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Abstract 

Seabirds are an important link between their marine feeding areas and their terrestrial 
breeding environments, transporting both marine-derived nutrients and contaminants to 
land via their excreta, feathers and carcasses. The importance of seabird-derived nutrients is 
particularly apparent in nutrient poor regions like the Canadian High Arctic, where 
biological oases form in the area surrounding a colony. While providing the nutrient 
subsidies that shape the terrestrial ecosystem of many Arctic sites, seabirds may focus 
contaminants into their nesting sites at potentially toxic levels. Here, we investigated the 
impact of a large northern fulmar (Fulmarus glacialis) colony on nearby ponds spanning a 
broad gradient of seabird influence at Cape Vera, Devon Island. Nutrient concentrations 
were significantly higher in ponds receiving guano than in reference ponds. The ponds 
closest to the cliffs, and thus receiving the highest seabird subsidies, were the most 
contaminated, and in some cases exceeded Canadian Sediment Quality Guidelines for the 
Protection of Aquatic Life for As, Cd and Zn. This study demonstrates that seabirds can 
transport contaminants bioaccumulated from the ocean and funnel them into receptor sites 
to potentially toxic levels thousands of kilometers from industrial centers. 

Resume 

Les oiseaux de mer represented un lien important entre les ecosystemes marins et 
terrestres, transportant des nutriments et des polluants en provenance de la mer a leurs sites 
de nidification via leurs excretions, leurs plumes et leurs cadavres. Le role des oiseaux de 
mer dans le cycle des nutriments est evident dans des regions pauvres en nutriments, tel 
l'Arctique canadien. Grace aux nutriments presents dans leurs excrements, des oasis 
biologiques forment autour d'une colonie. Meme si ce guano est riche en nutriments, il 
contient aussi des contaminants bioaccumules d'une diete marine. L'accumulation de 
guano aux sites de nidifications peut amplifier les concentrations des contaminants jusqu'a 
des niveaux toxiques. L'impact d'une colonie de fulmars boreaux {Fulmarus glacialis) sur 
une serie d'etangs a ete etudie a Cape Vera, Nunavut. Les concentrations de nutriments 
etaient significativement plus hautes dans les etangs recevant du guano que dans les sites de 
controle. Les etangs les plus proches des falaises, et recevant ainsi les plus hautes quantites 
de guano, etaient les plus contamines. Dans quelques cas, les recommandations 
canadiennes pour la qualite des sediments: protection de la vie aquatique, pour As, Cd et 
Zn, ont ete depasses. Cette etude demontre que les oiseaux de mer peuvent transporter des 
contaminants de l'ocean et les concentrer dans leurs sites de nidification a des niveaux 
potentiellement toxiques. 
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Introduction 

Seabirds are keystone species in coastal ecosystems, greatly altering resource 

availability in the terrestrial environment (Polis et al. 1997). Annually, seabirds consume 

approximately 70 million tonnes of fish (Brooke 2004), transferring this biomass across 

ecosystem boundaries from the ocean to their terrestrial nesting sites via their guano, 

feathers, and mortality (Bildstein 1992; Anderson and Polis 1999). Guano, rich in marine-

derived N and P (Hutchinson 1950), deposited at communal nesting sites focuses nutrients, 

enriching their concentrations above background levels and altering resource availability 

for terrestrial species (Polis et al. 1997; Ellis et al. 2005). The importance of seabirds to 

ecosystem function is especially apparent in polar regions, where nutrient poor soils limit 

plant growth (Muir, 1999). In the Arctic, the presence of seabird colonies is one of the main 

factors controlling the diversity and abundance of vegetation (Godzik 1991). Furthermore, 

nutrient enrichment via guano has a top-down effect, increasing plant quality, resulting in 

an elevated density of herbivores and predators (Polis et al. 1999), thus affecting the entire 

food web (Anderson and Polis 1999). 

Seabirds feed high on the marine food web and tend to bioaccumulate high body 

burdens of certain pollutants (Buckman et al. 2005; Campbell et al. 2005). Elevated levels 

of trace elements are a concern in the Arctic marine food web, particularly those of Cd, Pb 

and Hg, which exceed Health Canada and World Health Organization guidelines for human 

consumption in many Arctic biota (Muir et al. 1999). While seabird guano nourishes the 

productivity of Arctic ecosystems, it has also been recognized as an important medium for 

the transport of contaminants accumulated from a marine diet. High inputs of seabird 

subsidies (i.e. guano, regurgitated stomach oils, carcasses) have been associated with 

elevated levels of organic pollutants (i.e. PCBs, organochlorine pesticides), metals and 
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metalloids in vegetation, soils and sediments from seabird colonies (e.g. see, Headley 1996; 

Evenset et al. 2004; Sun et al. 2004; Liu et al. 2006a). 

Communal nesting can significantly enrich nutrients and contaminants on a local 

scale, often to potentially toxic levels (Bildstein et al. 1992). Germination of vegetation was 

inhibited by extremely high concentration of ammonia at densely arranged cormorant 

(Phalacrocorax auritus) nesting sites (Ellis et al. 2006). Likewise, Sun et al. (2004) found 

that while vegetation surrounding a penguin rookery proliferated due to nutrient rich guano, 

plants within the colony were destroyed by over-fertilization and trampling. Heavy metal 

levels at many heavily affected seabird sites exceed environmental quality guidelines and 

toxicity thresholds. For example, Liu et al. (2006b) found that Cd concentrations in 

sediments at a red-footed booby {Sula sula) colony exceeded the Canadian Sediment 

Quality Guidelines for the Protection of Aquatic Life. Furthermore, Blais et al. (2005) 

showed that biotransport increased pollutants 10- to 60-fold in freshwater sediments 

compared to nearby sites not influenced by the seabird colony. Still, the role of biovectors 

in the global cycling of nutrients and contaminants is generally ignored. 

Seabirds may be the most globally relevant biovectors as they are often the 

dominant form of wildlife in coastal areas and nest in large colonies that can number in the 

millions of individuals (Michelutti et al. 2009). In the Canadian Arctic alone, it is estimated 

that there are more than 10 million seabirds (Mallory 2006), representing a significant 

fraction of the global species and an important nutrient source to the tundra. The Arctic 

climate is rapidly changing with increasing air and sea surface temperatures, declines in the 

extent and thickness of sea ice and reduction of snow cover (ACIA 2004). These changes 

will likely affect seabird populations; however, a paucity of long term data makes it 

difficult to predict the impact or direction of change (Gaston et al. 2006). Paleolimnological 
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approaches aimed at reconstructing historical seabird population changes may provide 

valuable tools and fill important knowledge gaps. Seabird guano is characterized by unique 

chemical assemblages of trace elements and nutrients resulting from a marine based diet. 

Assuming that the seabird diet does not vary greatly over time, changes in the levels of 

chemical assemblages with depth in a guano affected sediment core are indicative of 

fluctuations in the amount of guano input over time and hence variations in population 

(Zale, 1994; Sun et al. 2004; Liu et al. 2006a). 

Here, I present two studies examining the biotransport of nutrients and trace 

elements to a series of freshwater ponds beneath a northern fulmar {Fulmarus glacialis) 

colony at Cape Vera, on northern Devon Island, Nunavut. The first article, entitled 

"Bioenrichment of trace elements in a series of ponds near a northern fulmar colony at 

Cape Vera, Devon Island", used principal component analysis (PCA) axis 1 scores, 

summarizing several parameters {i.e. pH, chlorophyll-a, total nitrogen, total phosphorus, 

dissolved organic carbon, 515N) to define the ornithogenic gradient present at the site. This 

confirmed visual rankings defined a priori based on the presence of lush vegetation around 

the ponds. The relationship between the ornithogenic gradient and trace element levels in 

pond water was then used to assess bioenrichment. We showed that for As, Cd, Co, Cu, Li, 

Mn, Mo, Ni, Sb and Sr significantly followed the ornithogenic gradient and that the ponds 

located closest to the colony were the most contaminated. 

