excreted in the catabolism of body tissues (Hobson et al. 1993, 

Gannes et al. 1997). In this study, no changes were observed in 813C over the nine week 

period. These results are consistent with previous studies on fish (Salmo salar, Jardine 

et al. 2004), mysids (My sis mixta and Neomysis integer, Gorokhova and Hansson 1999), 

and krill (E. superba, Frazer et al. 1997). Unlike S13C, 81;>N became enriched over the 

first half of the experiment. The significant 3.3%c enrichment in 815N during the first five 

weeks of our experiment, and the subsequent flattening of the curve, may indicate 

delayed conservation of somatic nitrogen after a prolonged period without food. After 

two weeks without food, the Arctic amphipod Themisto libellula decreased its
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consumption of internal energy stores by 70 to 75% and continued to conserve energy 

through the subsequent two weeks (Percy 1993). Such a conservation strategy, employed 

after five weeks without food, could have stabilized the 81:,N in the tissues of O. litoralis 

and would explain why there was no change in 8l3N from day 35 through the end of the 

experiment.

4.6 Field applications

Growth and metabolic turnover rates in the present study show that a diet switch could be 

detected in the tissues of O. litoralis within two to three weeks in the spring, given that 

there is sufficient difference in isotope composition between the diets. The slower 

fractional turnover rates observed in O. litoralis collected in September suggests that 

stable isotopes will integrate their diet composition over a period of months and reduce 

the temporal resolution when using stable isotopes to monitor diet changes in the field in 

autumn. However, it is unlikely that growth would naturally be halted several months 

prior to winter, a time when similar Arctic amphipods, including two sympagic Onisimus 

species, (O. nanseni Sars and O. glacialis Sars), continue to grow and mature (Collie 

1985, Arndt and Beuchel 2006). Therefore, the low growth rates in Exp 2 probably 

resulted in underestimates of late summer in situ turnover rates for O. litoralis.

No ice algal stable isotopic enrichment was detected in this study between March and 

early May 2004. Ice algae become enriched in !3C when C 0 2 concentrations within the 

brine channel network become limiting, a situation that requires high biomass and 

productivity (Kennedy et al. 2002, Thomas and Dieckmann 2003). This situation has 

been found in recent studies in the Arctic (Schubert and Calvert 2001, Hobson et al.

2002, S0reide et al. 2006), and Antarctic (Gibson et al. 1999, Kennedy et al. 2002, 

Schmidt et al. 2003) where ice algae were isotopically heavier than phytoplankton. 

However, when productivity and biomass are low, demand for C 0 2 is not sufficient to 

draw concentrations down to levels that result in enrichment. A similar situation was 

found in offshore Arctic pack ice (Iken et al. 2005). Sea ice chi a and POC values in our
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study, specifically in May, were more than two orders of magnitude lower than had been 

measured at the same location in the previous two years (Gradinger and Bluhm 2005), 

indicating that the highly productive spring bloom that typically starts in March and 

extends through the onset of ice melt in June had not, or had not yet, occurred in the 

sampling area. Abiotic factors including light, temperature, salinity, and nutrient 

availability control the development of the ice algal community; however, in early spring 

light is the major controlling factor of algal productivity (Ambrose et al. 2005 and 

references therein). Snow cover, ice thickness, and sediment entrained during ice 

formation can affect light availability in the bottom-most decimeter of the ice where 

temperature and nutrient conditions are most favorable for algal growth. In May 2004, 

snow and ice depth were similar to previous years, however, a visible sediment layer was 

found in the ice at the study site. Entrained sediment is a common feature in Arctic sea 

ice (Kempema et al. 1989, Frey et al. 2001). In the shallow Arctic shelf waters, autumn 

storms cause seafloor sediments to become suspended in the water column through wave 

action. As sea ice freezes, suspended sediments become incorporated into the ice, a 

process called suspension freezing (Wadhams 2000). This “dirty ice” can then be 

transported throughout the Arctic via the major current systems (e.g. the Transpolar 

Drift). Entrained sediment has been found to significantly reduce ice algal primary 

productivity and biomass (Gradinger et al. submitted), and is a likely cause of the 

relatively low biomass found in this study in the spring of 2004. Although sea ice chi a 

values were low relative to values during a typical spring bloom, chi a and POC 

concentrations in the ice were two orders of magnitude higher than concentrations in the 

underlying water column in May.

Stable isotope and gut contents show no evidence that O. litoralis had undergone a diet 

switch between March and May 2004, suggesting that there may not have been sufficient 

biomass in the ice to initiate a migration to the underside of the ice. Alternatively, it has 

been suggested that ice algae are not available to under-ice crustaceans until the ice 

begins to melt (Michel et al. 1996). This is supported by observations made during the
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pre-melting season in April 2003 (Gradinger and Bluhm 2005) when ice chi a was 

relatively high (71.4 ug/L), but O. litoralis guts contained low numbers of algal cells. 

