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ABSTRACT

The Boulder Patch, a high Arctic kelp community, is a rarity in the Alaskan Beaufort Sea. 

Considered a biodiversity oasis, this area provides habitat for many organisms. Trophic 

relationships, spatial patterns, and isotopic changes over time were examined within the Boulder 

Patch using stable carbon and nitrogen isotopes. 394 samples, representing over 55 species 

were analyzed. Isotope values showed considerable variability in the food web base, particularly 

for the kelp Laminaria solidungula. Isotopic values for most animals fit their known feeding 

strategies. Little spatial variation was observed in isotope values, however temporal differences 

were found in L solidungula isotope values between 2002 and 2004, and between archived 

samples collected during the 1980’s.

To better understand patterns in stable oxygen and hydrogen isotopes, values were 

assessed and applied in an ecological context. Sixty-four samples were analyzed, encompassing 

29 species. Results indicated distinct differences between primary producers and animals, 

offering insights into a possible application of 5180  and 5D in ecological studies. By defining 

trophic structure and elucidating feeding strategies of organisms, this study enhanced the 

biological knowledge in the Boulder Patch, providing ecological information on a high arctic kelp 

community.
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CHAPTER 1 

GENERAL INTRODUCTION

1.1 - BACKGROUND INFORMATION

A distinctive feature of the Alaskan Beaufort Sea is the absence of hard substrate, which 

results in a lack of associated kelp communities (Barnes & Reimnitz 1974). In 1971, an 

abundance of cobbles and boulders was found near Prudhoe Bay in Stefansson Sound. This 

area, officially named the Boulder Patch, provides substrate for a wide range of organisms and 

several benthic macroalgal species. The presence of hard substrate, in conjunction with other 

physical characteristics, has created favorable conditions that allow a biologically diverse kelp 

community to thrive. Surrounded by a relatively unproductive area, the Boulder Patch is 

considered a ‘biodiversity oasis’. Although scattered macroalgal patches are found elsewhere 

throughout the Beaufort Sea, the Boulder Patch is the most substantial kelp bed known for 

approximately 100 km (Dunton & Schell 1987). Several biological, geological, and environmental 

impact studies have focused on this high Arctic kelp community (Dunton 1982, Martin & 

Gailaway 1994, Streever 2001). Biologically this area is dominated by the kelp Laminaria 

solidungula, and has representative fauna from nearly every major marine phylum (Dunton et al. 

1982, Dunton & Schonberg 2000).

Marine ecosystems dominated by kelp are often an order of magnitude higher in 

production than surrounding areas (Mann 1973, Steneck et al. 2002). In certain cases primary 

productivity of kelp communities rivals that of tropical rain forests (Mann 1982). Most of this 

production is passed to higher trophic levels, as it is either grazed directly or released as 

dissolved or particulate organic matter (POM) into the environment (Duggins et al. 1989). This 

enhanced productivity has the potential to support biologically diverse communities (Foster et al. 

1991).

Along with enhanced productivity, increased habitat space associated with kelp 

communities can influence biodiversity. A positive correlation between biodiversity and space has
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been documented in both seagrass and kelp communities, in which epiphytic organisms utilize 

space on blades (Hall & Bell 1988, Foster & Schiel 1985). Dominant primary producers of kelp 

communities are usually large brown macroalgae. Brown algae of the order Laminariales often 

form kelp forests that can create full or partial canopy coverings. In some cases, such as with 

Nereocystis leutkeana and Macrocystis pyrifera, the canopy develops well into the water column, 

extending 20-30 m, and forming dense stands that frequently cover the substratum (Schiel & 

Foster 1986).

Distribution of kelp communities can be affected by both abiotic and biotic interactions. 

Dominant abiotic factors affecting the distribution of kelps include, but are not limited to, light and 

nutrient availability, temperature, and substrate availability and type (Chapman & Lindley 1980, 

Foster et at. 1991, Markager & Sand-Jensen 1992). Physical disturbances, such as wave action 

and ice scouring, also are important abiotic factors (Sousa 1979, Brown et 2004). Biotic 

interactions include grazing and competition for space (Kastendiek 1982, Foster et al. 1991, 

Estes & Duggins 1995). As a result of these factors, two generalizations regarding characteristics 

of natural communities can be made. First, ecosystems are dynamic; population distribution and 

abundances change with time (Sousa 1984). Second, systems are spatially heterogeneous with 

mosaic patterns in localized areas (Sousa 1984, Foster et al. 1991). In kelp forests, these 

dynamics make it difficult to define the distribution of algal and invertebrate species (Foster et al. 

1991).

Community ecology and food web theory was revolutionized by a simple conceptual 

model proposed by Hairston, Smith, and Slobodkin, hereafter referred to as HSS (Hairston et al. 

1960). HSS proposed that communities consist of four groups of organisms: plants, detritivores, 

herbivores, and carnivores. Their trophic relationships and the number of trophic levels determine 

if green plants dominate the earth. For example, in a three (odd number) trophic level community, 

carnivores control herbivore abundance, which lowers grazing pressure on plants allowing them 

to dominate. In an even trophic level community, predation pressure on herbivores is lowered, 

thereby increasing grazing pressure on plants. This perspective of food web dynamics was later
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termed ‘top-down’ control, because communities are regulated by processes that flow down the 

food chain. These predictions of HSS have sparked much debate, which has resulted in major 

contributions in all ecosystems including the marine benthos (Sih 1985, Menge 2000). An 

alternative view of community regulation relies on the premise that plant primary production fuels 

animal biomass, hence plants regulate communities from the bottom of the food chain upwards 

(White 1978). This idea, known as ‘bottom-up’ control, can strongly influence population and 

community structure and dynamics in marine benthic communities (Menge 2000). There is 

evidence from New England that bottom-up processes can interact with top-down forces to have 

major effects on community structure (Leonard et al. 1998). In aquatic systems, defining 

community dynamics is even more difficult as primary production has high seasonal variation, 

making assessment of temporal changes difficult (O’Reilly et al. 2002). Understanding these 

dynamics can provide important baseline information for food web structure.

An important aspect of community ecology is food web structure, as this places 

organisms in a dynamic and interacting web of energy flow throughout a system. Standard 

approaches to food web analysis include gut content analysis, direct observations, and 

radiotracer techniques (Smith et al. 1979, Hopkins 1987). Analysis of gut contents involves 

collecting and dissecting a broad range of organisms, which is tedious and requires considerable 

taxonomic knowledge. Other drawbacks include difficult identification of ingested material, and 

the possibility that gut contents may reflect material not fully assimilated (Feller et al. 1979). 

Feeding relationships can be studied in the laboratory, but obtaining adequate sampling of prey is 

often difficult, and observed results may be an artifact of unnatural conditions. Direct field 

observations provide exact results, but timing is imperative and for marine systems may be 

impossible underwater. Radiolabeling can also be used to study food webs where a radiotracer 

(14C for example) is added to a food source and followed through the food web (Hessen et al. 

1990). Drawbacks of radiolabeling include recovery of a statistically significant number of labeled 

materials and the need for a license to use radioactive isotopes.
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Stable isotope analyses have been used as an alternative tool for food web analysis (Fry 

1988, Post 2002). The collection technique is simple and straightforward, the analysis is relatively 

inexpensive (~$8-12 per sample), and a broad range of organisms in a food web can be analyzed 

quickly. Stable isotope analyses present a powerful technique to examine biological relationships 

and energy flow in an ecosystem (Vander Zanden et al. 1999). Naturally occurring stable isotope 

usefulness arises from a predictable physical and enzymatic-based discrimination between 

biological and non-biological materials that leads to different isotopic compositions (Ehleringer et 

al. 1986). In marine ecosystems, stable isotopes can act as natural tracers of organic matter flow 

(Hobson & Welch 1992, Michener & Schell 1994, Dunton 2001).

Carbon isotopic compositions of organisms reflect their diet (DeNiro & Epstein 1978, Fry 

et al. 1978, Rau 1980). Overall, there is a slight enrichment (0.5-1%o) in an organism relative to its 

diet (Rau etal. 1983, Fry 1991). Possible reasons for this include preferential loss of 12C 02 during 

respiration, preferential uptake of 13C compounds during digestion, or metabolic fractionation 

during synthesis of different tissue types (DeNiro & Epstein 1978, Fry et al. 1984). In systems 

where food sources have large differences in 513C values, stable carbon isotopes can be useful in 

tracing food webs. Such is the case in C3 versus C4 plants or marine versus terrestrial systems 

(DeNiro & Eptstein 1978, Fry et al. 1978). In contrast, 15N content of consumers is typically 

enriched by 3-4%o relative to their diet, resulting in the possible inference of trophic positions in an 

ecosystem (Hobson & Welch 1992, Vander Zanden & Rasmussen 1999, Fredriksen 2003). 8D 

appears to show no enrichment of whole animal versus diet (Estep & Dabrowski 1980, Macko et 

al. 1983). Instead, it seems 8D of organic tissue is correlated with 5D of water, thus making 

hydrogen a useful tool in tracing organisms feeding in freshwater versus marine and terrestrial 

versus aquatic systems (Fry & Sherr 1984). There is a well-know correlation between 5180  values 

of cellulose and water, with a fractionation of approximately 27%o (Helliker & Ehleringer 2002, 

Sauer 2003, McCarroll & Loader 2004). For non-photosynthetic organisms, the 8180  signal must 

either come from a food source or from water. For example, 8180  and 8D are often used in
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migration studies to trace bird origin and movements (Hobsen al. 2004, Bowen et al. 2005). 

However, information on possible 5180  and 5D fractionation between consumers and prey is 

unknown. Though there is a potential for stable oxygen isotopes' usefulness to scientists, their 

application in ecological food web studies is lacking (Bowen et al. 2005).

Numerous studies have utilized stable isotopes to determine marine food web structure 

(see Michener & Schell 1994). The majority of these studies have used stable carbon and 

nitrogen isotopes, though increasingly studies have used other stable isotopes such as hydrogen 

and sulfur, with little work using oxygen. Isotope studies have focused on nearshore/estuarine, 

pelagic, and polar systems (Michener & Schell 1984). Open-water polar systems, which solely 

rely on oceanic primary production, usually show well defined trophic structure using stable 

carbon and nitrogen analyses (McConnaughey & McRoy 1979, Minagawa & Wada 1984, Wada 

et al. 1987). In cases with two primary carbon inputs (phytoplankton and macroalgae), distinct 

isotopic signatures can be traced throughout the food web (McConnaughey & McRoy 1979, 

Hobson & Welch 1992, Dunton and Schell 1987). Despite an extensive knowledge of Boulder 

Patch biology, trophic structure and food web dynamics are not yet fully appreciated as only 513C 

data have been analyzed previously (Dunton & Schell 1987).

The Boulder Patch offers an ideal ecosystem to assess the use of stable isotope analysis 

because of its isolation from other kelp communities, limited number of primary producers, and its 

potential to be affected by global climate change (Dunton & Schell 1987). The Boulder Patch is a 

highly vulnerable ecosystem with potential to be influenced by both offshore oil exploration and 

climate change. It was found that Endicott drilling station, located just 6 km south of the Boulder 

Patch has had no adverse effects (Martin & Gallaway 1994), and exploration in and around the 

Boulder Patch continues. Over the next 25 years, one of the greatest concerns for the Arctic is 

ecological changes due to warming temperatures (Walter et al. 2002, Clarke & Harris 2003). With 

an expected decrease in sea ice extent and duration, arctic marine biota will be prone to change 

(Tynan & DeMasters 1997, Clarke & Harris 2003). With recent attention to global climate change
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and because of the Boulder Patch’s close proximity to development and oil exploration, it is 

important to define the Boulder Patch trophic structure. This hard substrate community is an ideal 

candidate for monitoring, which may aid in determining the much-debated effects of global 

change in the arctic (Morison et al. 2000).

1.2 - PHYSICAL CHARACTERISTICS OF THE BOULDER PATCH

Stefansson Sound extends from the Midway Islands in the west to Tigvariak Island in the 

east. This area is enclosed by several barrier islands, which include the McClure Islands, Dinkum 

Sands, Cross Island, and Midway Islands. Waves tend to be of short period because of shallow 

water depth (3-9 m) and limited fetch. Wind driven currents have net westward drift during the 

summer (Dunton et al. 1982). River discharge from the Sagavanirktok river supplies sand-size 

and finer materials, with peak discharge occurring just after breakup in June. With the exception 

of the Boulder Patch, silty sands and mud characterize the bottom of Stefansson Sound. The 

boulders, thought to have originated during the Flaxman formation, were ice rafted from Canada 

and incorporated in the Gubik formation (Dunton et al. 1982, Martin & Gallaway 1994). The 

Boulder Patch has bottom water temperatures ranging from -1.9'C during the winter to 7*C 

during open water (Dunton et al. 1982), but temperatures never exceeded 4 ^  during this study. 