The second article, "Impact of the northern fulmar {Fulmarus glacialis) on the 

sediment quality of a series of High Arctic freshwater ponds at Cape Vera, Devon Island, 

Canada" builds upon the findings of the first study. We demonstrate that not only is the 

northern fulmar a source of nutrients and trace elements to the terrestrial and limnic 

environments, but that it is capable of tunneling marine-derived trace elements (As, Cd and 
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Zn) to levels exceeding Canadian Sediment Quality Guidelines for the Protection of 

Aquatic Life in ponds closest to the colony. 

These studies add to a growing body of evidence on the importance of biotransport 

and are the first to examine the seabird biotransport of trace elements in the Canadian 

Arctic. 
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2.1 - Abstract 

Seabirds are an important link between their marine feeding areas and their 

terrestrial breeding environments, transporting both marine-derived nutrients and 

contaminants, and then depositing them on land in their guano. In this study, the impact of 

a large northern fulmar (Fulmarus glacialis) colony on the water chemistry of 26 nearby 

ponds spanning a gradient of seabird influence was investigated at Cape Vera, Devon 

Island, in the Canadian High Arctic. The presence of the fulmar colony has led to nutrient 

and trace element enrichment in the ponds, as evidenced by the close association between 

As, Cd, Co, Cu, Li, Mn, Mo, Ni, Sb and Sr and the ornithogenic gradient. The ponds most 

affected by the fulmar colony were characterized by increased primary production, high 

organic carbon concentrations and elevated pH; conditions favorable for the in-situ removal 

of metals from the water column. Despite this, the highest trace element concentrations 

were observed in the seabird-influenced ponds, suggesting that these elements were 

bioenriched. 

Keywords 

Biotransport, trace elements, Cape Vera 
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2.2 - Introduction 

The Arctic tundra is sparsely covered with plant life due to its dry climate, low 

nutrients and extremely cold temperatures. Vegetation, mainly small cushion plants, mosses 

and lichens, is more common in wet areas proximate to nutrient sources (Billings 1973; 

Godzik 1991). The presence of seabird colonies creates hotspots of biological productivity 

at nest sites, due to the deposition of guano, which is rich in marine-derived nutrients 

(Bildstein et al. 1992; Ellis et al. 2006). Stimulated by the nutrient rich guano, the area 

surrounding a colony may become so biologically productive that the chlorophyll 

reflectance is even visible from space by Landsat satellite imagery (Blais et al. 2007). 

Soil and sediments receiving guano display elevated 515N signatures compared to 

regions not affected by guano (Mizutani and Wada 1988; Garcia et al. 2002). This is 

attributable to (1) the high nitrogen isotope ratio of guano caused by an enrichment of ~3%o 

per trophic level along the marine food chain (Garcia et al. 2002; Hobson and Clark 1992) 

and (2) post-depositional modification of isotope ratios. The light 14N isotope may be 

preferentially lost by ammonia volatilization, nitrification and denitrification, increasing the 

15N in the residual nitrogen (Mizutani et al. 1986; Frank et al. 2004; Harding et al. 2004). 

Partial loss of nitrogen by ammonia volatilization has been shown to be the most important 

process in the alkaline soils of seabird rookeries (Lindeboom 1984; Yoneyama 1996); 

leading to isotope fractionation of 24.5 to 60%o and enriching the 515N in the remaining 

nitrogen (Yoneyama 1996; Bedard-Haughn et al. 2003). Blais et al. (2005) used 615N in 

surface sediments as a proxy of seabird influence, demonstrating that the northern fulmar 

(Fulmarus glacialis) is an important vector of marine-derived nutrients and contaminants to 

an Arctic coastal pond ecosystem. Furthermore, Evenset et al. (2004, 2007), showed that 
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high levels of persistent organic pollutants and metals in Lake Ellasj0en, Bj0rn0ya, were 

caused by inputs from little auk (Alle alle), black-legged kittiwakes (Rissa tridactyla) and 

glaucous gulls (Larus hyperboreus). 

The composition of a seabird's guano reflects its dietary intake (Norheim 1987). In 

the eastern Canadian High Arctic, the marine food web is contaminated by a variety of 

metals whose levels in biota are comparable to those found in similar species in more 

temperate regions (Muir et al. 1999; Campbell et al. 2005). In the Northwater Polynya 

(Baffin Bay) food web, the northern fulmar has the highest hepatic concentrations of Cd, 

Mn, Rb and Zn of all avian biota (Campbell et al. 2005). Similar to the processes described 

for the biotransport of nutrients (above), metals taken up through feeding will likely be 

transported back to the terrestrial environment via guano deposition. Indeed, previous 

studies (see, e.g., Godzik 1991; Headley 1996; Dowdall et al. 2005) have found metals (e.g. 

Cd, Cu, Zn) and radionuclides (e.g. Cs, Ra, U) to be significantly enriched in areas 

affected by seabird guano. 

The seabird mediated enrichment of marine-derived metals into their nesting sites 

has led to the development of geochemical markers to reconstruct historical population 

variations of penguins in Antarctica (Zale 1994; Sun et al. 2004) and red-footed boobies 

(Sula sula) in the South China Sea (Liu et al. 2006). Our study provides a unique 

opportunity to examine the elemental composition of 26 ponds that span the full range of 

ornithogenic effects, and provides a test to determine which elements were enriched across 

a broad ornithogenic gradient. The applications for this information could include, among 

other things, paleoenvironmental reconstructions. As long-term population data for the 

northern fulmar in the Arctic do not exist, paleolimnological approaches aimed at 
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reconstructing bird population histories may fill important knowledge gaps (Keatley et al. 

2009). 

2.3 - Methods 

2.3.1 -Study Site 

Cape Vera, located on northern Devon Island, Nunavut, Canada (76°15' N, 

89°15'W; Fig. 1), is home to the most northerly and isolated northern fulmar (Fulmarus 

glacialis) colony in the Canadian Arctic. The colony consists of at least 20,000 birds 

nesting on 6.4 km of cliffs (Gaston et al. 2006; Mallory 2006). A series of ponds receiving 

varying degrees of fulmar inputs {i.e., guano, regurgitated stomach oils, feathers, and 

carcasses) are located beneath the cliffs, spanning a broad gradient of ornithogenic 

influence. The ponds in this study were small (<1 ha), shallow (<1.5 m deep), 

supersaturated in O2 and supported basic aquatic life consisting of periphyton, 

phytoplankton, zooplankton and chironomids. At the time of sampling (July), many of the 

ponds in this study had no active inflows or outflows. However, the presence of dry, moss 

encrusted channels between many of the ponds and the proximity of the ponds (especially 

in the fulmar-affected area) make interconnections likely at times of high flow. Despite 

their coastal placement, the ponds receive minimal abiotic marine inputs as evidenced by 

the low specific conductivities (59 to 484 \\,S> cm"1), low concentrations of Na+ and CI" and 

dominance of Ca2+ and dissolved inorganic carbon (DIC) (Keatley et al. 2009). Cape Vera 

provides a valuable opportunity to study the impact of the northern fulmar colony on the 

ponds as their proximity ensures that the ponds are underlain by similar bedrock and are 

subject to similar climatic conditions and atmospheric inputs. 
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Seabird-influencedponds (CV3-9, 9a, 10, 13, 14, 15, 20, 30, 31, 43) 

Fulmar guano reaches the affected ponds mainly via runoff, with areas of high 

impact easily distinguished by the presence of lush green mosses, cushion plants and 

flowers (mostly Saxifraga oppositifolia and S. cespitosa). As such, the hydrology of the site 

plays a large role in the extent of inputs from the colony. For example, two ponds, CV5 and 

6, while located close to the cliffs, receive little runoff from the colony. Likewise, due to 

the drainage patterns of the site, two other ponds (CV7 and CV31) receive much higher 

inputs of glacial flour from a nearby melting glacier than the other ponds. In addition to 

visual cues, the impact of the birds on the ponds was established by measuring algal 

biomass, water chemistry variables and 5 N in sediments. 