After the onset of ice melt in late May, O. litoralis gut contents in that study revealed that 

ice algae had become their primary food source. This has also been documented in 

previous work looking at O. litoralis gut and fecal pellet contents (Carey and Boudrias 

1987). In the present study, a diet shift to ice algae may have been detected in O. litoralis 

if sampling in 2004 had extended into the onset of ice melt.

4.7 Proportional contributions of food sources

Stable isotopes reflect a time averaged assimilation of a consumer’s diet, and mixing 

models are useful tools for determining the proportional contribution of several sources to 

that diet (Phillips and Gregg 2003). The models are sensitive to the magnitude of the 

isotopic difference between the end members, to the diet-consumer fractionation factors 

chosen (Vander Zanden and Rasmussen 2001), and to the degree that the actual diet 

sources are represented in the model. In this study, in situ O. litoralis 813C and 815N 

ratios did not reveal that these amphipods were consuming any combination of the end 

members collected (POMice, POMwater, POMsed). These results suggest that a) O. litoralis 

fractionation factors are very different than the fractionation factors used in the model 

and/or b) a major diet source of O. litoralis was not represented by any of the sources 

collected.

First, the generally accepted range of isotopic fractionation of 0-1 %o for 8 I3C and 2-4%o 

for 81:>N can vary greatly with species and taxa and have also been found to vary with the 

nutritive quality of a consumer’s diet (Adams and Sterner 2000, Vander Zanden and 

Rasmussen 2001). However, during most sampling periods, for the three-source mixing 

model to work O. litoralis would have required fractionation factors far exceeding values 

that have been found in other crustaceans (McCutchen et al. 2003, Yokoyama et al.

2005).
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Second, it is possible that a major diet source was not represented by any of the POM 

values collected over the year. O. litoralis lives a benthic lifestyle during times of low 

productivity in the ice or during ice-free conditions, feeding on meiofaunal crustaceans 

and scavenging dead or dying amphipods (Boudrias and Carey 1988). In this study, bulk 

POM from seafloor sediment was used to represent the benthic end member in the diet of 

O. litoralis during these times. In all sampling periods, bulk POMsed 51;,N values were 

highly depleted, with all values near 0%c 815N. The large difference between 51:iN 

values of O. litoralis (13.6 to 15.4%c) and POMse<i (-0.3 to 1.6%c), particularly in 

December when there is no production in the ice or water column, suggests that these 

bulk sediment values are not representative of the benthic diet of O. litoralis. The 

coastline near Barrow and throughout much of the Arctic is prone to erosion during 

autumn storms (Lynch et al. 2004, Jorgenson and Brown 2005). The eroded land consists 

primarily of organic peat that is washed onto the beach, resulting in an influx of terrestrial 

material into the marine system. Peat tends to be depleted in both 13C and 15N (typical 

values of -28%o and 0%o respectively, Dunton et al. in press) compared to marine algae 

(Schell 1983, Kracht and Gleixner 2000). Although up to 50% of the organic material 

found in coastal Arctic seafloor sediments can be terrestrial in origin, peat carbon is 

thought not to be utilized by marine organisms and not to be incorporated into the marine 

food web (Schell 1983). Physically separating the marine organic matter (benthic 

diatoms, meiofaunal crustaceans, etc.) from the bulk sediment samples would likely have 

better represented the benthic end member and diet of O. litoralis.

Additionally, a major diet source may have been missed as a result of the inherent 

patchiness of ice algal biomass (Mundy et al. 2005). The variability in snow thickness 

overlying the ice, as well as the patchiness of entrained sediment within the ice can result 

in a highly patchy distribution of ice algal production (Mundy et al. 2005, Gradinger and 

Bluhm 2005). The May POMjCe samples were collected from an area of relatively low 

biomass, as evidenced by the observed sediment layer. If O. litoralis were actually 

feeding in a more productive and enriched patch of ice algae nearby, this diet source
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would likely be represented in the stable isotopic composition of the amphipods, yet it 

would be missing from the mixing models used here.

At the time of the May sampling, ice chi a and POM values indicate the spring ice bloom 

had not yet reached its peak, and ice bottom temperature indicated that ice melt had not 

begun. These data suggest that there was little opportunity for amphipods to feed on ice 

algae at this time. This is supported by the lack of algal cells in the gut contents in May. 