Freeze-up is usually completed by mid-October, and break-up begins in late June or early July. 

Ice thickness reaches a maximum of two meters in May before canopy breakup. The benthic 

environment and its associated kelp community are largely protected by offshore islands and 

shoals from gouging by deep draft ice.

1.3-STUDY OBJECTIVES

This study examined the Boulder Patch trophic structure utilizing a multiple stable isotope 

(513C, 815N, S180, and 8D) approach. S13C and 515N analyses are a standard and accepted 

ecological tool, while 5180  and 5D uses are relatively new to ecological studies; as a result this
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project was separated into two distinct chapters. The first chapter focused on 813C and 515N to 

define the food web structure of the Boulder Patch, while the second chapter examined 5180  and 

5D variations at an ecosystem wide scale. The two main objects of this study were to:

1- Obtain a trophic and temporal perspective of the Boulder Patch community using 813C 

and 515N.

2- Examine fractionation patterns and 5180  and 5D variation at the ecosystem scaie

While 513C and 815N have been used to define trophic structure in studies elsewhere, Boulder 

Patch 815N data were still lacking. In addition to supplementing S15N values, this study examined 

spatial patterns of these isotopes. Extensive isotopic data were collected for the kelp, Laminaria 

solidugula, the dominant primary producer in the Boulder Patch, documenting individual, site 

specific, and ecosystem wide isotopic patterns. This study also capitalized on the presence of 

archived samples, collected during the early 1980’s, to perform a temporal comparison of 813C 

and 815N. Fractionation properties of 8180  and 8D were examined throughout the Bouider Patch 

ecosystem. It is the hopes that this study can expand the scope of stable isotopes as a tool in 

ecological studies, while at the same time contribute important ecological information on a 

biologically sensitive area.
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CHAPTER 2

STABLE ISOTOPIC ANALYSES (513C AND 815N) OF A HIGH ARCTIC KELP COMMUNITY: A

TROPHIC AND TEMPORAL PERSPECTIVE

2.1 - INTRODUCTION

In temperate through polar regions, large macroalgae often dominate subtida! 

communities along rocky nearshore areas (Dunton et al. 1982, Duggins et al. 1989). Kelp beds 

provide habitat for a diverse number of species, including marine mammals, fishes, both mobile 

and sessile invertebrates, and many species of understory algae. Some of these associated 

species utilize kelp directly such as growing epiphytically, or living within the holdfast, while others 

use the three-dimensional water column structure (Christie et al. 1998, Duggins et al. 1990, 

Norderhaug et al. 2002). In addition to providing habitat, kelp beds are an important input of 

carbon into the surrounding areas as they are highly productive ecosystems (Mann 1973, 

Steneck et al. 2002). The greatest input of nutrients is not from direct grazing on kelp, but rather 

results from detritus production (Duggins et al. 1989). Kelp fragments, often found littering 

nearshore benthos, are an important food source for many detritivores and microbes (Linley et al. 

1981). This results in kelp carbon becoming available to animals not feeding directly on kelp 

(Dunton & Schell 1987, Duggins et al. 1989, Steneck et al. 2002). In essence, kelp forests 

increase nearshore secondary production, which helps to support complex food webs (Duggins et 

al. 1989, Steneck et al. 2002).

Food web characterization is an initial step in understanding ecosystems, as it is a useful 

tool to assess the magnitude and importance of trophic relationships (Link 2002, O’Reilly et al. 

2002). Food webs allow for a visualization or numerical placement of organisms into 

representative trophic levels. Stable isotope analyses have been used by ecologists to evaluate 

trophic structure and dynamics in a variety of ecosystems, particularly stable carbon and nitrogen 

isotopic composition (Fry 1988, Iken et al.2001, Post 2002, Fredriksen 2003). The relatively 

small enrichment of 813C with each consumer level (~0.8%o) allows 813C values to provide insight
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into the sources of carbon input of a system, while the larger and more distinct increase (~3.8%o) 

in 51SN is a better tool for trophic level identification (Rau et al. 1983, Fry 1991, Hobson & Welch 

1992, Michener & Schell 1994). In marine coastal ecosystems, there are several potential carbon 

sources, including macroalgae, seagrasses, and phytoplankton. If the various primary producers 

of an ecosystem have sufficiently different 813C values, their contribution to consumers can be 

estimated. For example, in seagrass systems it is possible to distinguish if a consumer utilizes 

mainly seagrass or phytoplankton carbon (McConnaughey & McRoy 1979). However, the 

presence of multiple sources of carbon with overlapping 513C values often complicates the 

interpretation of stable isotope data. In systems where there are multiple primary producers with 

similar 513C values, such as kelp beds, distinguishing between different sources can be difficult.

The Boulder Patch is a high Arctic kelp community in the Beaufort Sea that has been the 

subject of several biological studies (Dunton et al. 1982, Martin & Gallaway 1994, Dunton & 

Schonberg 2000, Streever 2001). The Beaufort Sea typically has a silty substratum, however, the 

Boulder Patch is distinctive as it has an extensive cover of cobbles and boulders (Barnes & 

Reimnitz 1974). Although scattered macroalgal patches are found throughout the Beaufort Sea, 

the Boulder Patch is the most substantial kelp bed for approximately 100 km and is surrounded 

by a relatively unproductive area (Dunton & Schell 1987). The Boulder Patch also supports a 

diverse biological community with representatives from nearly every major phylum (Dunton & 

Schonberg 2000).

The dominant algal species in the Boulder Patch is the kelp, Laminaria solidungula, 

which constitutes 90% of the brown algal biomass (Dunton et al. 1982). While L. solidungula is 

the most common alga, several red and green algal species, and two less conspicuous brown 

algal species also occur in the Boulder Patch. A carbon budget demonstrated that most carbon 

available to consumers consisted of an equivalent input of kelp and phytoplankton (Dunton 1984). 

S13C analysis suggests that kelp is an important contributor of carbon into the Boulder Patch 

ecosystem as several consumers within this area utilize more than 50% kelp carbon (Dunton &
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Schell 1987). At the time, Dunton and Schell (1987) did not conduct 815N analysis; however, 

samples representing a variety of organisms were archived. These archived samples could 

provide historical stable isotope signatures for the Boulder Patch community.

Despite extensive knowledge of Boulder Patch biology, trophic structure of the Boulder 

Patch ecosystem remains undetermined. The Boulder Patch offers an ideal ecosystem to perform 

an isotopic food web study because of its isolation and limited number of primary producers. The 

purpose of the current study was to determine isotopic signatures of organisms inhabiting the 

Boulder Patch community in regards to the following questions: (1) What spatial and temporal 

isotopic variation exists in the food web base? (2) What is the trophic level of organisms? (3) Was 

there a shift in stable isotope signatures of ecosystem components over the past several 

decades? It was hypothesized that primary producers would have distinct and concise isotopic 

values, and based on these values, trophic levels could be examined throughout the Boulder 

Patch ecosystem. It was also hypothesized that if there was a shift in isotope values over the past 

several decades, this change would be evident in primary producers and could be traced through 

the entire food web.

2.2 - STUDY AREA

The Boulder Patch is located within Stefansson Sound, a body of water that is enclosed 

by several barrier islands extending from the Midway Islands in the west to Tigvariak Island in the 

east (Figure 2.1). The Sagavanirktok River Delta discharges sand-size and finer materials into the 

area and, with the exception of the Boulder Patch, silty sands and mud characterize the bottom of 

Stefansson Sound. The presence of the barrier islands largely prevents ice scouring and, 

therefore, protects the benthic environment and associated kelp community. Short period waves 

result because of shallow water depth (3-9 m) and limited fetch. Water temperatures range from 

-1 .9 0  during winter to 7 0  during summer. Stefanss on Sound is seasonally ice covered, with 

complete freeze-up occurring by mid-October, reaching a 2 m maximum in May before breakup
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begins in late June or early July. Dive site 11 (DS-11) was the primary sampling area although 

collections also occurred at other sites within the Boulder Patch (Figure 2.1, Table 2.1).

2.3 METHODS AND MATERIALS

Algal and invertebrate samples were haphazardly collected from within the Boulder Patch 

using SCUBA in 2002, 2003, and 2004. Sessile and sluggish organisms were collected by hand, 

while more mobile organisms were caught with small hand nets (1 mm mesh), or using a small 

epi-benthic trawl (~5 mm mesh). Trawling times varied from five to ten minutes depending on 

location and amount of cobble cover. Infaunal organisms were collected using sediment scrapes 

taken between cobble cover and subsequently sieved through 0.5 mm mesh. Phytoplankton 

samples were taken from within the Boulder Patch using a small 53 jlviti plankton net, samples 

also were taken outside the Boulder Patch near Narwhal Island. Zooplankton samples were 

collected near DS-11 using a 250 /vm plankton net during the 2003 field season. These 

concentrated samples were than processed as described below.

After collection, specimens were kept in raw seawater until they were identified. When 

possible, a voucher was made for taxonomic verification. In preparation for stable isotope 

analysis, all specimens were washed of debris using distilled water. If an organism was 

sufficiently large, muscle tissue was dissected; otherwise animals were kept in raw seawater for 

at least two hours to clear their gut contents (Dunton & Schell 1987). Samples were dried 12-24 

hours at 50-60'C. When drying was not possible, sam pies were frozen and freeze-dried at a later 

time. Effects of different drying methods have been shown to be negligible (Bosley & Wainright 

1999, Kaehler & Pakhomov 2001).

In the laboratory, samples that contained large amounts of carbonates, such as the 

asteroids, were soaked in ~1 N HCI until bubbling stopped, rinsed in distilled water, and dried 

overnight at 50-60'C. Samples that contained only a small amount of carbonates, such as 

hydroids, were acid fumed overnight or until there was no bubbling when a small amount of the 

sample was subjected to HCI (Dunton & Schell 1987, Hobson et al. 1995). Dried samples were
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ground manually using a mortar and pestle. If an individual specimen did not have sufficient dry 

weight for analysis (~0.3 mg), several individuals of the same species were pooled together. 

Phytoplankton samples were prepared for analysis by filtering the concentrated seawater onto 

precombusted 25 mm glass fiber filters. Phytoplankton samples obtained were more 

representative of particulate organic matter (POM) because phytoplankton could not be 

distinguished from detritus. A dissolved inorganic carbon (DIC) sample was obtained by collecting 

water from DS-11 and storing it in a sealed 20 ml scintillation vial until processing by gas 

chromatography.

Stable carbon and nitrogen isotope compositions of organic samples were measured on 

an Elemental Analyzer attached to a Thermo Finnigan Delta Plus Mass Spectrometer at the 

Alaska Stable Isotope Facility. The DIC sample was analyzed using a CTC analytical water 

sampler attached to a Gas Bench II and subsequently via a Conflow III to a Thermo Finnigan 

Delta Plus XP Stable Isotope Ratio Mass Spectrometer. Results are expressed using the 8 

notation, as parts per thousand (%o) according to the following equation:

§X = | ( ^ lE ! i ) - l ] x l0 0 0
^ standard

Where X is 13C or 15N and R is the corresponding ratio (13C/12C, 15N/14N). The Rstandardfor C and 

N is carbonate PeeDeeBelemnite formation (PDB) and atmospheric nitrogen (N2), respectively 

(Hobson & Welch 1992).

To examine stable isotope signatures within the kelp, Laminaria solidungula, 1 cm 

diameter disks were taken from basal and distal ends of each blade segment. Laminaria 

solidungula has distinct annual blade segments due to the 24 hour daylight and darkness cycle in 

summer and winter, respectively (Henley & Dunton 1997. To examine spatial variation, 1 cm 

disks were taken from the base of five individuals at five different sites within the Boulder Patch 

(Figure 2.1). Isotope values of primary producers were used to determine a baseline for the
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Boulder Patch system. This baseline is the set of isotopic ratios to which higher trophic levels are 

referenced.