Reference ponds (CV1, 2, 11, 12, 16, 17, 18, 22, 23, 24) 

Reference (background) ponds were located outside the present range of the seabird 

colony (Figure 1). Unlike those in the vicinity of the colony, the catchments of the control 

ponds were rocky with little moss and few flowers. The presence of orange jewel lichen 

{Xanthoria elegans), which flourishes on guano-derived nutrients, on the cliffs at Cape 

Hawes (CV22, 23 and 24) and near CV16, 17 and 18 suggested that these were abandoned 

colony sites (Michelutti et al. 2009). Nevertheless, the water chemistry and nutrient 

concentrations of these ponds were comparable to other High Arctic ponds unaffected by 

seabirds (Michelutti et al. 2002; Antoniades et al. 2003; Lim and Douglas 2003). 

2.3.2 - Sampling and Chemical Analysis 
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The water chemistry of a total of 26 ponds was sampled in July between 2004 and 

2007. Due to logistic constraints, not all ponds were sampled each year. Water samples 

were collected 1 to 2m from the shore by submerging pre-washed bottles beneath the 

surface. Sampling procedures followed those of other high Arctic limnological studies (see 

Michelutti et al. 2002; Antoniades et al. 2003; Lim and Douglas 2003). Protocols for 

bottling, filtering and methods for chemical analysis are given in Environment Canada 

(1994a, b). Temperature (handheld thermometer), specific conductance (YSI model 33 

conductivity meter) and pH (handheld Hanna pHEP meter), were measured in the field. 

Dissolved oxygen was measured in the field using a YSI in 2006 and 2007. Unfiltered 

water was used for the analysis of major ions (Ca, CI, Mg, K, Na, SO4), minor ions (Ba, Li, 

Sr), total trace elements (Ag, Al, As, Be, Bi, Cd, Co, Cr, Cu, Fe, Ga, La, Mn, Mo, Ni, Pb, 

Rb, Sb, Se, Sr, Tl, U, V, Zn), and total phosphorus - unfiltered (TPU). Water was filtered 

through a 0.45 /xm Sartorius cellulose acetate filter for analysis of total phosphorus -

filtered (TPF), total nitrogen (TN), nitrate-nitrite (NO2-NO3), ammonia (NH3), dissolved 

inorganic carbon (DIC) and dissolved organic carbon (DOC). Samples for particulate 

organic carbon [POC] and particulate organic nitrogen [PON] were filtered through pre-

ignited 0.7 /xm glass microfiber filters (Whatman GF/C). Samples for chl-a were obtained 

by filtering water through a separate glass fiber filter. The PON/POC and chl-a filters were 

placed in Petri dishes, wrapped in aluminum foil and kept on ice in a cooler along with 

water samples until shipping to the National Laboratory for Environmental Testing (NLET) 

at the National Water Research Institute in Burlington, Canada where analyses are 

performed with methods accredited by the Canadian Association for Environmental 

Analytical Laboratories. Trace metals were analyzed using ICP-MS with quality 

assurance/quality control (QA/QC) procedures carried out for every analytical run. Control 
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and verification standards, blanks, duplicates, spiked samples and 3 reference water 

samples spiked with low, medium and high concentrations to cover the analytical range of 

each metal were used in every run in order to assure QC. Detection limits are listed in Table 

SI. 

2.3.3 - Stable isotope analysis 

The top ~lcm of sediment from the bottom of each pond was collected ~lm from 

shore by hand directly into Whirl-Pak® bags. Sediment samples were kept cool and in the 

dark while in the field and subsequently frozen upon return to the laboratory until analysis. 

Stable isotope analysis was completed by the G.G Hatch Stable Isotope Laboratory at the 

University of Ottawa. Freeze-dried sediment samples were flash combusted at 1800°C in an 

elemental analyzer (EA 1110, CE Instruments, Italy). The resulting gases were carried via 

helium through the EA to purify and separate into N2 and CO2. Gases were carried from the 

EA into an isotope ratio mass spectrometer (DeltaPlus Advantage IRMS, ThermoFinnigan, 

Germany) for isotope analysis via a Conflo interface (Conflo III). Data were normalized 

using internal standards calibrated with international standards IAEA-CH-6, IAEA-NBS22, 

IAEA-N1, IAEA-N2, USGS-40, USGS-41 with a precision of ± 0.2%0. Stable isotope 

concentrations were expressed in 6 notation (%o) according to: 

515N = [(15N/ 14Nsample)/(
15N/ 14Nsta„dani) - 1] x 1000 

2.3.4 - Statistical and data analysis 

Variables below the limit of detection (DL) in more than 50% of the ponds were 

removed from analysis. This resulted in the elimination of Ag (DL = 0.001 ugL"1), Be (DL 

= 0.001 ugL"1), Bi (DL = 0.001 UgL"1) and Se (DL=0.05 u^L'1) from analysis. A value of 
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half the DL was used when single measurements were below DL. In the case of ponds 

sampled in multiple years, a weighted average for each variable was taken so that these 

ponds had the same contribution in statistical analyses as ponds sampled in only one year. 

To evaluate whether the overall suite of metal concentrations differed between 

background and affected ponds, we first conducted a MANOVA on pond chemistries, 

using Wilk's lambda test criterion to indicate important effects. We followed the 

MANOVA with one-way ANOVAs on individual parameters, and used a sequential 

Bonferroni adjustment to our significance level to account for the number of statistical tests 

conducted (Rice 1989). Principal component analysis (PCA) was conducted using 

CANOCO 4.5 (ter Braak and Smilauer 2002). Environmental variables (Figure 2) were 

included in a PCA in order to summarize the main directions of environmental gradients. 

The scores of PCA axis 1 were subsequently used as a new independent variable in 

statistical analyses. A second PCA was run using the trace element concentrations in order 

to assess the similarity between sites in multivariate space. Pearson correlations were used 

to assess the strength of the relationship between the PCA axis 1 scores and trace element 

concentrations. CV7 and 31 were found to be outliers and were removed from the data set 

for correlation analysis. Systat® version 10.0 was used to perform the MANOVA, ANOVA 

and correlation analyses, with results considered statistically significant at a <0.05 (two-

tailed). Finally, WATEQ4F (Ball and Nordstrom 1991) was used to compute the 

thermodynamic speciation of trace elements in the ponds as well as mineral solubility. 

2.4 - Results and Discussion 

The water chemistry of freshwater ponds can be significantly modified by the 

deposition of guano in their watersheds (Mallory et al. 2006). This was apparent at Cape 

Vera, where the water chemistry of the ponds spanned a broad gradient, apparently related 
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to the level of ornithogenic impact (Table 1). The TPU and TPF ranged widely from 4 to 

223 u-g'L"1 (median 31 u-g'L"1) and 2 to 52 jagL"1 (median 9 figL"1), respectively. The TN 

concentrations for Cape Vera varied from 72 u.g"L_1 to 1590 iig'L'1, with a median of 261 

Hg'L"1. While the majority of the Cape Vera ponds displayed TN concentrations comparable 

to other Canadian High Arctic ponds (e.g. Michelutti et al. 2002; Antoniades et al. 2003; 

Lim and Douglas 2003), the highly affected ponds greatly surpassed reported values (Table 

2). In our study, TN concentrations in the heavily affected ponds (CV 3, 4, 8 and 43) were 

1590, 995, 922 and 908 \igUl. These were similar to the TN concentrations found in Arctic 

ponds influenced by waterfowl on Southampton Island (Mallory et al. 2006). 