Together, the data suggest that May sampling occurred too early to capture both ice algal 

enrichment and a diet switch from benthic to sea ice feeding in O. litoralis. Thus, timing 

is important for detecting seasonal dietary changes in ice-associated food webs. In future 

studies, ice bottom temperature or ice thickness measurements can be used in conjunction 

with ice algal abundance measurements to determine when this food source becomes 

available to under-ice grazers, including O. litoralis.
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5. Conclusions

The utility of stable isotopes to estimate the contribution of ice-derived food to the diet of 

primary consumers is dependent on the difference in isotopic ratios of ice algae and 

phytoplankton at any given time. This study shows that ice algae are not inherently 

enriched relative to phytoplankton. Therefore, early in the season, ice feeding will be 

underestimated if the ice algal isotopic composition is too similar to that of 

phytoplankton. That said, it appears that ice algae may be largely unavailable to the 

under-ice community prior to the onset of melt. This limits the opportunity for feeding 

on ice algae early in the spring when they are isotopically indistinguishable from 

phytoplankton, reducing the degree to which ice material would be underestimated in a 

consumer’s diet.

The results of the experimental study show that monitoring changes in stable isotope 

composition in O. litoralis can provide relatively recent dietary information, on the order 

of weeks to a month, and will likely be a useful indicator of O. litoralis feeding behavior 

in spring. Metabolic turnover rates found here are higher than what would have been 

predicted for a polar ectotherm based on previous work and assumptions about reduced 

physiological rates in polar species (Chapelle and Peck 1995, Peck 2002). These results 

highlight the risk of generalizing isotopic turnover in organisms based on physiology, 

taxa, and environmental temperatures, and stress the need for experimental investigations 

into stable isotope dynamics in species of interest to accurately interpret isotopic data 

from the field. Additionally, results found here suggest that fractional turnover rates may 

be highly variable over time, even within a single species. The wide range of half-lives 

found for O. litoralis in spring versus autumn suggests that the rate of isotopic change, 

even within a species may not be applicable at all times of the year. This is the first study 

that we are aware of to compare the rate of stable isotopic change in the same species 

during two seasons. Future studies on a broad range of taxa are necessary to determine 

the generality of these results.
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Warming trends in polar regions and reductions in sea ice duration and extent (Parkinson 

et al. 1999, Stroeve et al. 2005) have focused attention on how these changes will affect 

high latitude marine food webs. This study is a first step toward using stable isotopes to 

determine the extent that sea ice production is transferred through sympagic crustaceans 

to higher trophic levels. Such knowledge will be useful in determining the effects a 

changing ice regime will have on higher trophic levels in the Arctic.
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7.1 Experimental data - results

Table 7.1.1 Turnover experiment 1: Highly enriched treatment, 1°C. Weights, 5 I3C and 
815N values, and C:N ratios (by mass) of experimental amphipods receiving diet 1, 
maintained at 1 °C.

Appendix A

erimental
Day

Initial
weight
(mg)

Final
weight
(mg)

Final
dl5N

Final
dl3C C:N rat

1 54.2 57.2 14.4 -22.2 7.8
1 55.7 65.5 12.8 -23.5 10.6
1 48.0 45.4 13.5 -21.4 8.8
1 34.4 40.1 12.8 -21.5 6.7
1 42.7 37.0 12.3 -21.1 7.2
7 29.9 29.3 11.7 -8.6 8.3
7 64.4 66.1 13.1 -16.4 8.9
7 65.7 63.4 13.1 -9.6 7.2
7 64.7 85.6 12.8 -11.2 7.0
7 42.8 41.3 11.9 -6.0 7.2
14 47.0 52.8 12.8 -11.5 7.4
14 75.0 101.1 12.7 -9.5 7.3
14 56.8 57.3 11.9 -3.9 7.7
14 54.7 63.6 11.4 -4.3 7.2
14 33.5 38.2 11.7 -10.3 6.4
21 47.7 47.7 11.9 -8.4 7.1
21 54.2 56.3 12.4 -6.2 7.0
21 71.4 93.1 11.8 -5.5 8.3
21 30.7 44.9 11.2 -2.6 6.8
21 46.1 42.7 11.5 -3.6 8.1
27 26.9 36.1 10.9 -2.3 7.8
27 61.7 59.0 11.8 0.0 6.8
27 70.4 95.6 12.2 -0.6 8.0
27 29.4 41.2 10.7 3.1 7.9
27 71.5 91.3 11.9 -6.3 7.1
35 51.8 75.3 10.9 1.3 7.9
35 26.1 34.3 12.0 6.0 5.6
35 43.3 48.3 11.4 10.8 6.7
35 65.0 84.9 11.2 0.0 7.0
35 52.9 62.5 11.9 -3.7 7.9
42 29.5 41.0 10.0 7.5 7.4
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Table 7.1.1 continued