To infer the kelp carbon percent in a consumer diet, the mixing model of McConnaughey 

and McRoy (1979) was used:

( 6  Cconsumer (5 Cphytoplank ton I )  X 1 0 0  
% C k e lp  - derived =  “  ~

8 Ckelp — 8 Cphytoplank ton

Where I is the average fractionation of 513C per trophic level. In this case, 0.8%o was used based

on literature values (DeNiro & Epstein 1978, Fry 1991, Post 2002). As the majority of

photosynthesized carbon entering kelp beds originates from either plankton or kelp carbon,

signatures from red algae were not incorporated in this equation (Dunton & Dayton 1995). The

representative kelp 813C was the average of all Laminaria solidungula samples taken at DS-11.

Trophic positions were calculated by using 515N values in the model developed by Hobson and

Welch (1992):

(Dm-7.16)
T L  =  1 +  --------------------

3.8

W hereTLis the trophic level, Dm represents the 51SN value for the consumer, 7.16% o is the 

average primary producer 51SN value, and 3.8 is the assumed percentage of enrichment per 

trophic level.

C:N ratios were also obtained as a result of stable isotope analyses. Stable isotope 

values obtained during this study were examined for variation from 2002 through 2004. 513C 

values for many specimens were compared to archived samples, which were collected between 

1978 and 1986 in the Boulder Patch.

2.4 Results

Little spatial variation was observed in the 513C values for Laminaria solidungula within 

the Boulder Patch (Table 2.1). All sites had similar 513C values to those found at DS-11, however,
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51SN values of L. solidungula at two sites were significantly higher compared to DS-11 (Table 2 .1 ,  

p<0.005, ANOVA). At DS-11 there was considerable variation across all 513C and 815N values 

(Figure 2.2). Although variation was apparent along individual kelp blades, mean values between 

individuals were similar (Table 2.2 & 2 .3 ) .  The largest isotopic spread found within an individual 

blade was 9.15%» for 513C and 4 .97% o  for 815N. At DS-11, 513C values of L. solidungula ranged 

from -15 .29% o  to -29 .61% o , with a mean of -2 1 .4 2  ±  2.60% o (hereafter ± = standard deviation from 

mean value) (n=102), while 515N values ranged from 2.03% o to 9.05% o, with a mean value of 5 .9 2  

±  1,35%o (n=102). As most other samples were collected at DS-11, kelp averages obtained at DS- 

11 were used as the representative kelp signature for the Boulder Patch and were incorporated 

into trophic level and mixing model calculations. When examining differences between basal and 

distal blade sections, there was a trend for basal sections to have isotopically heavier signatures 

than distal segments. Basal sections had 813C values of - 2 2 .9 7  ±  3 .4 3  %o compared to -2 0 .6 8  ± 

2 .0 5 % o for distal ends (p=0.071, T-test), while 815N values of 5 .3 6  ±  1 .08% o and 6 .4 1  ±  0.63% o  

respectively, were significantly different (p=0.011, T-test). Distal ends had lower C:N ratios than 

basal sections (1 3 .5 5  ±  2 .2 2  versus 1 1 .7 6  ±  2 .2 8 , p=0.052, T-test).

Despite large intraspecific variation, distinct isotope signatures were obtained for 

Laminaria solidungula and POM, the two main Boulder Patch food sources. The 813C for 

Laminaria solidungula (-21.42 ± 2.60%o) was higher than POM (-25.03 ± 1,46%o), while 815N (5.92 

± 1.35%o) was lower than POM (7 .7 8  ± 2.00%o Figure 2.2, Table 2.4, p<0.005, ANOVA). 

Laminaria solidungula had a significantly larger C:N ratio than other primary producers (Table 2.4, 

p<0.005, ANOVA). Based on significantly different 813C values, red algae were separated into 

four distinct groups (p<0.005, ANOVA). Red algal group 1 (RA1) had the most depleted 813C 

values while red algal group 4 (RA4) had the most enriched S13C values. Red algal 815N values 

ranged between 1.94%o for the filamentous Scagelia sp. to 12.59%o for the parasitic epiphyte of 

Phyllophora truncata. Unlike 813C values, red algal 815N values were not significantly different
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amongst different red algal groups (p=0.172, ANOVA). C:N ratios did not vary between red algal 

groups (p=0.412, ANOVA). Water collected at DS-11 had a DIC 513C value of 0.06%o.

2.4.1 -Trophic Structure

Trophic structure and contribution of different carbon sources in the Boulder Patch 

ecosystem were examined using 813C and 81SN values (Figure 2.3, Tables 2.4 & 2.5). 

Percentages of kelp carbon in the diet of organisms were based on results of the mixing model. 

To simplify results, percentages were partitioned by quarters. Animals with less than 25% kelp 

carbon were considered to feed mainly on POM, while animals with greater than 75% kelp carbon 

relied heavily on kelp. Based on trophic level model results, species were placed into trophic 

levels. These results are only an approximation, as the 51SN values used in the trophic level 

model were an average based on both kelp and POM 815N values. Trophic levels ranged from 1 

for a bivalve species to 3.5 for a seastar species. Animals with trophic levels close to one were 

considered herbivorous, while animals with trophic levels between two and three were considered 

secondary consumers. Animals were considered top predators if their trophic level was greater 

than three.

Organisms that had low dependency on kelp carbon and occupied low trophic levels 

included bivalves, hydroids, bryozoans, and ascidians. These animals appeared to exclusively 

feed on POM as their 513C values indicated a diet of less than 25% kelp carbon. Amphipods, 

mysids, and filter feeding polychaetes had relatively low trophic levels and ingested a mixture of 

POM and kelp carbon. Sponges utilized mostly POM carbon with kelp consisting approximately 

30-40% of their diet. Sponges had trophic levels that ranged from 1.54 - 2.18. One unidentified 

species of cumacean was the only animal that had both a trophic level less than two and 

exclusively consumed kelp carbon.

Many animals had trophic levels ranging between two and three, suggesting possible 

feeding on both primary producers and animals (Table 2.5). The four-horn sculpin
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( Myoxocephalus quadricornis), nematodes, the soft coral (Gersemia rubiformis), and Turbularia 

sp. showed a dependence on POM carbon. The only species that had a more negative 513C 

value than that of either POM or kelp was the pycnogonid, Nymphon grossipes. Many animals 

consumed a mixture (25-75%) of POM and kelp carbon, including but not limited to the chiton, 

Amicula vestita, the amphipod, Gammarus setosus, and zooplankton. Species that were 

considered to feed mainly on kelp were the gastropod, Margarites vorticifera and the chiton, 

Ischnochiton albus. Most top predators had a mixture of POM and kelp carbon in their diet. Two 

exceptions were the predatory seastar, Crossaster sp. and nemerteans, which consumed less 

than 25% kelp carbon. The two animals with the highest 815N values were an unidentified actinian 

and Crossaster sp. There were no significant differences in C:N ratios between different 

taxonomic groups (p=0.287, ANOVA).

2.4.2 - Temgoraj Variation

Temporal variation was found in both 513C and 815N values within the Boulder Patch 

ecosystem. A significant and progressive decrease was noted in both the 813C and 815N values of 

Laminaria solidungula from 2002 to 2004 at DS-11 (p=0.002, ANOVA). 813C values decreased 

from -19.74 ± 3.52%o to -22.75 ± 2.47% o, while 815N decreased from 6.33 ± 1.40% o to 5.42 ± 

1.06% o (Figure 2.4). Although not significant, archived samples of L. solidungula had more 

negative 813C values than the mean value of all recent samples (-19.19 ± 0.6%ovs. -21.12 ± 

2.62% o, p=0.196, ANOVA). In general, grazers and animals that relied heavily on kelp carbon 

showed more negative values for both isotope types when recent samples were compared to 

archived samples. The opposite was found for filter feeders, which had less negative stable 

isotope values. Only two species, Saduria entomon and Gammarus setosus, had significantly 

different stable isotope values between the two time periods (Table 2.6, Figure 2.5). The greatest 

difference in 813C was found in Gammarus setosus (-3.16%o), while the least change occurred in



21

Leptasterias groenlandica (0 .39% o). The greatest difference in 5 15N was found in Saduria 

entomon (2 .40% o), while the least change occurred in sponges (0.02% o, Figure 2 .5 ) .

2.5 DISCUSSION

The Boulder Patch food web is dependent on two main carbon sources and is 

characterized by approximately three trophic levels. All stable isotope values obtained had similar 

ranges to those found in other polar ecosystems (Wada et al. 1987 Hobson & Welch 1992, 

Hobson et al. 1995, Kline et al. 1998, Kaehler et al. 2000, Dunton 2001), and fractionation of 

stable isotopes resembled that noted for kelp beds elsewhere (Dunton 2001, Fredriksen 2003, 

Corbisier et al. 2004). In this and other studies, animals such as sponges, hydroids, and 

bryozoans occupy relatively low trophic levels in kelp beds, while animals such as fish and 

seastars occupy higher trophic levels.

A unique feature of this study was the large sample size for Laminaria solidungula 

(n=102 at DS-11). This large sample size showed considerable variation in stable isotope values 

both between and within individuals at the same location. Although average stable isotope values 

of both carbon and nitrogen were different for L. solidungula and POM, there was isotopic overlap 

between these two primary producers. In this study, the range of stable isotope values within 

individual thalli was large but consistent with a previous study, which reported over a 10%o range 

in 513C for other large brown macroalgae (Raven et al. 2002). The mean 513C value for L. 

solidungula in this study was within the mean range found for other brown macroalgae (Wiencke 

& Fischer 1990, Davenport & Bax 2002, Fredriksen 2003). This variation should be considered 

during food web studies, as primary producers are essential food web components. It is, 

therefore, suggested that stable isotope food web studies collect enough samples of primary 

producers to incorporate natural variation. Within the Boulder Patch, there was only slight 

variation between sites in regards to kelp 513C and 815N values. Laminaria solidungula 813C 

values were similar at all sites within the Boulder Patch, suggesting that inorganic carbon sources
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are uniform. Such inorganic carbon sources include HC03‘, and C 02, otherwise known as DIC 

(Raven et al. 2002). The DIC value of 0.06%o found at DS-11, which is close to the accepted 

value of 0%o for seawater, supports this idea (Boutton 1991). Compared to DS-11, the two sites 

(B1 and L2) that were enriched in 515N were closer to the Sagavanirktok River Delta than the 

remaining sites. This suggests that 515N values are influenced by terrestrial inputs, however, if 

this were the case 815N values would be expected to be more negative. Other possible 

explanations for the higher 515N values could be differences in salinity, nutrients, or sediment 

content. Despite differences in S15N values at two sites, stable isotope values seem to be 

relatively uniform throughout the Boulder Patch.

Laminaria solidungula has a distinctive growth pattern that results in the formation of 

annual blade segments. Blades start growing in November and continue through winter, while 

summer growth is absent to minimal (Dunton et al. 1982). Based on tagged individuals, L. 

solidungula is known to live at least 15 years (Dunton, personal communication). After four to five 

years, kelp distal ends start to degrade. In this study, stable isotope samples were collected along 

kelp blades, representing a physical time series. Results indicate very little correlation between 

isotope values and kelp age, except that distal ends were more enriched in 513C and 81SN than 

basal sections. These differences in stable isotope values between distal and basal sections are 

likely a result of blade deterioration, as distal tissues had lower C:N ratios. This is consistent with 

bacterial degradation, which decreases both C:N ratios and phlorotannin content, making kelp 

available as a food source (Norderhaug et al. 2003). In contrast, a Norwegian study found distal 

ends of the kelp, Laminaria hyperborea, depleted in 8l3C and 815N compared to basal segments 

(Fredriksen 2003). A similar species of kelp, Laminaria longicruris, showed spatial variation of 

stable isotopes along the lamina, which was attributed to biochemical component storage of 

different isotopic compositions (Stephenson et al. 1984). Another study found no consistent 

spatial trend in S13C values along the blades of two Antarctic species of benthic brown algae 

(Himantothallus grandifolius and Ascoseira mirabilis) (Dunton 2001). These studies all support
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the current study, which suggests that stable isotope samples taken along a kelp blade do not 

represent a temporal proxy.