The highly affected ponds were also the most productive. The chl-a concentrations 

varied greatly from pond to pond, ranging from 0.5 ugL"1 in CV23 to 58.6 (xgL"1 in CV8. 

The chl-a concentrations in the highly affected ponds were up to 2 orders of magnitude 

higher than those of the less affected Cape Vera ponds (Table 1). This increase in biomass 

due to nutrient input from the colony, coupled with 24-hour sunlight in July, likely caused 

the high pH recorded in the seabird-influenced ponds. The pH of most Arctic ponds falls in 

the range of 7.1 to 8.4 (Lim and Douglas 2003); the pH of the seabird-influenced ponds 

exceeded this range, reaching 10.9. 

Many Arctic water bodies are characterized by very low metal concentrations, with 

only Al, Mn, Fe, Cu and Zn typically above detection limits (Michelutti et al. 2002; 

Antoniades et al. 2003). Interestingly, at Cape Vera, of the 22 metals analyzed only Ag, Be, 

Bi and Se were below detection limits in more than 50% of the samples. In the high Arctic, 

only ponds located in an oasis on northern Ellesmere Island had metal concentrations as 

high as or higher than Cape Vera (Keatley et al. 2007). Metals are typically more soluble in 

acidic conditions; Cd, Cu and Zn precipitate as hydroxides or carbonates in alkaline waters 

14 



and are removed from the water column (McNeely et al. 1979; Sigg 1987). The ponds most 

affected by the fulmar colony were characterized by increased productivity, high organic 

carbon concentration, high pH and increased sedimentation rates (Michelutti et al. 2008); 

favorable conditions for the in-situ removal of metals from the water column. WATEQ4F 

results demonstrate that metals (Cu, Cd, Ni, Pb and Zn) in the seabird-affected ponds are 

present largely as oversaturated hydroxides (Table 3; Appendix 1). It is important to note 

that, despite this, the highest concentrations of trace elements were found in the seabird-

affected ponds, demonstrating that the northern fulmar is a source of trace elements to the 

ecosystem beneath the colony, maintaining the elevated levels. 

Using MANOVA, the Wilk's lambda test criterion indicated that trace element 

concentrations in the ponds receiving ornithogenic inputs differed from the control ponds 

(Wilk's lambda = 0.14, Fi4,4i = 13.06, p = 0.003). Using one-way ANOVAs, significant 

differences in the concentrations of As (Fi,24=12.1, p=0.002), Cd (Fi,24=l 1.5, p=0.002), Co 

(^,24=10.5,^=0.003), Cu (^,24=11.6,^=0.002), Li (Fi,24=10.9,p=0.003), Mn (Fi,24=ll.l, 

p=0.003), Ni (Fi,24=12.3, p=0.002) and Sb (7^,24=11.9, p=0.002) were found between 

affected and background ponds (Figure 3), supporting the ornithogenic enrichment of these 

elements. Surprisingly, significant differences were not found between groups for Zn and 

Rb, elements shown to biomagnify in the Northwater Polynya (Baffin Bay) foodweb 

(Campbell et al. 2005). We speculate that the ornithogenic signal was not distinguishable 

due to high inputs of these metals from the catchment. 

Blais et al. (2005) and Keatley et al (2009) used the sedimentary 515N signatures in 

the ponds as an indicator of ornithogenic influence at Cape Vera. However, it is also 

acknowledged that 515N values are subject to post-depositional modification through a 

variety of chemical processes. Ammonia volatilization, shown to be the most significant 
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fractionation mechanism in seabird rookeries (Lindeboom 1984; Yoneyama 1996), is likely 

an important process in the seabird-affected ponds as it is pH-dependent and is particularly 

pronounced at pH > 8.5. In this study, we used PCA axis 1 scores, summarizing 

environmental variables, as a proxy for ornithogenic influence (hereafter referred to as the 

"ornithogenic gradient"). Axis 1 and 2 of the PCA accounted for 79% and 16% of the total 

variation, respectively. Variables loading highly (correlation >0.85) onto axis 1 were chl-a, 

TN, TPU, DIC, DOC, 515N and pH (Figure 2). 

A PCA was conducted using the trace element concentrations to assess the 

similarity between sites in multivariate space (Figure 4). Ponds outside the influence of the 

fulmar colony clustered together to the left side of the diagram. The seabird-affected ponds 

were distributed along axis 1, with the heavily-influenced ponds located farthest to the 

right. CV7 and CV31 displayed distinct characteristics from the other ponds, plotting 

highly on PCA axis 2. The concentrations of Al, Cr, Fe, La, Mn, Ni, Pb, Rb and Zn in CV7 

were up to an order of magnitude higher than in the other ponds. CV31, directly 

downstream of CV7, was a brilliant turquoise color, characteristic of suspended glacial 

flour in the water column (Chanudet and Filella 2007). Due to the hydrology of the site, the 

glacial flour would pass through CV7 before reaching CV31. Since the metals that were 

found in high concentrations are generally associated with local geological media 

(McNeely et al. 1979; Outridge et al. 2005), the input of glacial flour probably caused the 

high levels of these metals. 

The strength of the relationship between the ornithogenic gradient and trace 

elements was used to assess bioenrichment. Significant positive relationships with the 

ornithogenic gradient were found for As, Cd, Co, Cu, Li, Mn, Mo, Ni, Sb and Sr (Figure 5). 

This indicates that trace elements were not only markedly bioenriched in ponds receiving 
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guano compared to control ponds, but that the most contaminated ponds were those in 

closest proximity to the cliffs (presumably receiving the greatest concentration of guano). 

Given this consistent pattern in aquatic chemistry, we predict that aquatic biota in ponds 

closest to the fulmar colony will be the most contaminated. This may have significant 

implications for contaminant transfer in local food chains. 

Northern fulmars nesting on the cliffs at Cape Vera not only provide nutrient 

supplements to the ponds, but this study confirms that trace elements are being transported 

by the northern fulmar from the ocean to the terrestrial environment, leading to contaminant 

bioenrichment in ponds receiving varying inputs of fulmar guano. Thus, our study from the 

high Arctic adds to the growing body of evidence suggesting that biotransport can be an 

important pathway of contaminant transfer between food webs (Blais et al. 2005; Evenset 

et al. 2004; Kriimmel et al. 2003). 
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Table 2: Mean selected water chemistry characteristics from recent limnological studies of 
Canadian High Arctic ponds and lakes. 

TN TPU TPF chl-a 
Location 
Prince Patrick Island 
Ellesmere Island 
Ellef Rignes Island 
Victoria Island 
Haughton Crater, Devon 
Island 
Cape Vera, seabird-
influenced ponds 
Cape Vera, reference ponds 

^ntoniades et al. 2003a; 

n 
35 
30 
24 
25 

25 

16 
10 

pH 
7.9 
8.4 
6.8 

7.69 

8.3 

9.3 
7.93 

(mgL1) 
616 
465 
295 
197 

148.4 

610 
219 

2 Antoniades et al. 2003b 

(mgL1) 
16.5 
14.6 
41.9 

1.4 

3.7 

65 
15 

(mgL1) 
8.5 
4.5 
6.1 
1.5 

4.1 

22 
7 

i; 3Michelutti et al. 