42 28.7 47.0 10.8 -2.6 6.6
42 64.1 79.1 11.1 0.8 7.4
42 65.5 89.5 11.3 4.8 6.4
42 60.3 84.2 11.1 1.0 6.9
49 59.7 80.4 10.9 13.0 7.5
49 60.1 82.4 10.9 9.2 7.4
49 50.3 64.8 11.3 -3.3 6.7
49 62.5 73.7 11.8 7.2 7.6
49 53.8 64.0 10.6 -0.6 6.7
56 60.3 80.2 11.0 8.5 6.5
56 55.7 72.5 11.3 8.9 5.8
56 44.3 63.2 11.8 4.7 5.6
56 28.4 61.8 10.3 12.8 5.8
56 67.6 97.5 10.4 1.9 7.3
63 54.0 78.2 10.5 12.6 5.5
63 54.2 78.2 10.2 10.7 6.0
63 52.8 69.6 10.4 7.1 5.8
63 55.7 78.1 10.4 9.1 6.6
63 66.3 83.9 11.2 0.2 7.2

Table 7.1.2 Turnover experiment 1: Highly enriched treatment, 4°C. Weights, 813C and 
815N values, and C:N ratios (by mass) of experimental amphipods receiving diet 1, 
maintained at 4°C.

Initial Final
Experimental weight weight Final Final C:N

Day_______ (mg)______(mg)_____ d!5N______ d!3C______ ratio
1 36.7 48.1 14.1 -21.6 6.5
1 47.8 48.4 13.5 -19.6 6.0
1 62.4 59.5 13.3 -19.4 6.9
1 40.0 43.7 12.4 -19.7 7.1
1 65.3 59.0 12.2 -23.0 7.7
7 59.2 81.7 14.1 -10.6 6.4
7 65.4 77.6 13.2 -8.9 6.3
7 71.5 65.7 12.0 -13.3 7.5
7 32.9 33.9 11.3 -3.0 6.7
7 72.0 88.5 12.4 -14.3 8.2
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Table 7.1.2 continued

14 54.0 59.1 12.0 -15.9 8.3
14 60.3 77.1 11.5 -2.0 7.2
14 65.0 75.0 11.4 -1.7 6.4
14 51.5 68.0 13.5 -12.9 6.9
14 50.1 45.2 13.5 -12.9 8.4
21 53.1 49.9 11.0 3.6 7.5
21 71.2 83.1 11.6 -4.7 7.5
21 43.4 57.6 10.9 -4.0 6.8
21 71.5 85.4 11.6 -3.6 6.5
21 71.7 91.0 9.9 -1.2 7.8
27 67.4 82.8 12.0 10.1 5.6
27 70.4 73.5 14.3 -22.7 9.0
27 35.0 42.6 10.4 6.4 6.8
27 64.1 78.1 10.3 -2.5 7.1
27 39.7 54.4 10.7 7.4 6.4
35 54.8 72.7 11.0 8.6 5.8
35 54.6 80.8 10.2 6.0 7.0
35 53.6 73.7 10.8 -0.3 7.7
35 36.0 48.9 10.2 -3.0 7.3
35 42.7 57.0 11.1 5.1 7.1
42 74.6 91.6 11.8 -7.7 8.0
42 64.3 86.3 9.9 4.6 6.5
42 54.2 80.8 10.1 7.9 6.1
42 40.7 51.7 10.1 10.4 6.0
42 59.4 75.4 10.5 8.9 7.1
49 45.5 66.3 9.3 11.2 6.6
49 59.5 84.9 10.7 7.9 6.6
49 62.2 78.6 10.0 1.4 7.4
49 48.4 60.6 10.3 4.4 6.1
49 49.9 73.7 9.6 9.5 7.4
56 57.7 77.6 9.6 3.0 6.8
56 51.8 70.6 10.6 4.1 6.7
56 71.1 92.2 11.1 6.3 6.9
56 52.9 73.5 9.6 3.0 7.1
56 45.4 59.6 11.1 -5.2 7.7
63 53.1 77.2 9.7 8.0 7.0
63 29.8 50.7 9.7 18.4 6.7
63 55.3 81.5 9.6 6.7 6.8
63 35.6 72.4 9.6 9.5 7.1
63 53.4 70.5 10.0 8.7 7.1
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Table 7.1.3 Turnover experiment 1: Moderately enriched treatment. Weights, SL,C and 
815N values, and C:N ratios (by mass) of experimental amphipods receiving diet 2, 
maintained at 1°C.

erimental
Day

Initial
weight
(mg)

Final
weight
(mg)