2.5.1 - Trophic Structure

Although it was difficult to obtain an accurate isotope value for phytoplankton samples 

due to high sediment and detritus content, a mean -25.03 ± 1.46%o §13C for POM had a range 

similar to other high latitudes marine systems (McConnaughey & McRoy 1979, Dunton & Schell 

1987, Hobson & Welch 1992, Fredriksen 2003, Corbisier et al. 2004). It has been previously 

suggested that bryozoans may act as integrators of S13C from phytoplankton (Dunton & Schell 

1987). In this study, bryozoans were found to have a trophic level of 1.44 and showed no 

dependence on kelp carbon, which supports the idea, that POM 813C is an accurate 

representative of phytoplankton. Lower carbon values obtained for red algal group one were 

similar to other marine systems (Dunton 2001, Fredriksen 2003) and can be explained by the 

diffusive use of C02 versus the uptake of HC02' during photosynthesis (Raven et al. 2002). Red 

algal stable isotopes were excluded from food web calculations because no organisms showed 

signatures suggesting red algal herbivory.

Boulder Patch organisms fit the expected and previously reported trophic positions, with 

isotope values similar to those in the literature (McConnaughey & McRoy 1979, Dunton & Schell 

1987, Dunton et al. 1989, Hobson & Welch 1992, Raven et al. 2002, Fredriksen 2003). The 

majority of Boulder Patch organisms use kelp carbon to some degree, which could include either 

direct grazing or consumption of kelp detritus. Only a few select taxa rely solely on POM carbon. 

For example, hydroids and bryozoans seemed to have a relatively low trophic level, feeding 

directly on POM. While other filter feeding organisms, such as sponges fed mainly on POM, S13C 

values suggested they had a 35% dependency on kelp. This kelp carbon is most likely re

suspended detritus, as most sponges are selective suspension-feeders and depend on particles 

smaller than 50 pm (Reiswig 1971).
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There appeared to be approximately three trophic levels within the Boulder Patch 

ecosystem, ranging from the bivalve, Astarte sp., to the seastar, Crossaster sp. Positioning 

between trophic levels one and two identified most suspension feeders as first level consumers. 

Second level consumers ranged between two and three while several predators, such as 

actinians and nemerteans had trophic levels higher than three. An interesting note was that 

several animals, which were previously thought to graze on kelp, had higher 8 15N  values than 

expected, including two species of chitons, Ischnochiton albus and Amicula vestita and the snail, 

Margarites vorticifera. The 815N of 1 2 .4 5  to 13 .13% o  of these grazers (TL= 2 .3 -2 .5 )  was 

approximately two trophic levels greater than kelp. In the Arctic, a fractionation of ~ 4 -5 % o  was 

previously noted for 51SN values of primary producers and primary consumers (Hobson et al. 

1 9 9 5 ) , which is greater than the assumed 3.8% o per trophic level. Although this accounts for some 

of the discrepancy, the ~6%o enrichment found between vorticifera and the two species of 

chitons and Laminaria solidungula still suggests some omnivory. Both chiton species were 

commonly found on rocks and occasionally on kelp stipes, while M. vorticifera was almost 

exclusively collected from L. solidungula blades. The 5 1SN  values likely result from an unselective 

grazing strategy and may represent the incorporation of sessile invertebrates into the diet. 

Another explanation for the increased 5 15N  is the possible ingestion of microphytobenthos 

(Herman et al. 2 0 0 0 ) .

A significant finding for this study is that many mobile crustaceans, such as mysids, 

showed a 50% or greater kelp carbon dependency. This is important, as these animals are often 

fish prey and may represent a link between benthic production and the peiagic system. 

Organisms such as sponges and anthozoans seem to utilize some kelp carbon, most likely in the 

form of detritus, although anthozoans could be consuming some mobile crustaceans. Bentho- 

pelagic coupling was apparent in stable isotope values from some benthic filter feeders. For 

example animals, such as bryozoans and hydroids, showed a dependence on POM. These
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stable isotope values suggest both a transfer of carbon from the benthos to the pelagic food web 

as well as a transfer of carbon from the pelagic environment to the benthos.

2.5.2 - Temporal Variation

Kelp samples from this study showed more negative isotope values compared to 

archived samples from the 1980’s. A similar depletion was seen in bowhead whale baleen 513C 

from the Bering Sea, which decreased by 2.7%o between 1966 and 1997 (Schell 2000). The 

bowhead’s change was suggested to be an indicator of changes in phytoplankton 813C, 

associated with a declining Bering Sea carrying capacity. In contrast it was argued that lighter 

values were observed due to an increase in anthropogenic CO2 with depleted 813C, which would 

be incorporated into phytoplankton S13C (Cullen et al. 2001). A similar decline of 1.9 %0 was noted 

for Stellar sea lion 813C in the Bering Sea between 1953 and 1997 (Hirons et al. 2001). One 

explanation for this decline was a possible shift in isotopic composition in the food web base. The 

3 .55% o  depletion in S13C values found in this study is greater than the decrease found in the 

Bering Sea; however, most kelp signature changes have occurred since 2002. Between 2002 and 

2004, 813C values have decreased by 1.5%o per year, while the change between 1980 and 2002 

was ~ 0 .5% o . Although not as drastic, kelp S15N also decreased by 0.33%o per year. These stable 

isotope values may be an indicator of change in the Arctic Ocean food web base. It is also 

possible that due to a decrease in summer ice cover, more time is available for photosynthesis. 

As POM samples were only collected during two years and because archived samples were not 

available, limited temporal comparisons were made for POM. Results indicate similar 813C values 

between the two years (p=0.806, ANOVA), while 815N were significantly different (p<0.005, 

ANOVA). However, as these samples were both taken near DS-11, the differences are most 

likely a result of differences in suspended material and because it is unknown which sample is 

more accurate of phytoplankton 815N, the mean of the two values was used as a representative 

value.
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Several trends became apparent when comparing stable isotope values of archived 

samples to recent samples. Organisms that predominately utilized kelp carbon had lighter 513C 

values and, except for Ischnochiton albus, whose 815N values also were lighter. Gammarus 

setosus showed the largest change in 513C. This large amphipod, which receives about 50% of its 

carbon from kelp, had a S13C change of -3.16%o, while its 815N increased by 1.29%». This suggests 

G. setosus has switched food sources since the 1980’s. Similarly, the large isopod, Saduria 

entomon, which is also commonly found outside the Boulder Patch, appears to have changed 

feeding strategies. This organism had higher values for both 813C and S15N. Animals that utilize 

POM carbon had higher S13C and 815N values when compared to archived samples (1.83%» and 

2.40%o, respectively). The only filter feeding animals that did not increase in 513C were the 

hydroids. These organisms were also the only filter feeders that did not utilize any kelp carbon.

While this study helped define Boulder Patch food web structure, it also demonstrated 

how stable isotopes can change temporally. The Boulder Patch has potential to be influenced by 

anthropogenic effects such as oil exploration. It is possible that the Boulder Patch area may be 

undergoing environmental changes because the Arctic is expected to show noticeable effects of 

climate change (Morison et al. 2000). Over the next 25 years, a great concern for the Arctic is 

ecological change due to warming temperatures (Clarke & Harris 2003). With an expected 

decrease in sea ice extent and duration, arctic marine biota may be altered (Tynan & DeMasters 

1997, Clarke & Harris 2003). Already several biological responses have been noted in the Arctic, 

including a northward tree line extension, the presence of pacific salmon in higher latitudes, and 

the appearance of storm drift kelp, Laminaria solidungula, along the Barrow shores (Babaluk et 

al. 2000, Payette et al. 2002, Feder et al. 2003). In addition, the Boulder Patch is near oil 

development and exploration and overlays a potential oil source. It is, therefore, important to 

monitor the Boulder Patch for potential change. One way to monitor this biologically sensitive 

ecosystem for changes is to examine trophic structure and food web dynamics.
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Stable isotopes have become a common tool used by ecologists to define and confirm 

food web structure in marine ecosystems (Fry 1988, Michener & Schell 1994, Fredriksen 2003). 

Studies have also used stable isotopes to examine temporal changes in food web structures 

(Schell 2000, Hirons et al. 2001). The majority of these studies infer past conditions from samples 

taken from one time-recording structures of a single species, such as Stellar sea lion teeth or 

bowhead whale baleen. Though this information is valuable, these studies do not sample an 

entire food web, and they have no baseline measurements of primary producers, whose changes 

are likely to be noticed first. Stable isotope values are now readily available in the literature for 

many ecosystems, allowing for the possibility of monitoring change. This study suggests that 

stable isotopes can be used as a feasible tool by scientists to define and monitor temporal shifts 

in ecosystem trophic structure.
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FIGURE 2.2: Mean 513C and 51SN values for Laminaria solidungula at DS-11 
(n=102) and POM for the Boulder Patch (n=7). The lighter outlined circles 
represent kelp while the darker circles represent POM.
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FIGURE 2.4: Average stable isotope values for the kelp, 
Laminaria solidungula, which were sampled during different years 
at DS-11. Error bars represent standard deviation.
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FIGURE 2.5: Relative differences in 513C and 515N values of modern 
samples compared to archived samples. The circles incorporate ‘grazer’ 
and ‘filter feeders’.



TABLE 2.1: GPS location and mean isotope values (± 1 standard deviation) for Laminaria 
solidungula at each of the different dive sites in the Boulder Patch (‘ indicates sites that are 
significantly different than DS-11, a=.05 ANOVA Tukeys HSD test).

Dive site §13c ( % o )  sd 51SN ( % o)  sd Longitude Latitude

L-2 (6) -23.40 0.97 9.82* 1.17 70.30131 -147.57440

E-3 (5) -21.30 1.41 6.35 1.02 70.32446 -147.64653

E-2 (5) -23.37 1.50 7.08 1.73 70.31839 -147.71479

E-1 (8) -21.25 2.96 5.97 1.49 70.31491 -147.73148

L-1 (6) -22.77 1.57 7.82 0.89 70.28896 -147.60665

B-1 (5) -22.39 2.18 9.12* 0.83 70.29724 -147.63696

W-3 (3) -19.29 1.33 6.84 0.14 70.37608 -147.79518

DS-11 r 1021 -21.42 2.62 5.92 1.29 70.32252 -147.57861
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TABLE 2.2: Mean isotopic variation (± 1 standard deviation) and range of 813C and §15N within 
individual Laminaria solidungula thalli at DS-11, which had three or more samples taken from the 
blade.

Kelp
Number

number of 
samples per thalli 513C(%o) sd

range of
513C(%o) 615N(%o)

range of
sd 815N(%o)

1 5 -22.62 2.64 6.32 6.03 0.52 1.59

2 3 -21.10 2.23 2.94 6.41 0.05 0.41

3 14 -20.03 1.22 4.72 5.70 1.24 3.56

4 6 -21.04 1.88 4.46 7.07 1.72 4.47

5 7 -20.20 1.00 2.48 6.28 1.05 3.04

6 4 -20.94 2.23 4.73 5.50 1.40 3.21

7 7 -19.87 1.18 2.95 4.87 1.66 4.64

8 5 -18.38 2.48 l.09 5.39 0.65 3.83

9 8 -22.20 1.64 4.57 5.01 0.76 4.79

10 9 -22.18 2.06 5.57 5.65 0.50 1.78

11 7 -24.32 3.65 9.15 5.57 0.72 1.92
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TABLE 2.3: Results for statistical analysis between individual Laminaria solidungula at DS-11, 
bold text indicate a significant difference (a=0.05).