(mgL1) 
0.8 
1.1 
1.4 

0.0003 

0.76 

14.2 
2.3 

2002;4I 
Douglas 2003;5 This study. 

Reference 
1 
1 
2 
3 
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Figure captions 

Figure 1: Map of study location, a) Cape Vera, Devon Island, Canada, 

b) Pond locations, adapted from Keatley et al. (2007). 

Figure 2: PC A biplot summarizing 13 measured environmental variables at Cape Vera. 

Axis 1 scores were used as a proxy for ornithogenic influence. 

Figure 3: Box plots comparing selected element concentrations between affected (A) and 

background (B) ponds. a)As; b) Cd; c) Co; d) Cu; e) Li; f) Mn; g) Ni; h) Zn; i) Rb. 

There were no significant differences between affected and control ponds for Zn or 

Rb. n=16 for (A) and n=10 for (B) 

Figure 4: PC A biplot accessing the similarity between sites in multivariate space. Control 

ponds are represented by circles, affected ponds by squares. PCA axis 1 represents 

the degree of seabird influence. PCA axis 2 represents the influence of the 

geological media. 

Figure 5: Bioenrichment of trace elements in Cape Vera ponds. Z-scores of elements are 

plotted against PCA axis 1 scores, representing the ornithogenic gradient, a) As; b) Cd; c) 

Co; d) Cu; e) Li; f) Mo; g) Ni; h) Sb; i) Sr. All correlations are significant (p<0.05). n=26. 
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3.1 - Abstract 

The northern fulmar (Fulmarus glacialis) is an important biovector for the transport of 

marine-derived nutrients and contaminants to a coastal freshwater ecosystem at Cape Vera, 

Devon Island, Canada. Here, we confirm the role of the fulmar in the transport of nutrients 

(N, K and P) and trace elements (As, Cd and Zn) to a series of 10 ponds located along a 

gradient of seabird influence below the fulmar colony. Concentrations in surface sediments 

and fluxes of these elements were highest in the pond closest to the colony and declined 

exponentially as distance increased. A number of the ponds exceeded Canadian Sediment 

Quality Guidelines for the Protection of Aquatic Life for As and Cd. The pond closest to 

the colony, and hence receiving the highest input of seabird subsidies, also exceeded the 

probable effects level for Zn. Cape Vera is located thousands of kilometers from the nearest 

industrial center and yet the northern fulmar has bioaccumulated As, Cd and Zn from the 

ocean and funneled these elements into the terrestrial environment at potentially toxic 

levels. 

3.2 - Introduction 

Seabirds are a keystone species in the Arctic, transporting marine-derived nutrients 

to their terrestrial nesting sites (Ellis et al. 2006; Stempniewicz et al. 2007; Keatley et al. 

2009). Deposition of guano at densely populated colonies can significantly enrich nutrients 

on a local scale (Bildstein et al. 1992). As with nutrients, seabirds may also be a significant 

source of contaminants to the terrestrial environment because seabirds feed high on the 

marine food web and can accumulate high body burdens of certain pollutants (Buckman et 

al. 2005; Campbell et al. 2005). Blais et al. (2007) postulated that contaminant biovector 

transport is likely to be most significant for chemicals that biomagnify in food webs and are 
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then tunneled into receptor sites by an animal's social behavior. Indeed, many studies have 

found organic contaminants (i.e. PCBs, organochlorine pesticides) and Hg to be 

significantly enriched in sites receiving seabird subsidies (e.g. guano, regurgitated stomach 

oils, feathers, and carcasses) (Blais et al. 2005; Evenset et al. 2004; 2007). Although 

biomagnification processes do not apply to most metals (Evenset et al. 2007) the 

enrichment of metals at seabird nesting sites has been documented in both polar (Godzik 

1991; Zale 1994; Headley 1996; Bargagli et al. 1998; Sun et al. 2004; Evenset et al. 2007; 

Brimble et al. submitted), and temperate/tropical regions (Hawke et al. 1999; Garcia et al. 

2002; Liu et al. 2006a, b). 

The biotransport of nutrients and contaminants has been well studied in a series of 

ponds located beneath a large northern fulmar (Fulmarus glacialis) colony at Cape Vera, 

Devon Island, Canada (Blais et al. 2005; Keatley et al. 2009; Michelutti et al. 2009; 

Brimble et al. submitted). The presence of the ponds across a broad gradient of seabird 

influence makes Cape Vera an ideal site to study biotransport as their proximity ensures 

that they are located on similar geology and receive comparable atmospheric inputs, 

climate and weather. This is particularly important when studying the biotransport of 

metals as local geology will influence the concentrations of metals found in soil, sediments 

and biota (Evenset 2007). Sedimentary Hg levels in three highly guano-affected ponds 

approached or exceeded the Canadian environmental quality guidelines for the protection 

of wildlife (Blais et al. 2005). Brimble et al. (submitted) found that As, Cd, Co, Cu, Li, 

Mn, Mo, Ni, Sb and Sr were bioenriched in Cape Vera pond water and that the ponds 

closest to the cliffs were the most contaminated. This is consistent with Godzik (1991), 

who observed that metal concentrations were highest in moss where nesting was densest 

but returned to background levels ~100 m outside of a little auk (Alle alle) colony. Here, we 
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assess the role of the northern fulmar in enriching trace elements and determine the level of 

contamination in Cape Vera sediments due to this process. 

3.3 - Methods 

Study Site and Sampling 

Cape Vera (76°15' N, 89°15'W; Fig. 1) is located on northern Devon Island in the 

Canadian Territory of Nunavut. From May through September, a colony of ~11 000 pairs 

of northern fulmars nest on the -250 m high limestone and dolostone cliffs above a series 

of coastal freshwater ponds (Gaston 2006). The ponds span a gradient of ornithogenic 

influence, depending on both their distance from the cliffs and local hydrographic features. 

The ponds in this study were small (<1 ha), shallow (<1.5 m deep) and supported basic 

aquatic life consisting of periphyton, phytoplankton, zooplankton and chironomids. Each 

pond was assigned an unofficial designation, CV#. 

Sampling occurred in July over the course of three field seasons: 2005, 2006 and 

2007. Ten ponds containing adequate sediment for coring and spanning a gradient of 

ornithogenic influence were sampled. Temperature (handheld thermometer), specific 

conductance (YSI model 33 conductivity meter) and pH (handheld Hanna pHEP meter) were 

measured in the field. Sediment cores with undisturbed sediment-water interfaces were 

collected from each pond. Cores were taken by hand from the approximate center of the 

ponds by pushing a plexiglass core tube (inner diameter = 3.75 cm; Glew et al. 2001) into 

sediment until resistance was met, most likely due to permafrost/bedrock. Cores were extruded 

and sectioned in the field at 0.5 cm intervals using a Glew (1998) extruder. 

In 2007, two fulmars were shot using shotguns with steel shot and dissected. The 

entire intestinal tract was removed and the contents of the small intestine were extruded 

into clean falcon tubes. For brevity, the contents of the small intestine shall be referred to as 
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guano. All samples were stored on ice in coolers until they were returned to the lab and 

kept frozen until analysis. 

Sedimentation rate 

Sediment cores were radiometrically analyzed using gamma spectrometry. 