Final
dl5N

Final
dl3C C:N ra

1 54.8 67.9 13.8 -23.4 8.7
1 62.6 71.8 15.0 -21.5 5.6
1 55.6 53.4 14.0 -22.7 8.1
1 41.2 45.8 14.1 -21.0 7.6
1 46.6 39.9 13.7 -20.4 6.2
7 61.7 57.7 13.4 -18.9 5.6
7 33.1 43.9 12.5 -19.9 7.4
7 52.1 68.6 13.9 -21.1 6.5
7 48.0 48.8 12.1 -19.1 6.8
7 57.9 55.5 13.2 -18.3 5.9
14 56.9 59.1 12.8 -21.8 8.0
14 59.7 74.2 11.8 -20.3 7.6
14 47.2 51.6 13.4 -17.2 6.6
14 38.6 53.7 12.3 -19.4 7.6
14 47.3 61.2 13.6 -21.2 6.6
21 54.9 53.5 11.4 -19.5 6.8
21 54.9 77.9 12.0 -20.5 7.6
21 33.9 45.2 11.9 -18.4 6.5
21 63.7 61.6 11.5 -19.1 7.4
21 57.5 69.3 13.0 -20.2 6.8
27 50.5 74.5 11.9 -18.3 7.5
27 54.6 80.1 12.8 -20.5 7.4
27 68.8 90.2 13.4 -20.3 7.3
27 25.2 33.9 10.2 -17.4 7.0
27 48.1 56.7 11.5 -18.9 6.9
35 45.9 47.7 10.9 -19.3 7.5
35 74.6 94.4 12.5 -19.7 6.5
35 58.6 79.9 10.7 -16.9 7.3
35 48.9 70.6 10.7 -19.8 6.7
42 31.0 40.4 12.0 -17.6 6.4
42 58.5 84.4 11.6 -21.0 7.6
42 54.7 48.9 11.5 -19.9 6.7
42 62.9 80.4 10.8 -18.5 7.0
42 68.6 87.0 10.2 -18.0 6.0
49 54.0 67.7 11.8 -20.5 7.1
49 50.8 60.7 11.1 -18.9 6.7
49 53.7 68.2 11.3 -18.0 5.8
49 63.4 62.6 12.6 -18.6 6.4
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Table 7.1.3 continued

49 48.6 66.2 10.7 -17.9 6.9
56 63.0 77.0 10.8 -18.5 6.0
56 68.9 92.8 10.2 -18.3 7.3
56 45.0 59.4 10.1 -16.2 6.5
56 64.3 65.9 10.1 -19.4 7.7
56 64.2 94.9 11.8 -20.4 7.9
63 59.3 83.6 11.9 -18.3 6.7
63 51.5 79.8 10.3 -18.4 6.2
63 58.4 77.5 10.6 -18.9 6.3
63 70.9 82.5 11.2 -17.9 6.3
63 66.5 86.3 10.7 -16.9 6.1
63 56.1 67.6 10.5 -18.1 7.9

Table 7.1.4 Turnover experiment 1: Fasting treatment. Weights, 513C and values, 
and C:N ratios (by mass) of experimental amphipods receiving no food, maintained at 
1°C.

erimental
Day

Initial
weight
(mg)

Final
weight
(mg)

Final
515N

Final
513C

C:N
ratio

1 71.1 68.0 13.0 -19.3 6.0
1 61.2 69.3 12.7 -22.3 10.1
1 68.5 66.0 13.2 -22.2 9.6
1 60.8 61.0 13.9 -23.0 7.9
1 35.7 34.7 13.5 -21.8 8.9
7 45.3 46.8 13.7 -21.8 8.9
7 62.4 90.3 14.7 -22.9 7.6
7 66.0 81.0 14.0 -22.3 8.0
7 29.6 28.3 12.7 -21.3 8.2
7 54.0 48.8 13.7 -21.0 7.3
14 56.7 74.3 14.9 -21.2 5.4
14 58.3 75.6 14.1 -22.4 7.3
14 51.1 46.7 13.6 -22.0 7.3
14 30.9 32.0 14.1 -21.7 7.4
14 52.1 49.2 13.1 -21.2 7.7
21 27.9 35.3 13.9 -23.0 7.6
21 52.6 48.0 13.7 -20.8 6.3
21 46.4 42.7 14.4 -23.3 8.6
21 37.4 50.9 13.3 -22.7 7.6
21 69.5 82.9 14.1 -21.6 6.9
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Table 7.1.4 continued