Tukey HSD test: S13C

S,3C (%o) -22.62 -22.11 -20.03 -21.04 -20.20 -20.94 -19.87 -18.39 -22.20 -22.18 -24.23
Kelp

Number 1 2 3 4 5 6 7 8 9 10 11

1 1.00 0.28 0.95 0.54 0.96 0.35 0.03 1.00 1.00 0.93

2 1.00 0.83 1.00 0.93 1.00 0.83 0.24 1.00 1.00 0.87

3 0.27 0.83 0.99 1.00 1.00 1.00 0.86 0.30 0.26 <0.05
4 0.95 1.00 0.99 1.00 1.00 0.99 0.46 0.99 0.99 0.12

5 0.54 0.93 1.00 1.00 1.00 1.00 0.87 0.64 0.62 <0.05

6 0.96 1.00 1.00 1.00 1.00 1.00 0.66 0.99 0.99 0.20

7 0.35 0.84 1.00 0.99 1.00 1.00 0.96 0.42 0.39 <0.05

8 0.03 0.24 0.86 0.46 0.87 0.66 0.96 0.03 0.03 <0.05

9 1.00 1.00 0.30 0.99 0.64 0.99 0.42 0.03 1.00 0.61

10 1.00 1.00 0.26 0.99 0.62 0.99 0.39 0.03 1.00 0.56

11 0.93 0.87 <0.05 0.12 <0.05 0.21 <0.05 <0.05 0.61 0.56

Tukey HSD test: S15N
515N (%>) 5.78 6.41 5.70 7.07 6.29 5.50 4.87 5.39 5.01 5.65 5.57

Kelp
Number 1 2 3 4 5 6 7 8 9 10 11

1 1.00 1.00 0.76 1.00 1.00 0.96 1.00 0.98 1.00 1.00

2 1.00 1.00 1.00 1.00 0.99 0.71 0.98 0.80 1.00 0.99

3 1.00 1.00 0.38 0.99 1.00 0.90 1.00 0.96 1.00 1.00

4 0.76 1.00 0.38 0.98 0.59 0.04 0.40 0.06 0.44 0.44

5 1.00 1.00 0.99 0.98 0.99 0.46 0.96 0.57 0.99 0.99

6 1.00 0.99 1.00 0.59 0.99 1.00 1.00 1.00 1.00 1.00

7 0.96 0.71 0.90 0.04 0.46 1.00 1.00 1.00 0.96 0.99

8 1.00 0.98 1.00 0.40 0.96 1.00 1.00 1.00 1.00 1.00

9 0.98 0.79 0.96 0.06 0.57 1.00 1.00 1.00 0.99 0.99

10 1.00 1.00 1.00 0.44 0.99 1.00 0.96 1.00 0.98 1.00

11 1.00 0.99 1.00 0.44 0.98 1.00 0.99 1.00 1.00 1.00
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TABLE 2.4: Mean 513C, 51SN values and C:N ratios (± 1 standard deviation) for primary 
producers. ND= no data.

n 513C(%o) sd 815N(%o) sd C:N sd

KELP
Laminaria solidungula 
(DS-11)

102 -21.42 2.60 5.92 1.35 13.26 4.03

Laminaria solidungula 57 -23.43 3.03 7.31 1.75 12.92 2.70

Laminaria saccharina 7 -18.03 3.15 7.51 1.03 13.74 7.09

GREEN ALGAE
Chaetomorpha sp. 1 -20.54 9.94 7.88

RED ALGAE 1
Scagelia sp. 1 -34.88 1.94 17.23

Phycodrys rubens 5 -36.85 0.34 7.86 2.24 7.28 1.25

Phyllophora truncata 6 -36.20 0.71 8.19 3.26 8.52 1.66

Epiphyte 2 -37.29 0.10 12.59 >0.01 8.84 2.91

RED ALGAE 2
Odo nth alia dent at a 4 -28.60 4.63 9.49 1.16 7.40 2.92

Rhodomela confervoides 5 -27.78 0.89 8.63 1.58 7.09 1.33

RED ALGAE 3
Neodilsea integra 4 -21.54 0.87 9.46 0.30 7.46 2.43

RED ALGAE 4
Lithothamnium sp. 4 -15.17 0.55 7.68 1.35 8.53 1.14

POM ALL 10 -25.06 1.26 8.43 2.01 8.23 3.32

POM 2003 6 -25.15 0.38 9.33 0.59

POM 2004 4 -24.93 2.12 6.15 0.26

SEDIMENT 2 -27.19 0.46 3.64 0.16 12.16 2.66

DIC 1 0.06 ND ND
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TABLE 2.5: Mean 513C, 815N values and C:N ratios (± 1 standard deviation) for animals. Trophic 
levels and the percentage of kelp carbon are shown for invertebrates. Ranges for % of kelp 
carbon are based on the organisms §13C. Sd values in parentheses are based on mean values.

% kelp
n 513C(%o) sd 515N(%.) sd TL carbon C:N sd

ANIMALS
zooplankton 1 -21.46 11.71 2.26 46 4.46

bryozoans 9 -24.46 1.59 8.91 1.01 1.44 0-29(0) 5.50 1.85

SPONGES

Halichondria panicea 9 -22.50 0.53 10.18 1.00 1.78 17-46(31) 4.62 0.47

Phakettia cribrosa 10 -22.47 0.91 9.29 0.97 1.54 12-62(37) 4.34 0.48

Choanites lutkenii 6 -21.70 1.27 11.67 1.47 2.18 10-79(44) 6.11 1.67

Haliclona gracilis 7 -21.93 2.37 10.50 0.97 1.87 0-100(45) 4.17 0.60

sponges all 33 -22.22 1.33 10.25 1.32 1.80 2-75(38) 4.74 1.13

CNIDARIANS

Gersemia rubiformis 5 -22.68 1.06 13.47 1.01 2.65 0-36(7) 4.88 0.56

Anthozoa 7 -20.17 0.59 17.14 1.44 3.61 39-71(55) 3.92 0.32

Hydroids 4 -24.98 0.92 8.67 - 0.93 1.38 0 4.36 0.70

Unidentifed medusa 1 -17.84 12.16 2.30 100 3.49

stalked tubularian 1 -23.21 12.64 2.43 0 4.35

MOLLUSKS

Astarte sp. 9 -24.07 1.22 8.08 0.80 1.23 0-34(0) 3.91 0.45

Bivalve 1 -21.81 9.41 1.58 55 ND

Amicula vestita 9 -21.03 2.18 12.85 0.75 2.49 0-100(56) 3.81 0.25

Ischnochiton albus 8 -18.42 0.73 13.13 0.57 2.56 100 4.44 0.46

Margarites vorticifera 6 -18.40 1.24 12.45 0.55 2.30 98-100(100) 3.81 0.21

Eubranchus sp. 2 -20.67 4.31 12.38 0.38 2.36 0-100(69) 4.11 0.52

Nudibranch 1 -20.46 12.10 2.89 63 4.38

Neptunea borealis 3 -20.63 0.86 14.59 2.23 2.94 33-81(57) 3.96 0.15

Polinices pallidus 1 -20.11 11.00 2.00 92 3.63

e c h in o d e r m s

Crossaster sp. 1 -22.04 17.46 3.50 6 7.62

Leptasterias
groenlandica

5 -20.36 1.44 15.16 0.28 3.09 22-100(61) 4.91 0.62

Henrica sp. 4 -20.19 0.63 15.08 0.51 3.07 49-84(66) 4.81 0.22

Brittle star 1 -21.09 11.22 2.06 64 4.51

Sea stars 1 -18.20 12.33 2.35 100 3.78

ARTHROPODS

Nymphon gross ip es 5 -25.01 0.78 11.73 0.70 2.19 0 4.29 0.14
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% kelp
TABLE 2.5: continued.

n 513C(%o) sd 815N(%o) sd TL carbon C: N sd

Saduria entomon 8 -20.76 1.42 12.47 1.33 2.39 27-100(66) 4.92 0.75

Gammarus setosus 8 -21.28 0.91 11.12 118 2.03 34-84(59) 4.72 0.68

shrimp 2 -20.06 0.34 14.08 0.45 2.80 66-85(76) 3.84 0.26

mysids 3 -21.55 0.59 9.70 0.21 1.66 44-76(60) 4.88 1.07

cumacean 1 -18.34 10.58 1.88 100 4.17

amphipod sp.1 3 -22.49 0.73 8.81 1.10 1.42 19-59(39) 4.09 0.97

amphipod sp.2 1 -20.74 15.14 3.09 51 6.42

Hyas coarctatus 4 -18.75 1.62 11.73 0.70 2.19 81-100(100) 3.76 0.36

alutaceus

NEMATODES 4 -22.25 0.19 14.10 0.29 2.81 10-21(15) 4.32 0.22

NEMERTEANS 1 -21.38 15.48 3.17 31 5.95

ANNELIDS

Polychaetes, filter feeder 6 -20.73 1.65 9.04 0.88 1.48 41-100(86) 4.92 1.01

Polychaetes, omnivore 5 -20.17 0.76 11.08 0.67 2.01 69-100(90) 4.26 0.54

Spinther sp. 3 -21.51 0.64 12.36 0.86 2.36 28-63(46) 3.96 0.38

Polychaetes, all 14 -20.70 1.25 10.48 1.56 1.86 45-100(79) 4.63 0.86

CHORDATA

Ascidians 4 -24.32 1.92 10.35 1.50 1.82 0-33(0) 5.11 0.89

Myoxocephalus
quadricornis

2 -21.34 0.55 14.34 0.79 2.87 24-54(39) 3.34 0.13

Boreogadus saida 1 -21.90 15.34 3.14 18 3.39
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TABLE 2.6: Mean modern and archived stable isotope values (± 1 standard deviation). Modern 
samples were collected between 2002 and 2004, while archived samples were collected between 
1979 and 1986. Archived samples represented 12 species. Differences are a result of archived 
sample minus the value obtained from modern samples. (* indicates organisms with significant 
differences between archived and modern stable isotope values a=0.05, ANOVA).

Modern samples Archived samples Differences
Name 513C(%.) sd 515N(%.) sd n 813C(%.) sd 515N(%.) sd n S13C(%.) 515N(%.)

Laminaria solidungula -21.12 2.62 5.89 1.29 102 -19.19 0.60 6.41 0.83 4 -1.93 -0.52

Amicula vestita -21.04 2.17 12.85 0.75 11 -19.31 0.34 13.01 0.66 3 -1.73 -0.16

Ischnochiton albus -18.42 0.72 13.13 0.56 10 -17.74 0.79 12.19 1.03 3 -0.68 0.94

Margarites vorticifera -18.40 1.24 12.44 0.54 8 -16.63 0.74 13.21 0.45 3 -1.77 -0.77

mysids -22.50 1.96 9.30 0.81 5 -21.90 0.08 10.40 0.95 2 -0.61 -1.10

Saduria entomon* -19.83 1.84 11.71 1.57 14 -21.67 0.12 9.31 2.01 2 1.83 2.40

Polychaetes-filter feeder -20.79 0.20 8.40 0.67 2 -22.82 8.21 1 2.03 0.19

Hydroids -24.98 0.92 8.67 0.93 4 -24.35 0.98 7.96 0.75 2 -0.63 0.71

Gammarus setosus* -21.27 0.91 11.13 1.20 9 -18.11 0.92 9.84 0.18 2 -3.16 1.29

Gersemia rubiformis -22.51 1.15 13.65 1.09 4 -23.37 12.82 1 0.86 0.82

Leptasterias
groenlandica

-20.99 0.36 15.01 0.41 4 -21.38 15.16 1 0.39 -0.15

sponges all -22.13 1.42 10.21 1.36 37 -23.70 0.62 10.19 2.06 3 1.56 0.01
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CHAPTER 3

PATTERNS IN STABLE OXYGEN (5180) AND HYDROGEN (5D) ISOTOPES: AN ECOSYSTEM

PERSPECTIVE

3.1 - INTRODUCTION

Analyses of naturally occurring stable isotope ratios are utilized as a tool in a variety of 

scientific fields. Carbon, nitrogen, sulfur, oxygen, and hydrogen all have stable isotopic forms, the 

analyses of which have increased as applications have expanded over the past few decades 

(Bowen et at. 2005). Biogeochemists and paleooceanographers have developed stable isotope 

techniques to study elemental cycling, past climatic conditions, chemosynthetic systems, and to 

trace both water and mineral sources. Ecologists use natural abundances of stable isotopes to 

examine feeding patterns and physiological mechanisms at the single organism level as well as 

to research food web structure (Fry 1991, Dunton 2001, Fredriksen 2003). Stable isotopes also 

are used to understand paleodiets and examine elemental cycling in both terrestrial and marine 

ecosystems (Lajtha & Michener 1994). Global patterns found in stable isotope signatures of 

oxygen and hydrogen can be related to precipitation and used to examine animal migration 

(Hobson 1999, Hobson et al. 2004). Paleoecological studies also have used stable oxygen 

isotope analyses to infer past environmental conditions (DeNiro 1987, Koch et al. 1994, Kohn et 

al. 1996, Wooller et al. 2004). As a result of these studies, isotopic analysis has become a 

standard tool for physiologists, ecologists, botanists, oceanographers, and many other scientific 

disciplines.