Centrifuge tubes (8.4 cm high and 1.5 cm outer diameter) were filled up to a height 4 cm 

with sediment that had been freeze dried and ground to a fine powder. After being allowed 

to settle for 2-3 days, the tubes were sealed with epoxy and allowed to reach radioactive 

equilibrium for 3 weeks before counting using a digital high purity germanium well 

detector (DSPec, Ortec). Samples were counted for 23 h (82,800 seconds) to ensure a 

strong enough signal. The resulting spectrum files show 210Pb activity with a peak at 46.5 

1^7 99ft 

keV, and Cs at 662 keV. Ra activity is determined by y-ray emissions of its daughter 

isotope 214Pb at 295 and 352 keV. 

Following the methods used in Krurnmel et al. (2005), sedimentation rates were 

calculated from total Pb and cumulative dry mass by fitting an exponential curve through 

the data using the following equation: 
Ctot(0 = C u n s e + Csup(l - e ) 

910 910 

where Ciot is the total Pb activity, A, is the radioactive decay constant for Pb, Csup is the 
910 99ft 910 

Pb activity supported by the parent radioisotope Ra, and Cuns is the unsupported Pb 

activity. 

Elemental analysis 

Nitrogen was determined at the G.G Hatch Stable Isotope Laboratory at the 

University of Ottawa using an elemental analyzer (EA 1110, CE Instruments, Italy). 

Freeze-dried sediment samples were combusted at 1800°C in the EA in order to purify and 

separate resulting gases into N2 and CO2. Data were normalized using internal standards 
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calibrated with international standards IAEA-CH-6, IAEA-NBS22, IAEA-N1, IAEA-N2, 

USGS-40, USGS-41 with a precision of ± 0.2%o. 

Metals analysis 

Metal analysis was carried out on every other interval of the sediment cores {i.e. 0-

0.5 cm, 1-1.5 cm, etc.). Sediment and guano subsamples were placed into acid washed vials 

and freeze-dried. Prior to analysis, sediment samples were pulverized in an agate bowl and 

then subjected to an aqua regia digestion in order to extract the environmentally relevant 

metals while preserving the silicate matrix. ICP-MS was used to analyze 28 metals (limit of 

detection in ng/g ): Ag (0.01), Al (1), As (0.4), Ba (0.01), Be (0.02), Bi (0.09), Ca (1), Cd 

(0.02), Co (0.01), Cr (0.5), Cu (0.1), Fe (0.5), K (1), Li (2), Mg (1), Mn (0.1), Mo (0.1), Ni 

(0.1), P (5), Pb (0.05), Sb (0.1), Se (0.7), Sn (0.5), Ti (0.2), Tl (0.02), U (0.002), V (0.1), Zn 

(0.7). QA/QC was ensured by running certified reference material, internal standards, 

blanks and duplicated after every batch of 20 samples. Analyses were carried out by SGS 

Canada Inc., in both Toronto and Lakefield, Ontario, Canada. 

Distance calculations 

As the colony was spread out over a large distance along the cliffs, it was difficult 

to accurately determine the distance of the ponds from the colony. As such, a pond (CV8) 

located closest to the cliffs and defined a priori as being the most affected by ornithogenic 

inputs (Keatley 2007; Michelutti et al. in press; Brimble et al. submitted) was chosen as a 

waypoint for distance calculations. Using aerial photographs, CV8 was estimated to be 313 

m from the cliffs. The distance of the ponds from CV8 was determined from GPS points. 

Statistical analysis 
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Data were screened to remove variables below the detection limit in more than 30% 

of cases. This resulted in the removal of Bi, Sn and Ti from analyses. All statistical 

analyses were conducted using the mean concentration of each element in the first 5 cm of 

each core (hereafter referred to as surface sediment) to remain consistent with Canadian 

sediment quality guidelines. Fluxes were calculated by multiplying the mean element 

concentration in surface sediment by the sedimentation rate of the core to account for 

variable sedimentation rates between the ponds (Krummel et al. 2005). 

A biogenic enrichment factor was developed to predict elements expected to 

undergo biotransport in the Cape Vera ecosystem. The biogenic enrichment factor (B) was 

calculated as follows: 

(B) = Concentration of element in fulmar guano 
Concentration in surface sediment of control ponds 

It was expected that elements with high concentrations in guano compared to 

background geological media, i.e. higher B values, would vary most dramatically along the 

seabird gradient. 

Ponds were ranked based on distance from colony as follows: (1) those receiving 

high inputs of seabird subsidies located 0-500m from the colony, (2) those 500-1000m 

from colony, and (3) ponds > 1000m from the colony with no significant seabird inputs in 

recent history. The Kolmogorov-Smirnov test was used to test normality of data. 

Parametric tests (ANOVA, Mest) with Bonferroni adjustments were used to assess 

differences in the levels of metals and nutrients between sites. Regression analysis was 

conducted to assess the relationship between element concentrations and distance from 

colony. The significance level for all tests was set at a type 1 error (a) of 0.05. All statistical 
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analyses were completed using SYSTAT v. 10 (ANOVA, t-test) and SigmaPlot v. 10.0 

(regressions). 

3.4 - Results and Discussion 

3.4.1 - Biogenic enrichment factor 

We analyzed nutrient and trace element concentrations in guano and in surface 

sediments from reference ponds (Table 1). Phosphorus, Cd, K, Na, Zn, Sr and As had the 

highest B values, indicating that they were the most likely to undergo bioenrichment. These 

elements are typically enriched in ornithogenic soils (Zale 1994; Garcia et al. 2002; Sun et 

al. 2004; Liu 2006a, b; Xie and Sun 2008). Furthermore, with the exceptions of Na and Sr, 

concentrations of these elements decreased exponentially as distance from the colony 

increased (Fig. 2). Concentrations of Co, Cu, Ni and Pb are low in the northern fulmar 

(Mallory et al. 2004; Campbell et al. 2006; Borga et al 2006) and bioaccumulation of these 

elements in seabirds could not be related to diet (Borga et al. 2006), resulting in B values 

below 1. This paper will mainly focus on P, Cd, K, Zn, and As, hereafter referred to as 

"biovector elements" (Table 2). 

3.4.2 -Bioenrichment of nutrients and trace elements 

Biovector elements varied widely across the seabird gradient (Table 2). Consistent 

with our previous studies at Cape Vera (Keatley et al. 2007; Brimble et al. submitted for 

publication), nutrient concentrations in sediments were significantly higher in ponds 

receiving seabird subsidies. Surface sediments of guano-affected ponds had significantly 

higher levels of P (t63= 2.42) and K (h= 2.95) than reference ponds (all p<0.05). We 

found a 7- to 59-fold variation in the concentration of K, N and P in pond sediments. This 
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was expected since northern fulmars are generalist scavengers with a diet rich in 

zooplankton, squid and fish (Mallory 2006) and excrete high quantities of marine-derived 

K, N and P in their guano (Hutchinson 1950). Elevated levels of these elements have been 

reported in soils and vegetation influenced by seabird inputs (Ryan and Watkins 1989; 

Anderson and Polis 1999; Garcia et al. 2002; Tomassen et al. 2005), demonstrating that the 

products of bio transport may be incorporated into terrestrial food webs. 

The concentration of As in surface sediments followed the pattern exhibited by 

nutrient concentrations. Ponds receiving greater seabird inputs of guano had significantly 

higher As concentrations than control ponds (One-way ANOVA; F2j = 9.7, p <0.05; Fig. 

3). However, contrary to expectations, Cd and Zn did not follow the same pattern. 

Concentrations of Zn (F2j= 73.3, pO.OOl) and Cd (F2j= 12.3, p <0.05) were significantly 

higher in the pond closest to the colony (CV9, distance rank 1) than in the other ponds (Fig. 

3), but no difference was found between ponds ranked (2) and (3) for distance. As 

mentioned above, concentrations of biovector elements decreased exponentially as distance 

from the colony increased. Fluxes of biovector elements were calculated in order to correct 

for the potential effects of differing sedimentation rates among ponds. With the exception 

of As, fluxes of biovector elements also significantly decreased with distance (Fig. 2). 