27 58.6 65.5 15.2 -21.6 6.8
27 66.9 86.2 14.8 -21.0 6.1
27 48.3 57.2 13.7 -22.8 10.1
27 56.3 52.6 14.1 -21.4 7.0
27 67.3 84.3 15.0 -21.4 6.2
35 63.0 61.5 13.7 -18.4 5.0
35 50.0 49.2 15.3 -21.9 7.4
35 66.1 78.2 14.2 -21.5 7.7
35 50.8 56.0 14.8 -20.0 5.2
35 45.8 42.5 14.4 -20.3 5.4
42 43.7 40.6 13.8 -23.0 5.1
42 67.4 84.1 14.5 -21.6 7.0
42 66.1 85.2 14.7 -23.3 8.0
42 61.1 83.0 14.3 -21.5 5.2
42 51.3 66.6 14.4 -22.7 6.5
49 53.3 66.1 15.2 -21.6 6.7
49 38.8 54.7 14.6 -22.1 5.0
49 62.5 84.4 14.8 -21.4 5.4
49 53.2 57.5 14.0 -22.4 5.6
49 62.3 54.3 13.4 -22.2 6.2
56 44.4 42.2 13.3 -22.5 7.8
56 61.0 61.1 15.1 -20.4 4.7
56 67.9 85.5 13.1 -21.7 6.1
56 60.0 64.8 16.1 -19.8 4.6
56 71.6 78.0 14.4 -21.6 6.3
63 54.7 53.2 14.3 -22.2 7.2
63 63.3 64.2 14.3 -22.4 7.1
63 45.1 44.8 15.0 -20.2 5.2
63 52.7 47.4 13.1 -20.2 5.3
63 59.1 59.5 13.6 -22.0 6.3

Table 7.1.5 Turnover experiment 1: Control treatment. Weights, 813C and 81:>N values, 
and C:N ratios (by mass) of experimental amphipods receiving diet 3, maintained at 1°C.

Initial Final
Experimental weight weight Final Final C:N

Day________(mg)________ (mg)_______d!5N d!3C_____ ratio
1 27.5 23.2 11.6 -22.3 10.8
1 47.8 44.2 12.4 -22.7 9.6
1 46.8 46.2 13.5 -21.2 7.3
1 50.3 52.4 12.2 -20.8 8.4
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Table 7.1.5 continued

1 57.2 51.9 13.0 -22.9 10.0
7 73.0 65.6 11.3 -21.8 7.9
7 60.2 86.1 12.6 -22.2 7.4
7 52.5 47.7 11.3 -22.3 8.1
7 64.0 59.3 10.2 -23.3 10.9
7 48.6 41.7 12.2 -22.4 8.3
14 37.1 55.4 11.2 -21.8 6.8
14 66.5 87.4 11.4 -23.1 7.5
14 53.6 65.8 11.4 -23.1 7.1
14 61.6 80.7 12.5 -23.4 10.5
14 61.4 80.9 10.9 -22.9 8.0

Table 7.1.6 Turnover experiment 2: Highly enriched treatment. Weights, 813C and 815N 
values, and C:N ratios (by mass) of experimental amphipods receiving diet la, 
maintained at 1°C.

erimental
Day

Initial
weight
(mg)

Final
weight
(mg)

Final
dl5N

Final
dl3C

C:N
ratio

1 23.3 23.3 15.2 -18.1 6.3
1 77.1 77.1 16.1 -21.2 8.7
1 105.0 105.0 16.5 -20.0 6.0
1 109.5 109.5 16.2 -19.5 5.7
1 109.9 109.9 15.5 -18.8 6.5
5 54.0 54.0 15.7 -15.5 7.3
5 56.5 56.5 15.8 -15.0 7.5
5 57.3 57.3 15.7 -10.6 7.0
5 40.3 40.3 15.7 -14.7 7.1
5 71.6 71.6 15.5 -13.8 5.8
10 15.5 15.5 16.9 -2.1 7.4
10 30.6 29.6 16.5 -12.8 6.0
10 40.7 42.0 15.5 -18.8 7.5
10 59.0 58.5 15.1 -18.5 7.1
10 77.2 75.7 15.9 -19.2 6.9
15 25.3 25.6 16.2 -19.5 6.8
15 30.0 31.1 17.6 -0.5 7.4
15 42.2 42.0 16.5 -16.1 7.0
15 58.1 58.5 16.0 -12.4 6.5
15 59.9 58.2 16.3 -12.7 7.3
20 61.4 61.1 15.4 -19.3 6.9
20 67.4 64.3 17.1 -15.0 5.4
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Table 7.1.6 continued