Advances in instrumentation associated with stable isotope analyses have allowed stable 

isotope techniques to be more readily applied by reducing sample preparation time and costs (Fry 

et al. 1992, Kornexl et al. 1999). The efficiency of modern methods also has increased as the 

elemental analyzer (EA) and isotope ratio mass spectrometer (IRMS) can quickly and cost- 

effectively produce results for multiple isotopes from a single sample, allowing simultaneous
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values to be obtained for oxygen (5180) and hydrogen (5D) (Werner et al. 1996, Koziet 1997, 

Kornexl etal. 1999, Werner 2003).

Oxygen has three stable isotopes: 160, 170, and 180. This study used abundance of 170  

is so minuscule (~0.04%) that 170 /160  ratios provide little information above that which can be 

gained from the more abundant and accurately measurable 180. The presence of 170  is therefore 

considered negligible for stable oxygen isotope analysis. Hydrogen has two stable isotopes: 1H 

and 2H (2H is hereafter referred to as D or deuterium). Because of the low abundance of heavier 

isotopes, almost all water molecules are one of three isotopic combinations, 1H2160, D2160, and 

1H2180  (Hoefs 1997). These distinct water molecules can be useful tools for determining 

precipitation sources and evaporation effects (Bowen et al. 2005). The 51sO and 5D values in 

precipitation behave predictably, falling along the global meteoric water line (GMWL) as defined 

by the following equation (Craig 1961):

5D = 8(51sO) + 1 0 % o

The GMWL slope represents differences in the equilibrium fractionation factors for 5180  

and 8D, which is eight times greater for oxygen than hydrogen (Rozanski et al. 1993). Water 

fractionation properties lead to pronounced geographical and seasonal variation in precipitation 

stable isotope ratios (Rozanski et al. 1993, Hoefs 1997). These variations cause precipitation 

stable isotope ratios to become more negative with both latitude and altitude, while 5180  and 5D 

values also become more negative as air masses move inland, and are more negative in winter 

than summer (Schiegl 1970). Seawater S180  values can vary temporally and spatially, particularly 

in the Arctic, where its shallow continental shelf is influenced by isotopically lighter freshwater 

(Grebmeier et al. 1990).

Oxygen and hydrogen stable isotope studies can be used to trace water use, uptake, and 

transport by plants. Upon uptake into vascular plants, there is no water evaporation or 

fractionation until it reaches the leaves. Therefore, xylem isotope ratios can be used to measure 

isotopic signatures of water being used by terrestria plants (Gonfiantini et al. 1965, Dawson &
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Ehleringer 1991). Evaporative processes cause significant isotopic enrichment in plant leaves 

and sap at a magnitude dependent on leaf transpiration rate, humidity gradient, and isotopic 

composition of atmospheric water (Lajtha & Marshall 1994, McCarroll & Loader 2004). Cellulose 

stable oxygen isotope composition has been the object of many investigations since it was 

observed that 5180  values of tree wood correlate to leaf water 51S0  and can act as a proxy for 

climate at the time of biosynthesis (Libby & Pandolfi 1974, Epstein al. 1977, McCarroll & 

Loader 2004). It is generally accepted that cellulose 51sO values reflect oxygen isotope 

equilibrium between water and carbonyl groups. Once formed, cellulose should have constant 

5180  values as cellulose cannot exchange oxygen isotopes with water under normal physiological 

conditions (Lang & Mason 1959). There is a fractionation of 27 ± 3%o for 51sO (Sternberg 1989) 

and ~155%o for 8D between cellulose and water sources (Yakir & DeNiro 1990, Luo & Sternberg 

1992). Correlations have been noted in stable oxygen and hydrogen isotopes between cellulose 

and temperature (Libby et al. 1976, Yapp & Epstein 1982a, Sauer 2003), relative humidity (Yapp 

& Epstein 1982b, Edwards & Fritz 1986), and precipitation amount (Lawrence & White 1984, 

Krishnamruthy & Epstein 1985).

Research also has examined stable oxygen and hydrogen isotope fractionation in 

animals by examining phosphates, bird feathers, and chitin (Kohn 1996, Hobson et al. 2004). In 

phosphates, oxygen isotope composition is strongly correlated with GMWL (Longinelli 1984, Luz 

et al. 1984, 1990, D’Angela & Longinelli 1990). Feather 5180  and 5D values have been used as 

an indicator of bird migration patterns, as they incorporate signals from the surrounding 

environment (Hobson & Wassenaar 1997, Hobson et al. 1999). Stable oxygen isotopic signatures 

of chitin from aquatic invertebrates also can reflect their environment (Schimmelmann & DeNiro 

1986, Wooller et al. 2004). For example, in arctic and sub-arctic lakes, chironomid head capsules 

(chitin) have been used as a proxy for predicting past lake water 51sO values and subsequently 

temperature of past lake waters (Wooller et al.2004).
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While there are promising applications for 5180  and 5D analyses of organic samples in 

ecological research, oxygen and hydrogen isotopes have not been examined within trophic 

relationships. Some studies suggest that animals acquire oxygen for biosynthesis primarily from 

the water they inhabit, and to a lesser extent from diet (Schimmelmann al. 1987, Wooller et al. 

2004). The need for more surveys and analyses of 81sO and 5D values in ecosystems has 

frequently been cited (Hobson et al. 2004, Bowen et al. 2005, Wooller et al. 2004). While plant 

and water relationships are well studied in terrestrial and aquatic systems, data on isotopic 

differences between seawater and marine macrophytes are lacking (Burk & Stuiver 1981, Sauer 

2003). Information about stable oxygen and hydrogen isotope values of organisms within the 

same ecosystem is limited, but it is possible that tissue type may play an important role in stable 

isotopic composition, as is the case for carbon stable isotopes (Gearing 1991).

The purpose of this study was to examine 5180  and 5D variation at the ecosystem scale.

I examined if 5180  and 8D values have distinct ecosystem patterns that can be used in 

combination with other isotopes, such as 813C, S15N, and 534S, to determine food web structure 

and feeding ecology. The objectives of this study were to collect a wide range of organisms from 

a high Arctic marine kelp community and analyze them for both 5180  and 8D. It was hypothesized 

that marine macrophytes will have a similar difference in 5180  (A180=~27%o) in relation to their 

respective water sources as terrestrial plants. A second hypothesis was that animals have stable 

isotope values that correlate to feeding preferences and trophic level, as found for 813C and 815N 

values.

3.2 METHODS

This study took place in the vicinity of the Boulder Patch, a high Arctic kelp community, 

which is located within Stefansson Sound along the Alaskan coastal Beaufort Sea. Surface and 

bottom (6 m) water samples were collected from the Boulder Patch at dive site 11 (DS-11, 

70.32Ti, 147.57W). Freshwater samples were collect ed from a pond near the Endicott
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causeway (~1 km from Endicott Island) and from the Sagavanirktok River (~10 km from Endicott 

Island). Water samples were stored in scintillation vials (20 ml) that contained no air space and 

were sealed with electrical tape. Cotton grass, Eriophorum sp. was collected along the road 

between Deadhorse and the Endicott causeway (see Chapter 2 for a more detailed site 

description). Algal and invertebrate samples were haphazardly collected from within the Boulder 

Patch using SCUBA. Sessile and sluggish organisms were collected by hand, while more mobile 

organisms were caught with hand nets (1 mm mesh), or captured using an epi-benthic trawl (~5 

mm mesh). Infaunal organisms were collected using sediment scrapes taken between the cobble 

cover and subsequently sieved through 0.5 mm mesh. Phytoplankton samples were collected 

with vertical tows in 6 m water depth using a small ring net (20 pm mesh) from within the Boulder 

Patch. These samples were then filtered onto precombusted 25 mm glass fiber filters (GFF). In 

an attempt to reduce sediment content, plankton samples also were taken outside the Boulder 

Patch near Narwhal Island in approximately 6 m water depth.

In the field, macroalgal and invertebrate samples were first washed of debris and then 

kept in raw seawater (less than 6 hours) until they were identified. When possible, a voucher was 

made for taxonomic verification. If an organism was sufficiently large, muscle tissue was 

dissected; otherwise animals were kept in raw seawater for at least two hours to clear their guts 

(Dunton & Schell 1987). Samples were grouped according to tissue type similarity. Groups 

included brown and red algae, muscle tissue, sponges, echinoderms (muscle tissue and 

calcareous endoskeleton), cnidarians (composite body sample), and animals containing chitin. To 

increase transportation and handling ease, samples were dried at 50-60 G. When drying was not 

possible, samples were frozen and later freeze-dried. Samples containing large amounts of 

carbonates, such as asteroids, were soaked in 1-2 N HCI until bubbling stopped, rinsed in distilled 

water, and dried at 50-60 G. Samples that containe d only trace amounts of carbonates, such as 

hydroids, were acid fumed overnight (Dunton & Schell 1987, Hobson et al. 1995). Dried samples 

were ground manually using a mortar and pestle.
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Plankton samples were more representative of particulate organic matter (POM) because 

it was not possible to distinguish phytoplankton from detritus. Due to silicate (Si02) in the filters, 

which would interfere with 5180  measurements, POM samples were obtained by filtering water 

until there was a thick organic film on the GFF. This organic layer was then carefully scraped off, 

without scraping filter material, and dried. A dissolved inorganic carbon (DIC) sample was 

obtained by collecting water from DS-11 and storing it in a sealed 20 ml scintillation vial for stable 

isotope analysis (described below).

For stable oxygen and hydrogen isotope analysis of organic samples, 0 .1 - 0 .3  mg of each 

sample was weighed out and analyzed using a Finnigan ThermoQuest Thermochemical 

Elemental Analyzer (TCEA) attached via a Conflow III to a Thermo Finnigan Delta Plus Isotope 

Ratio Mass Spectrometer (IRMS) at the Alaska Stable Isotope Facility. When possible, several 

different individuals of the same species were analyzed. Standards of known 51sO (NBS N-1, 

NBS-18, NBS-19, and an internal calcite standard) were analyzed with each run of organic 

samples. These calibrated international standards were used to construct a calibration curve, 

which had a r2 value of 0 .9 8 -0 .9 9 .  Analytical precision based on one standard deviation for 

Benzioc Acid reference checks ranged from 0.32% o to 2.27% o for 5D measurements and from 

1.62% o to 3.06% o for 5180, while the percent of oxygen and hydrogen precision ranged from 0 .5 5  

to 9 .5 1  and from 0 .1 6  to 1 .7 6 , respectively.

For stable isotope analysis of water, each sample was injected using a CTC Analytics 

A200SE liquid autosampler into the TCEA-IRMS as described above. Of each sample, 0 .2  /rl 

were analyzed in triplicate resulting in sample precisions between 0.06% o and 0 .4 4 % o for 5180  and 

0 .37% o and 1.78% o for 6D. Standards of known 5180  [Vienna Standard Mean Ocean Water 

(VSMOW), Greenland Ice Sheet Precipitation (GISP), and Standard Light Antarctic Precipitation 

(SLAP)] were analyzed with each water sample batch. These calibrated standards were used to 

construct a calibration curve, which had a r2 value of 0 .9 8 -0 .9 9 .
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The 5180  of the DIC sample was analyzed using a CTC analytical autosampler, attached 

to a Gas Bench II, and subsequently via a Conflow III to a Thermo Finnigan Delta Plus XP IR M S .  

Standards of known 51sO (N B S -1 8 ,  N B S -1 9 , lithium carbonate, and an internal calcite standard) 

were analyzed with the DIC sample. These calibrated international standards were used to 

construct a calibration curve, which had a r2 value of 0 .9 8 -0 .9 9 .  Analytical precisions for the 

standards ranged between 0 .1 4%o and 0.99% o.

Oxygen and hydrogen compositions were reported as delta values (8) expressed as per 

mill (%o) according to the following equation:

§X = [(—^ ! i ) - l ] x l 0 0 0
^  standard

Where X is D (2H) or 1sO and R is the corresponding ratio (D/H, 180 /160). For both oxygen and 

hydrogen, the R standard is SMOW (Standard Mean Ocean Water).

The 813C and 81SN data presented here were gathered during a concurrent study in the 

Boulder Patch area (see Chapter 2). Using these stable isotope data, relationships were 

compared among multiple stable isotopes, in addition to the traditional comparisons of 513C 

versus 815N, and 5180  versus 5D. The following stable isotope combinations were examined for 

noteworthy patterns and relationships: S13C versus 81S0, 813C versus 8D, 5180  versus 815N, and 

5D versus 815N.