Many elements are redox-sensitive and undergo redox-mediated migration in 

sediments; particularly at low sediment accumulation rates and organic carbon contents 

(Boyle 2001). Vertical sediment profiles from the Cape Vera ponds indicated that surface 

sediment concentrations of P, As and Cd were modified by post-depositional 

remobilization (Fig. 4). Under reducing conditions, As and P are released into solution, 

migrate upwards and are remineralized in surface sediments under oxidizing conditions, 

often associated with Fe oxide minerals (Whalen and Cornwell 1985; Farmer 1991; Rydin 
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2000). Arsenic was enriched in the surface sediments of ponds with a distance rank (2) and 

P concentrations increased in the surface sediments of all ponds. Cadmium concentrations 

increased with depth in the group (2) ponds, likely due to the downward diffusion of Cd 

(Gobeil et al. 1997). Sequestration of Cd at depth may explain the lower than expected 

surface concentrations in the group (2) cores. Concentrations of elements in the control 

ponds were low and probably represented mineralogical background. A noteworthy 

enrichment of Cd in the surface sediment of CV1 may imply an increase in the supply of 

Cd in recent times. However, a more likely explanation given the low concentrations at 

depth, is that the core has little capacity to sequester Cd (i.e. no sulphides present) so Cd 

may be released back to the water column. 

Guano fertilization of the nutrient poor tundra creates 'oases' of biological 

productivity in the Arctic (Bildstein et al. 1992; Ellis et al. 2006). In nutrient poor regions 

like the terrestrial Arctic, plant diversity and the degree of vegetation cover may be directly 

related to seabird influence (Godzik 1991; Cocks et al. 1998). Godzik (1991) found that the 

concentrations of heavy metals in moss collected in a little auk (Alle alle) colony at 

Hornsund Fjord, Spitsbergen were highest where the nests were most densely arranged. 

The lack of correspondence between the ornithogenic gradient and heavy metals was 

surprising. While Zn and Cd concentrations and fluxes were clearly related to seabird 

influence in CV9, the concentrations in the other ponds receiving seabird subsidies were 

not significantly higher than in control sites. Ponds such as CV9a, CV10 and CV30 had 

higher nutrient concentrations and ranked higher than CV9 on the ornithogenic gradient 

developed in Brimble et al. (submitted) but the metal concentrations were not significantly 

different than background (Table 2). Nutrient inputs from the colony stimulated the growth 

of thick mats of moss around these ponds, further confirming the impact of the fulmars on 

39 



pond chemistry. Mosses are able to concentrate heavy metals due to the high cation 

exchange capacities of their tissues, lack of cuticle and high surface-to-weight ratio (Tyler 

1990). Thus, we speculate that absorption and storage by surrounding mosses may reduce 

the amount of these metals entering the ponds. 

3.4.3 - Sediment quality at Cape Vera 

To assess the level of trace element contamination in the Cape Vera freshwater 

ecosystem, we compared mean element concentrations in surface sediments to the 

Canadian Sediment Quality Guidelines for the Protection of Aquatic Life (Canadian 

Council of Ministers of the Environment 1999). The guidelines provide two assessment 

values: the interim sediment quality guideline (ISQG), below which adverse biological 

effects rarely occur, and the probable effects level (PEL). Above the PEL, adverse 

biological effects, including decreased benthic invertebrate abundance, increased mortality 

and behavioral changes in some biota are expected to occur frequently. Copper and Pb 

concentrations in all ponds were well below the ISQG (18.7 mg/kg and 30.2 mg/kg for Cu 

and Pb respectively), consistent with the low concentrations of these elements in fulmar 

guano and the resulting B-value below 1. A number of ponds influenced by seabird 

droppings exceeded the ISQGs for As and Cd (Fig. 2). CV9, located closest to the colony, 

exceeded the ISQG for As (5.9 mg/kg) and Cd (0.6 mg/kg) and was the only pond to 

exceed the PEL for Zn (315 mg/kg). The ISQG for Cd was also exceeded in CV1, a control 

pond with significant redox-remobilization of elements in the sediments. Nonetheless, 

whatever the source of Cd (and other contaminants) in surface sediments, exposure to 

elevated levels may cause adverse effects to aquatic life. 

Near the colony, the enhanced productivity in the guano-affected ponds creates 

ideal conditions for high production of emergent insects, such as chironomids. Thus, ponds 
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in which levels of As, Cd and Zn exceed concentrations for the protection of aquatic life 

could potentially adversely affect chironomid populations. Due to their close association 

with sediments, chironomids may accumulate high concentrations of heavy metals and 

transfer them to higher trophic levels (Desrosiers et al. 2008). Chironomids are an 

important food source for the snow bunting {Plectrophenax nivalis) population at Cape 

Vera (Falconer et al. 2008), presenting a possible pathway for contaminant transfer into the 

terrestrial food web. 

3.5 - Conclusions 

The northern fulmar is an important biovector for the transport of marine-derived 

nutrients (N, P and K) and trace elements (As, Cd, Zn) to the coastal ecosystem at Cape 

Vera, which is located thousands of kilometers from the nearest industrial centre. 

Nevertheless, biotransport by fulmars has created a situation where ponds below the colony 

are effectively waste lagoons, with potentially toxic concentrations of As, Cd and Zn, all 

bioaccumulated from the ocean. Coastal ecosystems are some of the most productive zones 

in the world (Talley, 2003) with seabirds often being the dominant form of wildlife. As 

such, the role of seabirds in the global cycling of contaminants should not be ignored. 
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Table 1: Biogenic enrichment factors for select trace elements at Cape Vera. Background 
surface sediment values were calculated as the mean values from control ponds. 

p 
Cd 
K 
Na 
Zn 
Sr 
As 
Cu 
Mn 
Fe 
Ni 
Co 
Pb 

Trace element concentration (|ig/g d.w.) 
Fulmar guano 

(n=2) 
9550 + 2050 
8.4 + 0.71 

18400 + 14990.66 
6350 + 1626.35 

140 + 28.28 
106.5 + 118.09 

4.05 + 6.36 
7.75 + 1.20 
4.35 + 2.33 
160 + 42.42 
0.55 + 0.21 
8.4 + 0.01 
0.09 + 0.01 

Background surface 
sediment (n=3) 
354.17 + 292.11 

0.37 + 0.24 
844.44 + 394.87 
377.78 + 179.76 
32.00 + 24.55 
53.89 + 15.93 

2.07 + 0.95 
13.45 + 9.93 

53.72 + 12.89 
2627.78 + 900.21 

16.41 + 13.11 
2.46 + 1.98 
6.28 + 6.25 

Biogenic 
enrichment 

factor 

26.96 
22.50 
21.79 
16.81 
4.38 
1.98 
1.95 
0.57 
0.08 
0.06 
0.03 
0.02 
0.01 
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Figure captions 

Figure 1: Map of study location, a) Cape Vera, Devon Island, Canada, 
b) Pond locations, adapted from Keatley et al., 2007a. 

Figure 2: Surface sediment (0-5cm) loading of N and elements with a B>1. Column (A) 
element concentrations; (B) element fluxes. Both are plotted against distance from 
seabird colony using the formula f = ae(~bx). In the units, x represents mg for N, P and K 
and ug for As, Cd and Zn. N.s. = not statistically significant. 

Figure 3: Mean concentrations of As, Cd and Zn at (1) ponds <500m from colony (n=l); 
(2) ponds 500-1000m away (n=6) and (3) control ponds >1000m from colony (=3). Error 
bars represent standard deviation. Upper dashed line (Zn) indicates the PEL and lower 
dashed lines indicated the CCME ISQG. Bars with the same letter did not significantly 
differ at a 5% significance level. 