20 89.7 91.3 16.0 -12.4 6.7
20 96.7 96.6 15.5 -15.1 6.5
20 110.2 110.7 15.2 -16.1 6.8
27 22.8 29.9 19.2 -4.0 5.6
27 49.1 48.3 16.5 -18.1 8.3
27 62.8 62.8 16.6 -15.7 6.7
27 63.5 62.6 16.9 -17.9 5.9
27 80.3 78.6 17.2 -4.8 6.3
34 24.2 29.1 16.1 -15.7 6.7
34 26.7 26.7 17.9 30.9 7.0
34 41.1 41.6 17.1 -5.7 6.7
34 46.0 46.1 17.3 -6.5 6.1
34 80.6 81.0 16.7 -8.6 6.5
41 21.1 27.8 18.6 0.2 6.5
41 22.9 29.7 18.1 8.2 6.4
41 23.0 29.4 19.6 0.7 6.4
41 37.5 43.9 17.3 -15.8 6.6
41 42.5 42.8 17.3 -15.8 6.4
51 12.7 15.0 17.8 -1.3 6.3
51 71.5 78.1 16.7 -17.2 5.9
51 87.7 90.5 16.5 -12.7 5.1
51 96.2 97.9 16.8 -8.1 6.0
51 106.3 104.6 18.7 -12.8 7.0
61 24.4 31.8 17.2 -8.7 6.6
61 25.7 32.2 19.2 -8.5 8.2
61 59.8 65.2 19.0 - 11.0 5.6
61 65.4 70.5 19.3 -6.4 6.4
61 68.1 72.3 17.4 -1.1 6.3
72 14.6 19.8 20.1 33.2 6.4
72 25.7 32.8 19.3 -1.0 6.3
72 38.8 43.9 19.5 4.3 6.8
72 42.5 51.2 19.4 3.7 6.7
72 50.4 64.5 19.7 -0.9 6.6
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Table 7.1.7 Turnover experiment 2: Control treatment. Weights, 811C and 8 l;>N values, 
and C:N ratios (by mass) of experimental amphipods receiving diet 3, maintained at l°C.

Initial Final

Experim ental w eight w eight Final Final C:N

Day________ (mg)________ (mg)_______ d !5 N _______ d !3 C ________ratio

l 61.6 61.6 15.2 -20.4 7.2
l 37.9 36.9 16.2 -18.8 6.0

l 85.8 85.8 15.5 -21.0 9.3

l 55.0 55.0 15.5 -20.8 7.7

1 34.5 34.5 14.8 -19.4 6.9

5 63.8 63.8 15.9 -21.6 7.8

5 20.5 20.5 17.1 -19.7 7.4

5 53.4 53.4 15.8 -20.4 7.3
5 73.1 73.1 15.5 -21.0 6.6

5 57.1 57.1 14.7 -19.4 6.1

10 93.4 93.5 15.7 -19.9 6.6
10 23.6 23.6 16.5 -19.2 5.7

10 72.1 88.1 15.3 -20.2 7.1

10 66.7 68.4 14.8 -21.1 7.5

10 19.8 20.0 15.4 -20.8 6.7

15 30.8 29.2 15.1 -20.7 7.2

15 9.1 13.6 15.0 -20.1 6.1
15 45.8 43.9 14.0 -20.3 6.7
15 59.9 59.1 15.2 -19.2 6.9

15 37.5 37.0 15.5 -21.0 6.6
20 104.3 102.7 13.7 -20.4 6.7
20 95.8 96.3 14.4 -19.6 5.9

20 84.6 84.9 14.9 -19.6 5.5

20 29.3 29.5 15.2 -20.1 6.6
20 37.0 36.5 14.5 -20.6 6.3
27 85.2 83.4 13.8 -20.8 6.9
27 83.4 81.5 14.3 -20.7 6.2
27 34.2 34.9 13.3 -19.7 6.4
27 36.0 36.6 14.6 -19.8 6.1
27 56.6 57.1 13.6 -21.2 6.8
34 72.8 73.3 14.8 -19.2 5.8
34 52.7 59.5 14.0 -21.2 6.4
34 72.6 71.4 14.4 -19.7 6.7
34 72.1 72.0 14.4 -19.7 5.2
34 64.0 64.2 13.3 -21.1 6.7
41 41.5 41.5 14.2 -20.6 6.3
41 50.4 69.8 12.3 -21.5 7.8
41 65.0 65.7 14.0 -20.1 8.1
41 55.9 56.2 14.0 -20.6 6.5
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Table 7.1.7 continued