Statistical analyses were performed using the program Statistica. ANOVAs were followed 

by Tukey’s HSD post-hoc test when needed. A Student’s f-test was used to check for differences 

between two means. An alpha of 0.05 was used in all cases.

3.3-RESULTS

A total of 64 samples were collected from the Boulder Patch and analyzed for 5180  and 

8D, encompassing freshwater and saltwater samples, a terrestrial plant, and 29 marine species. 

These included primary producers, primary consumers, and predators. Samples included muscle



tissue, chitin, and cellulose, as well as whole organisms. Organic samples had 51sO values that 

ranged from 13.70%o (polychaetes) to 47.34%o (Astarte sp.), while 5D values ranged from - 

63.31%o (Laminaria solidungula) to -153.88%o (Eriophorum sp.) (Table 3.1).

Water samples collected within the Boulder Patch and from two freshwater sources had 

5180  and 8D that were positively correlated with each other (r2=0.993, Figure 3.1). Salt water 

samples had higher S180  and 5D compared to freshwater values. Surface water collected at DS- 

11 had lower isotope values for both 5180  (-4.86 ± 0.06%o versus -1.92 ± 0.15%o) and 5D (-37.57 ± 

0.77%o versus -15.48 ± 1.38%») than bottom water. A difference also was noted between 

freshwater sources in that pond water had higher 51sO (-13.88 ± 0.32%o versus -20.25 ± 0.32%o) 

and §D (-116.77 ± 1.78%» versus -153.29 ± 0.92%o) than water collected from the Sagavanirktok 

River (Table 3.1, Figure 3.1).

Marine primary producers had similar fractionation patterns as terrestrial plants compared 

to their respective water sources (Table 3.1, Figures 3.1, 3.2, 3.3). Using the pond water 5180  

value, terrestrial plant samples had a difference (hereafter referred to as A) of 27.8%o between 

pond water 51S0  and plant S180, compared to the A1sO of 31%o obtained when using the 

Sagavanirktok River 5180  value as the water source. Compared to pond water, the cotton grass, 

Eriophorum sp. had a AD of -37.11%o. Marine primary producers had A180  values, compared to 

the surrounding sea water, which ranged from 24.52 ± 2.19%o for Laminaria saccharina to 28.42 ± 

3.59%o for red algae. All primary producers had similar A180  to their likely water sources (p=0.52, 

ANOVA). AD for marine primary producers and their likely water source ranged from -37.11 ± 

12.61%o for Laminaria solidungula to -108.13 ± 15.69%o for POM. Only kelp and Eriophorum sp. 

were similar in their AD from their likely water sources (p=0.773, ANOVA), while red algae and 

POM significantly higher 5D differences (p>0.05, ANOVA).

A weak negative correlation was observed between 5180  and 5D values of organic 

tissues (r2=0.32). Primary producers, excluding POM, had significantly lower 51sO values 

(p<0.005, ANOVA) and higher 5D values when compared to animal samples (p<0.005, ANOVA,

50
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Table 3 .1 ). A wide range of oxygen and hydrogen isotope values were seen at each trophic level 

within the Boulder Patch. The organism with the lowest 5180  value was a polychaete (1 9 .7 0 % o ),  

while the animal with the highest value was the bivalve, Astarte sp. (47.34%»). The chiton, 

Amicula vestita had the highest 5D values ( -9 3 .1 5  ±  3 .27% o), while the amphipods had the lowest 

( -1 3 9 .9 4  ±  19 .34 % o  Table 3 .1 ,  Figures 3 .2 , 3 .3 ) .  The S180  for the DIC obtained during this study 

was 28.65% o.

When compared to other organisms, primary producers could be identified by their 513C 

and S180  values (p<0.005, ANOVA), though no distinct patterns were found for other organisms. 

Several red algal species had lower 513C values compared to kelp, and primary producers were 

lighter than animals. Similarly, primary producers had lighter 8180  values than animals (Figure

3.4). Primary producer groups could be distinguished based on their 813C and 5D values. Kelp 

had statistically distinct heavier 5D signatures compared to other primary producers (p=0.002, 

ANOVA), however, several red algal and POM 8D values overlapped with animal 8D values. No 

clear patterns emerged from animal stable isotope patterns using 813C and 8D as animal 8D 

values were not correlated to 813C values (Figure 3.5). There was a weak positive correlation 

between 5180  and 815N values (r2=0.23), with primary producers having lower values for both 

isotope types than animals (p<0.005, ANOVA, Figure 3.6). The most notable exceptions to this 

were the bivalve and the pycnogonid that had lower 815N, and yet higher 8180  compared with 

other organisms. 8D and 815N were negatively correlated with most primary producers having 

higher 8D vaiues and iower 815N values while animals tended to have lower 5D values and higher 

815N values (r2=0.25, Figure 3.7). One notable exception was POM, which had lower 8D values 

compared to other Boulder Patch primary producers.

To better understand stable isotope patterns in organisms, samples were grouped 

according to sample tissue type, such as muscle, chitin, and cellulose. When grouped in this 

manner, primary producers could easily be distinguished from animals (p<0.005, ANOVA). As a
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group, echinoderms had the highest 5180  (3 9 .0 0  ±  0 .54% o) and the lowest 5D values ( -1 3 4 .9 8  ±  

0 .1 9 ) .  While POM had the lowest 5180  values ( 2 1 .1 8  ±  1.69% o), kelp had the highest 5D values (- 

6 5 .8 8  ±  1 2 .9 5 % , Table 3 .2 , Figure 3 .8 ).

3.4 -  DISCUSSION

Stable oxygen and hydrogen isotopes of organisms have been presented here at the 

ecosystem scale, an approach traditionally used by bio-geochemists studying stable carbon and 

nitrogen isotopes (Hobson & Welch 1 9 9 2 , Michener & Schell 1 9 9 4 ) . This allows for a better 

understanding of natural variation of stable oxygen and hydrogen isotopes within a biological 

system, which is needed if these data are to be used to examine trophic relationships in an 

ecosystem. In addition to examining 5180  and SD values from an ecological standpoint, this study 

took advantage of the availability of S13C and 815N values, which were concurrently collected for 

many samples.

It was important to determine the S180  and SD of possible water sources as they are 

thought to be an important contributor of stable oxygen and hydrogen isotope ratios in organic 

tissues (Schimmelmann et al. 1 9 8 7 , Kohn 1 9 9 6 , Wooller et al. 2 0 0 4 ) .  In this study, water sample 

S180  and SD were positively correlated, and as expected, both the S180  and SD of freshwater 

were lower than seawater samples (Bigg & Rohling 2000). The S180  and SD of water samples in 

this study were similar to those reported elsewhere for both freshwater and seawater in the Arctic 

(Schmidt et al. 1 9 9 9 , Grebmeier et al. 1 9 9 0 ) .  The S180  and SD values observed in the freshwater 

pond in this study were close to the expected values of arctic precipitation (Rozanski et al. 1 9 9 3 ), 

while the Sagavanirktok River was slightly more depleted (Schmidt et al. 1 9 9 9 ) .  Possible reasons 

for this difference could be due to evaporation effects in the pond, or that the Sagavanirktok River 

has a different signal because of its large drainage area, which includes runoff from the Brooks 

Range. In this study, surface and bottom saltwater mean values were used as a representative of 

the Boulder Patch S180  and SD water value, even though the surface and bottom water were
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significantly different (t-test, p=<0.005). These values were obtained from samples collected 

simultaneously and therefore only offer a glimpse of the stable isotope water values. This is 

important as the Boulder Patch is influenced seasonally by freshwater inputs, such as melting ice 

and river discharge. This could influence water 5180  and 8D values at the site, as estuarine 

influence has been documented elsewhere in the Arctic (Grebmeier et al. 1990, Khim et al. 2003). 

This area also is well mixed because it is shallow in water depth and prone to storm action during 

ice free periods. Therefore, the mean of the two water values was considered to be a 

representative approximation for both 81sO and 8D.

Based on an extensive literature search, this is the first study to report 5180  and 8D 

values for marine primary producers. Marine macrophytes had 8180  values that were ~25%o  

higher compared to their assumed water source. Both kelp species and five red algal species 

were used to obtain this average. All marine primary producers had S1sO values close to the 27  ±  

3%o fractionation range between cellulose and water that has been previously documented in 

terrestrial and aquatic environments (Sternberg 1 9 8 9 , Schimmelmann et al. 1 9 9 3 , Sauer 2 0 0 3 ). 

The 5180  difference of 27 .87% o  between freshwater and Eriophorum sp. is consistent with the 

5180  fractionation associated with cellulose production (Epstein et al. 1 9 7 7 , Sternberg 1 9 8 9 , Yakir 

& DeNiro 1 9 9 0 ) . The difference between kelp 8180  and its likely water source (A180  = 2 4 .6 7 % )  

also was close to this documented value. A possible explanation for the similarities in A180  

between terrestrial plants and marine macrophytes could be the constant stable oxygen isotope 

fractionation associated with carbohydrates produced during photosynthetic processes, even 

though terrestrial plants and kelp utilize carbohydrates for different end products. Photosynthetic 

processes are more complex in marine macrophytes, which, in addition to having C02 present, 

also have HC03' available. Marine macrophytes with 513C values less then -30% o, such as some 

red algae in this study, rely on diffusive C 02 entry, as do terrestrial plants, which have typical 813C 

values between - 2 1 %  and -35 °%  (Raven et al. 2 0 0 2 ) .  Based on stable isotope values, it is 

possible that marine macrophytes with 513C values between -30% o and -10%<= could be using
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either C02 or HC03‘ , though it has been suggested that they primarily use HC03' (Raven et al. 

2 0 0 2 ) . If this is the case, the similar marine primary producer 5180  values would suggest that 

dissolved C02 and HC03' also have similar 5180  values. However, the value of ~29%0 for the DIC 

in this study is quite different from the assumed 5180  value of ~ 4 1 % 0 for atmospheric C02 (Yakir & 

Sternberg 2000).

The terrestrial plant had a mean 5D value that was ~37%o lower than the pond water, 

while kelp had 8D values approximately 50% o lower than mean seawater. The difference between 

Laminaria solidungula 8D and seawater (AD=47.83%o) was lower than the assumed -155% o  

difference that has previously been reported between water and cellulose (Yakir & DeNiro 1 9 9 0 ,  

Luo & Sternberg 1 9 9 2 ) .  A slightly different autotrophic 8D fractionation of -1 0 0  to -120% o was 

estimated for freshwater microalgae (Estep & Hoering 1 9 8 1 ) .  Though this fractionation is closer to 

the values obtained in this study, it still leaves a large discrepancy. A possible explanation for this 

discrepancy is that stable isotopic composition of organic tissue from polar regions may be 

influenced by low temperatures and high seasonal variation.

The POM 8D values obtained in this study were assumed to be indicative of 

phytoplankton, but there were two primary limitations with these samples. First, these samples 

were filtered from bulk seawater samples and therefore contained organic contaminates, such as 

zooplankton and suspended detritus. Second, POM 5180  may be influenced by the presence of 

trace Si02 amounts from the GFF filters, although considerable effort was made not to include 

filter material. These samples may not be an accurate representation of phytoplankton S1sO  and 

8D values but are likely a close proxy. Data may therefore be complicated to interpret since POM 

could be an amalgam of many different biologically derived compounds, such as lipids, 

carbohydrates, and silica. This potential error must be considered when comparing isotopic 

patterns, particularly depleted 8D values. No comparisons to the literature can be made for POM 

as, to the best of my knowledge, these are the first reported stable oxygen and hydrogen values 

of these types.
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At an ecosystem level, there were several noteworthy trends in the data. Increases in 

both §180  and 5D values were found for a known direct feeding relationship between the 

polychaete, Spinther sp., and the sponge Haliclona gracilis. The three assumed kelp grazers, two 

chitons and a snail, had higher 5180  values and lower 5D values compared to kelp (Table 3.1). It 

also was noted that as animals increased in assumed trophic level according to their known 

ecological information, 5180  values generally increased while 5D values decreased. The two most 

notable exceptions were the higher than expected 5180  of the pycnogonid, Nymphon ,

and the bivalve, Astarte sp. It is unknown why these animals had §180  values that were 

approximately 45%o, as neither of them are related taxonomically and their feeding strategies are 

different; the bivalve is a filter feeder and the pycnogonid mostly feeds on small sessile 

organisms. Tissue composition also is different as one sample was pure muscle while the other 

was a whole animal including its chitinous exoskeleton. The 5180  values seem valid as they were 

within one standard deviation of the mean 5180  (2 7 .0 2  ±  7 .74% o) obtained for samples analyzed 

from the Boulder Patch.