Figure 4: Vertical profiles of Cd, Zn, As, Fe, Mn and P for Cape Vera sediment cores. 
Cores are arranged by increasing distance from the fulmar colony. 
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4.0 - Discussion and conclusions 

The seabird-influenced ponds at Cape Vera had markedly different limnological 

properties and sedimentary geochemical signatures when compared to non-affected 

ponds. The water chemistry and nutrient levels of the ponds outside of the range of the 

colony were comparable to other High Arctic ponds (Michelutti et al. 2002; Antoniades 

et al. 2003; Lim and Douglas 2003) but were significantly higher in ponds receiving 

seabird-subsidies. The concentrations of nutrients, organic carbon, chlorophyll-a, the pH 

and sedimentary 515N in the ponds were highly correlated to PC A axis 1, and were used 

to represent the ornithogenic gradient. 

The close association between concentrations of As, Cd, Co, Cu, Li, Mn, Mo, Ni, 

Sb and Sr in the water of ponds and the ornithogenic gradient indicated that these 

elements were enriched in the ponds by the fulmar colony. Furthermore, the ponds 

located closest to the colony were the most contaminated, despite conditions favorable 

for the in-situ removal of these elements from the water column (Sigg 1987). Thus, the 

influx of guano to the ponds maintained the elevated levels of trace elements in spite of 

removal processes. 

The fulmars may have also indirectly affecting trace element levels in the guano-

affected ponds by affecting redox-cycling of elements in the sediments via the organic 

carbon cycle. Many trace elements are influenced by the carbon cycle of lakes as they 

readily complex with organic ligands (Rognerud et al. 1998). As such, organic carbon 

will scavenge trace elements from the water column into the sediments. Redox-associated 

diagenetic processes are known to mobilize naturally present metals from the sediment 

and release them into the overlying water column (Farmer 1991). The traditional model 
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of metal remobilization due to an anoxic hypolimnion does not apply to the Cape Vera 

ponds as the water columns were shallow, well mixed and supersaturated with oxygen 

due to continuous photosynthesis (24-hour sunlight). However, metals may be released to 

the water column by the aerobic degradation of organic matter (Farmer 1991). 

Consequently, the sediments may be acting as a source of elements to the pond water at 

Cape Vera. 

Biovector transport acts to focus contaminants into receptor sites, greatly 

enriching levels above background. Cape Vera is located in the Canadian High Arctic, 

thousands of kilometers from the nearest industrial center, and yet concentrations of As, 

Cd and Zn in many guano-affected ponds exceeded Canadian Sediment Quality 

Guidelines for the Protection of Aquatic Life. This study confirms that biotransport by 

seabird can amplify contaminants to potentially toxic concentrations and may expose 

ecologically sensitive coastal ecosystems to elevated contaminant levels. The lush green 

ecosystem resulting from guano-fertilization at Cape provides critical habitat for insects, 

lemmings, snow buntings, foxes, and a range of other animals, presenting a possible 

pathway for contaminant transfer into the terrestrial food web (E. Choy, unpublished 

data). 

Although biotransport leads to the enrichment of contaminants into the terrestrial 

environment, the process can give rise to valuable paleolimnological tools. Seabird 

population dynamics have been reconstructed in Antarctica (Zale 1994; Sun et al. 2004) 

and in the South China Sea (Liu et al. 2006a) using fluctuations of trace element levels in 

guano-affected sediment cores. Cadmium, in particular, has been recognized as an 

indicator of seabird-influence as high levels of Cd have been found at breeding sites 
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(Hawke et al. 1999; Wagner 2001; Liu et al. 2006b). A biogenic enrichment factor of 

22.5 was calculated for Cd at Cape Vera, the highest of all the metals. Indeed, the vertical 

profile of Cd in C V9 was used to reconstruct the northern fulmar population at Cape Vera 

along with several other proxies of seabird influence (i.e. inferred sedimentary chl-a, 

diatom head capsule abundance, 515N and PBC concentrations) (Michelutti et al. in 

press). 

The northern fulmar is a source of both marine-derived nutrients and trace 

elements to the Cape Vera coastal ecosystem. These studies add to a growing body of 

evidence that suggest that biotransport can be an important pathway for contaminant 

transfer between food webs. Biotransport can amplify contaminant concentrations 

emitted thousands of kilometers away to potentially toxic levels, demonstrating the 

importance of this process in contaminant cycling. 
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co Ĥ T - •<- •<-

o o o d d 

o o o o o o c o o o m c o 
o q p o o p o p o 

S S G m w m m i n m i n m i n i n S I S S f i S i n i n i n m w m i n i n i n i n i n i n i n i n m i n i n m i n CM CM 
•* in 

C M C M C M C N C N C M C M C M C M C M 
C M c o - ^ i r i c b i ^ o b o i 

CM CM CM CM 
CM CO 

C M C M C M C M C M C M C M C N C M C M C M C M C N C N C M C M C M C M C M 

^Z v ' O C M C O - s f m c D N - O O O O CM co •* in co o T -

CD 
> o > 

o 

CM 

> 
o 

CM 
CM 

> 



<0
.0

£ 
O) 
• ^ 

0.
07

 
,_ 
CD 

0.
08

 

05 
in 

<0
.0

J 

• * 

<0
.0

£ 

Is-
• ^ 

<o
.o

e 

00 
CO 

CO 
00 

'. in eo co oo Is-
oo oo m CD in 

CN •* Is- T- co oo 
CD Is-; co cq •* Is-; 
CN CN co c\i iri CN 

Is- co -^ •* oo in 
O C\i N r^ ^ ^ 

m t - CD T- CO •* 
T- CM CN T- t -
o o o o o 

co co 

! - N N CS in N 
T— CO CO T— T— T— 

co co cq •* ^ j . cp 
t - T - O CO CD *•" 

m co co Is- Is-
o o o o 
in t -a- CM § ~ 

o o o o o o 
o o o o o o 
co co co •* co •* 

•=t co in co oo CM 
m Is- Is- eo co oo 

•sr a> Is- o o o 
o> •* co Is-; oq a> 
co oo oo o ' oo ai 

CN 
O 

d 
Is-o 
d 
00 
CM 

1̂ 
d 
co 
CM 

CD 

o d 
CN 

in o 
d 
oo 

CO 

o d 
CM 

o o o o o o 

~ T- co „ -<t Is-
2 oo <* °° co oo 

Is- CM •* O) ^ Jf; CM 00 O) Is- 00 £J 

in 
v 0 5 V Is-

CO CM 
O CM 

d d 
N T-. g 
o o o o 

m in m m in m 
CM CM CM CN CN CM 

c\i ri ^ in io N 



Statement of contributions of collaborators 

Included in this M.Sc. thesis are two co-authored articles presenting data from multiple 
years of field work. Samples from the 2004-2006 field seasons were collected by other 
members of the Cape Vera project from the Blais lab (Huijin Liu, Karen Foster, Linda 
Kimpe) and from the Paleoecological Environmental Assessment and Research Lab 
(PEARL) at Queen's University (Bronwyn Keatley, Neal Michelutti). Guano samples were 
collected and analyzed by K. Foster. 

The redaction of both articles and data analysis are my own work. Comments and 
suggestions to improve the manuscripts were provided by co-authors. Furthermore, the first 
article "Bioenrichment of trace elements in a series of ponds near a northern fulmar 
colony at Cape Vera, Devon Island" has been submitted for publication and has undergone 
a series of reviews after which improvements were made to the manuscript. 

72 