41 81.9 84.1 13.3 -20.4 6.7

51 50.8 53.8 12.9 -20.8 6.5

51 27.8 29.3 13.0 -20.3 6.8

51 85.6 86.3 12.5 -20.0 8.2

51 31.1 39.4 11.9 -21.3 7.2

51 44.8 43.9 12.5 -20.0 6.0

61 67.3 75.6 12.1 -21.0 8.5

61 59.7 66.8 12.6 -19.5 7.8

61 75.3 77.2 13.4 -20.3 6.6

61 50.3 51.6 13.1 -20.0 7.1

61 69.6 68.1 13.6 -20.1 8.8

72 57.7 65.7 12.1 -21.2 8.2

72 52.5 59.2 12.5 -20.0 6.5

72 29.6 38.0 12.0 -20.2 7.0

72 51.2 55.4 12.8 -21.8 5.7

72 25.5 33.4 12.1 -20.8 6.7
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7.2 Field data - results

Appendix B

Table 7.2.1 Onisimus litoralis field 513C and 81:>N values: 813C and 8ISN values and C:N 
ratios (by mass) of O. litoralis collected in March, May, September, and December 2004, 
near Barrow, Alaska.

Month Replicate dl5N dl3C C:N ratio

March

May

September

1 13.0 -21.4 9.2
2 14.0 -20.2 6.3
3 14.4 -20.8 6.5
4 13.9 -22.1 8.0
5 14.1 -22.3 7.6
6 13.9 -21.8 7.5
7 13.6 -22.8 8.3
8 14.7 -21.1 6.4
9 13.8 -21.1 6.9
10 14.1 -22.3 7.8

1 13.3 -21.3 7.4
2 14.6 -21.1 7.3
3 13.9 -21.6 8.4
4 13.4 -22.3 8.4
5 14.4 -21.8 7.1
6 14.3 -21.6 7.4
7 13.4 -20.9 7.7
8 13.2 -22.3 8.0
9 13.5 -22.3 7.3
10 14.8 -21.9 7.6

1 15.3 -18.7 5.5
2 15.4 -19.5 5.8
3 15.0 -19.5 5.5
4 15.5 -20.2 7.3
5 15.3 -20.2 6.5
6 15.9 -19.5 6.9
7 15.7 -18.7 5.5
8 14.8 -20.1 6.8
9 15.5 -20.0 5.7
10 15.7 -19.9 6.0
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December

Table 7.2.1 continued

1 12.8 -21.3 6.8
2 13.3 -20.7 7.0
3 13.7 -21.1 7.1
4 14.7 -21.5 5.7
5 14.0 -20.2 6.4
6 13.7 -22.5 7.8
7 13.9 -21.4 6.9
8 12.3 -21.7 8.1
9 13.3 -20.5 6.7
10 13.9 -21.4 7.5

Table 7.2.2 813C and 815N values, and C:N ratios (by mass) of particulate organic matter 
from sea ice, seawater, and seafloor sediment: samples collected in March, May, 
September, and December 2004, near Barrow, Alaska.

Month sample dl5N dl3C C:N ratio

March ice 9.1 -24.2 13.9
March ice 9.9 -24.1 13.3
March ice 8.7 -23.5 11.3
March ice

0000 -23.6 11.5

March water 11.4 -24.1 10.0
March water 12.5 -23.8 9.6
March water 11.3 -23.0 7.6
March water 10.7 -23.5 8.5

March Sediment 1.3 -23.0 8.1
March Sediment 0.6 -23.8 7.3
March Sediment -0.7 -24.1 8.1
March Sediment 0.3 -24.3 7.7

May ice 9.1 -23.3 6.5
May ice 9.2 -23.7 6.8
May ice 9.1 -22.9 10.1
May ice 10.9 -22.9 7.2

May water 10.5 -21.7 7.9
May water 9.9 -21.6 7.7
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Table 7.2.2 continued

May water 9.9 -22.3 8.4
May water 11.9 -22.3 9.0

May Sediment 3.9 -26.0 15.3
May Sediment 0.7 -25.9 15.2
May Sediment 2.2 -24.3 10.7
May Sediment -0.5 -24.3 8.4

August water 17.6 -24.6 14.2
August water 16.5 -24.2 13.2
August water 16.2 -25.0 13.5
August water 16.1 -25.9 12.1

August Sediment 1.5 -24.2 8.2
August Sediment 0.0 -25.6 10.3
August Sediment 0.8 -24.5 8.1
August Sediment 1.1 -24.1 7.7

December water 14.3 -24.3 12.1
December water 11.2 -24.6 7.8
December water 14.7 -24.9 11.2
December water 13.2 -24.7 11.4

December ice 17.0 -24.1 12.3
December ice 17.9 -24.0 13.9
December ice 14.3 -23.7 11.4
December ice 10.8 -24.4 14.5

December Sediment 0.1 -25.7 13.9
December Sediment -0.1 -25.4 11.8
December Sediment -1.3 -26.0 14.2
December Sediment -0.1 -25.7 14.4