To assess how organism 5180  and 5D were related to feeding preferences, comparisons 

were made with 513C and 515N values of the same organism. Many ecological studies utilize a 

multiple stable isotope approach including carbon, nitrogen, and sulfur (McConnaughey & McRoy 

1979, Fry 1988, Hobson & Welch 1992, Michener & Schell 1994). Results of these isotopic 

combinations suggest that 5180  and 6D can be used as additional end member references in 

mixing models, in which n types of isotopes can be used to determine n+1 sources (Phillips & 

Koch 2002).

Although 813C values showed large variation within primary producers, particularly for the 

red algae, it was apparent that they had low §180  values compared to animal samples (Figure

3.4). Within the animal samples there was no apparent trend between S13C and 5180. These data 

suggest that the isotopic combination of 513C and 51sO provides little information above that which



can be gained by examining these stable isotopes individually, such as using 813C to determine 

possible carbon sources, and using 51sO to determine possible water sources.

Excluding POM samples, primary producers had higher 5D values compared to animal 

samples (p<0.005, ANOVA). A possible reason for the lower POM values compared to other 

primary producers is that they are composite samples, which may contain resuspended material, 

such as detritus and other inorganic material. It is also possible that phytoplankton have a larger 

fractionation factor than other primary producers. The §13C and 5D values showed very distinct 

signatures for both species of kelp (Figure 3.5). This suggests that 813C and 5D could be used 

simultaneously to differentiate between different primary producers and consumers. However, it 

was not possible to determine animal feeding preferences using 513C and 5D, as animal 813C 

values did not appear to have any relationship to the respective 8D values (Figure 3.5).

Primary producer 5180  and 815N values were lower than those of animals. The S180  and 

815N data suggest a trophic relationship between the two stable isotopes, as there was a general 

positive correlation between both elements. Excluding the pycnogonid and Astarte sp., which 

seem to be notable outliers, animals such as Crossaster sp. and the actinian that occupy the 

highest trophic levels (see Chapter 2) also had the highest 81sO values (Figure 3.6). These data 

suggest that S180  can be combined with 815N to help strengthen explanations for trophic 

relationships. It is unknown why there was a weak positive correlation between 5180  and 815N, 

while 813C and 8180  showed no noticeable correlation.

There were some noteworthy relationships between 815N and 5D as these values were 

weakly correlated. Most primary producers had isotopically high 8D values but low 815N values 

(r2= 0.25). One notable exception was POM, which had low 5D values compared to other primary 

producers. Both seastar species were distinguishable, as they had high 815N and low 5D values 

compared to other animals. Though not as distinguishable other animals such as chitons, snails, 

and actinians also had high 815N values and low 8D values (Figure 3.7). This indicates a stable
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hydrogen isotopic fractionation associated with trophic level, as found in a previous study that 

observed a fractionation between snails and their algal food source (Estep & Dabrowski 1980).

Grouping animals by tissue type helped simplify relationships between S180  and 5D. 

Primary producers had higher S180  values than animals. Animals that had a similar biochemical 

composition tended to group closer together. For example, pure muscle and whole cnidarian 

tissues, mostly likely composed of muscle with composite body tissues, showed different 5180 

and 5D values than crustacean samples that contained some chitin. The echinoderms, most likely 

composed of muscle tissue and calcareous endoskeleton, had the highest 5180  and the lowest 

5D values for the animals. This suggests that differences in S180  and 8D may be influenced by 

the biological composition of a sample (Table 3.2, Figure 3.8). As previously noted all samples 

containing carbonates were acid treated.

Although stable isotopic fractionation factors associated with trophic relationships are not 

as well defined for 51sO and 8D compared to 813C and 51SN, 51S0  and 5D analyses of organic 

samples seem to provide useful ecological information. Mechanisms and exact processes are not 

weii understood, yet it is apparent that there are differences between water source isotope 

signatures and the resident primary producers and animals. This was not unexpected as 8D is 

known to be partly dependent on surrounding water sources (Hobson et al. 1999, Roden et al. 

2000). This study also showed that organism 8180  and 5D had relationships with respective 815N 

values and may be able to provide additional information on trophic relationships. Sample tissue 

composition also had an influence on stable isotopic values. Further studies could examine 5180  

and 8D ratios in direct feeding relationships, particularly between primary producers and 

herbivores. Ecosystem studies in various climates and latitudes also should be pursued because 

climate plays an important role in dictating water source S180  and 8D available to organisms.
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5180  (%o, SMOW)

FIGURE 3.1: Mean 5180  and 8D values (± 1 standard deviation) for water samples and 
primary producers. The solid line represents the correlation between water samples (8D= 
7.58*(8180)+2.58 r2=0.993).
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FIGURE 3.2: Differences between the 5180  of water samples and organic samples. 
The dotted line represents the assumed 27%o fractionation between cellulose and 
water.
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FIGURE 3.3: Mean 5D (± 1 standard deviation) for water samples and organisms 
from within the Boulder Patch.



FIGURE 3.4: Mean 513C and 81sO values (± 1 standard deviation) for Boulder Patch
organisms. Shaded circles represent primary producers, filled triangles represent assumed
primary consumers and empty diamonds represent omnivores and predators.
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FIGURE 3.5: Mean 5180  and 815N values (± 1 standard deviation) for Boulder Patch
organisms. Shaded circles represent primary producers, filled triangles represent assumed
primary consumers and empty diamonds represent omnivores and predators.



FIGURE 3.6: Mean 5D and 615N values (± 1 standard deviation) for Boulder Patch organisms.
Shaded circles represent primary producers, filled triangles represent assumed primary
consumers and empty diamonds represent omnivores and predators.



FIGURE 3.7: Mean §13C and 8D values (± 1 standard deviation) for Boulder Patch organisms.
Shaded circles represent primary producers, filled triangles represent assumed primary
consumers and empty diamonds represent omnivores and predators.
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FIGURE 3.8: Mean 5180  and 5D values (±1 standard deviation) for organisms by 
taxonomic group/tissue types.
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TABLE 3.1: Mean 5180 and 5D values (± 1 standard deviation) for water and organisms 
inhabiting the Boulder Patch. A values are based on the 5180  and 5D of the organisms 
respective water source, n represents number of individual samples analyzed.

Name n 5 ,sO(%o) sd 6D(%o) sd A10O(%o) AD(%o)

WATER SAMPLES
Fresh water

Sagavanirktok river 6 -20.25 0.32 -153.29 0.92

Fresh water pond 3 -13.88 0.24 -116.77 1.78

Salt water

DS-11 surface 3 -4.86 0.06 -37.57 0.77

DS-11 bottom 3 -1.92 0.15 -15.48 1.38

Mean salt water 6 -3.39 1.61 -26.52 12.13

PRIMARY PRODUCERS
ANGIOSPERM

Eriophorum sp. 1 13.99 -153.88 27.87 37.11

KELP
Laminaria solidungula 0=7/ H=8 21.28 1.91 -63.31 12.61 24.67 36.79

Laminaria saccharina 3 20.86 2.19 -72.74 13.60 24.25 46.22

RED ALGAE

Phycodrys rubens 1 20.99 -87.43 24.38 71.95

Phyllophora truncata 1 23.21 -102.52 26.60 76.00

Epiphyte 1 30.07 -92.35 33.46 65.83

Odonthalia dentata 1 26.82 -87.77 30.21 61.25

Lithothamnium sp. 1 23.16 -90.17 26.55 63.65

Red algal average 5 24.85 3.59 -92.05 6.18 28.42 65.53

POM 3 21.18 1.69 -134.65 15.69 24.57 108.13

ANIMALS

PORIFERA 3 26.44 6.96 -118.76 9.92 29.83 92.24

CNIDARIANS
Gersemia rubiformis 1 28.34 -121.03 31.73 94.51

Anthozoa 1 35.66 -100.94 39.05 74.42

Hydroids 1 34.61 -105.59 38.00 79.07

MOLLUSKS

Astarte sp. 1 47.34 -126.68 50.73 100.16

Amicula vestita 2 27.92 4.31 -93.15 3.27 31.31 66.63

Ischnochiton albus 2 30.93 5.90 -114.56 1.06 34.32 88.04

Margarites vorticifera 4 26.85 10.77 -103.68 5.27 30.24 77.16

Neptunea borealis 1 34.78 -105.62 38.17 79.10

Polinices pallidus 1 36.47 -111.57 39.86 85.05

ECHINODERMS
Cross aster sp. 1 39.38 -135.11 42.77 108.59
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TABLE 3.1: continued.
Name  n__________6laO(%.) sd_______ 5D(%.)sd_________ A1SQ(%.)_______ AD(%.)

Leptasterias 1 38.62 -134.84 42.01 108.32
groenlandica

ARTHROPODS
Nymphon grossipes 1 45.58 -98.96 48.97 72.44

Saduria entomon 2 35.56 0.42 -125.91 0.49 38.95 99.39

Gammarus setosus 1 29.64 -123.99 33.04 97.47

Amphipod 2 36.43 3.54 -139.94 19.34 39.82 113.42

Hyas coarctatus alutaceus 1 32.51 -119.07 35.90 92.55

POLYCHAETES 1 19.70 -121.32 23.09 94.8

Spinther sp. 0 = 1 /H=2 32.47 -107.14 27.28 35.86 80.62

CHORDATA
Myoxocephalus 1 29.78 -119.69 33.17 93.17
quadricornis
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TABLE 3.2: Mean 5180  and 8D values (± 1 standard deviation) for organisms by taxonomic 
group/tissue types, n represents number of individual samples analyzed.

Name n S180(%o) sd 5D(%o) sd

Salt water 3 -1.92 0.15 -15.48 1.38

Fresh water 5 -13.88 0.24 -116.77 1.78

Terrestrial plant 1 13.99 -153.88

Kelp 0=10/ H=11 21.56 1.88 -65.88 12.95

Red algae 7 25.03 2.97 -95.70 6.86

POM 3 21.18 1.69 -134.65 15.69

Echinoderm 2 39.00 0.54 -134.98 0.19

Sponges 3 26.44 6.96 -118.76 9.92

Polychaete 0: ii
XcviII :3 26.09 9.03 -114.23 10.03

Muscle tissue 12 31.12 8.53 -107.81 10.44

Cnidarian 3 32.87 3.96 -109.18 10.51

Mix (chitin) 7 35.96 5.13 -124.81 16.00
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CHAPTER 4 

GENERAL CONCLUSIONS

This study enhanced the understanding of trophic relationships in the Boulder Patch 

ecosystem using a multiple isotopic approach. Chapter two examined spatial isotope variation in 

the food web base, defined and verified trophic levels of organisms, and discerned temporal shifts 

in isotope signatures over the past several decades. Considerable variation was documented for 

513C and 815N at the base of the food web. This variation must be taken into account when 

defining trophic levels and using mixing models. Despite this isotopic variation, the food web of 

the Boulder Patch was better defined, in that most animals fit and confirmed already known 

feeding strategies. This is due to distinct 813C and 815N signature of two main sources at the base 

to the food web, kelp and POM. Some temporal shifts in isotope values were found from 1980 

through 2004. The recent depletion in 813C and 815N values for L. solidungula suggest an isotopic 

change in the base of the food web, however, most animals did not show this same depletion, 

which could reflect changes in feeding.

Chapter three demonstrated that 5180  and 5D have potential use in ecological studies. 

S180  and 8D data suggest that primary producers can be distinguished from animals. A possible 

trophic relationship included a general enrichment of S180  values and depletion of 5D values as 

trophic levels increased. Data suggest that 8180  and 8D can be used as additional end members 

in mixing models. An interesting find of this study was that marine macrophytes and the terrestrial 

plant, Eriophorum sp., had similar A180  patterns from their respective water sources. Tissue 

composition appears to have an important effect in determining 8180  and 8D values.

The data presented in this thesis not only improved our understanding of trophic 

relationships in a high arctic kelp community, it also can be used to monitor this biologically 

sensitive area, as these data provided baseline information. The Boulder Patch community is a 

rarity along the Alaskan Beaufort Sea and may be prone to changes in the Arctic, such as
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decreased sea ice extent and warmer temperatures. Therefore, the information provided here is a 

valuable asset to understanding any biological changes in this ecosystem.


