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Abstract 1 

 2 

Seabirds are major vertebrates in the coastal ecosystems of the Canadian High Arctic, 3 

where they transport substantial amounts of marine-derived nutrients and pollutants from 4 

oceans to land by depositing guano and stomach oils to their nesting area, which often 5 

includes nearby freshwater ponds. Here we present novel indicators for evaluating the 6 

impact of seabirds on freshwater ecosystems. The ratio of cholesterol : (cholesterol + 7 

sitosterol) in pond sediments showed significant enrichment near a nesting colony of 8 

northern fulmars (Fulmarus glacialis) and was significantly correlated with ornithogenic 9 

enrichment of sediment as determined by sedimentary δ
15

N. The sterol ratio was also 10 

correlated with several bioaccumulative persistent organic pollutants (POPs), suggesting 11 

its usefulness in tracking biovector enrichment of contaminants. Human-derived 12 

epicoprostanol was also analyzed in the sediments, and its relationship with an 13 

abandoned, prehistoric settlement was recorded, suggesting its potential as a tracer of 14 

prehistoric human activities in the Arctic. Sterols and stanols preserved in sediments 15 

appear to be useful geochemical tools that will inform our understanding of migratory 16 

species and the presence of pre-historic human populations in the Arctic, and possibly 17 

other animal populations.  18 

 19 

Keywords: seabirds, sediment, Arctic, cholesterol, sitosterol, biovector  20 
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Introduction 21 

 22 

Most High Arctic lakes are oligotrophic with low biomass and species diversity 
1, 2

, 23 

though some sites receive significant enrichment of nutrients and persistent organic 24 

pollutants (POPs) from foraging and migrating species 
3-5

. Species at higher trophic 25 

levels bioaccumulate many of the halogenated POPs 
6-8

, and are effective in funnelling 26 

these contaminants to nesting and spawning areas 
9, 10

. Northern fulmars (Fulmarus 27 

glacialis) are common carnivorous seabirds that feed on marine animals, and they nest on 28 

coastal cliffs close to the sea 
11

. As a result, their nesting areas may receive a high influx 29 

of seabird input, including, but not limited to, guano, moulted feathers, stomach oils and 30 

carcasses, and can be a significant source of nutrients and pollutants to the nesting areas 
3, 

31 

4, 9, 12
. In addition, coastal areas with freshwater ponds were used by northern peoples in 32 

the past, which may also have influenced the limnology of these ponds by sewage and 33 

marine mammal harvesting activities (e.g., whaling) 
13-16

. 34 

 35 

A variety of paleolimnological proxy indicators has been developed to track biovector 36 

transport of nutrients and contaminants to lake sediments 
4, 12, 17-19

. Sedimentary δ
15

N is 37 

an important indicator of ornithogenic nitrogen 
19, 20

 because 
15

N is enriched in seabird 38 

guano 
21-24

. However, δ
15

N could be affected by factors other than biovectors. For 39 

example, δ
15

N in lake sediment may be influenced by inorganic nitrogen input from 40 

weathering and post-depositional nitrification or denitrification 
25-27

. Moreover, δ
15

N can 41 

also be enriched in sediments from other biovectors in addition to birds, e.g. whales 
16

, 42 

salmon and other migratory fish 
28

. As a result, interpretation of δ
15

N data in sediment 43 
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may benefit from independent geochemical markers of ornithogenic enrichment in 44 

sediments. For instance, many diatom species are common under distinct trophic 45 

conditions, i.e. oligotrophic or eutrophic 
18, 29, 30

. Hence, the spatial and temporal variation 46 

of diatom community assemblages can be used to track seabird influence in addition to 47 

δ
15

N. Sterols and stanols may also be employed to support these more traditional 48 

indicators 
5, 31, 32

.  49 

 50 

Sterols are natural, unsaturated steroid alcohols that represent an important group of 51 

compounds for biological functions and structure of biological membranes 
33

. Stanols are 52 

reduction products of sterols by hydrogenation, usually by microbes either in animal 53 

gastrointestinal tracts or in the environment 
34

. Sterols and stanols in animal faeces or 54 

other biological materials are readily preserved in lacustrine sediments, providing an 55 

archive of source information for nutrient and contaminant inputs to lakes 
35

. Though 56 

sterols and stanols may degrade in some warm climates 
36, 37

, they are more resistant to 57 

degradation in cold environments and may be preserved for thousands of years 
38, 39

. They 58 

may therefore be used as biomarkers in paleoecological studies, especially in polar 59 

regions 
5, 31, 40

.  60 

 61 

A few of the sterols and stanols are already known to have associations with specific 62 

sources. Cholesterol is an essential component in cell membranes 
33

, and thus it is one of 63 

the most commonly found sterols in all organisms, especially animals (Kingdom 64 

Animalia) 
41, 42

. It has long been used as an indicator for marine animal material in 65 

aquatic environments 
43-46

. On the other hand, sitosterol is a common sterol in plant tissue 66 
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and wax 
47, 48

, and it is widely reported in phytogenic material 
40, 49, 50

, including algae 
51, 

67 

52
. Coprostanol is widely used to trace municipal sewage input in aquatic environments 

53, 
68 

54
. However, it is also reported in bird guano at a lower concentration 

42, 55, 56
. Meanwhile, 69 

epicoprostanol in Arctic environments should be strongly related to human activities due 70 

to its distinctive presence in human sewage 
46, 54

, although it is also found in livestock and 71 

poultry waste, which are not expected in the Arctic 
42

.  72 

 73 

Here we analyzed cholesterol, sitosterol, coprostanol and epicoprostanol from the 74 

sediments of 23 High Arctic ponds near a large breeding colony of northern fulmars at 75 

Cape Vera, Devon Island, NU 
9, 11, 57

. A Thule archeological site was adjacent to one of 76 

the ponds, which may also have influenced the vicinal ecology and environment. The 77 

purpose of this study was to determine whether the presence of a large seabird colony and 78 

an ancient Thule settlement affected the sterol and stanol composition in sediments from 79 

ponds spanning a gradient of inputs from these sources by comparing the sterol and 80 

stanol profile to traditional biovector indicators described in previous studies from this 81 

region.  82 

 83 

Materials and methods 84 

 85 

Cape Vera (76°15’N, 89°15’W; Figure 1) is located on northern Devon Island in the 86 

Canadian Arctic, ~500 km west of Greenland. The Devon Ice Cap covers the montane 87 

area behind the cliffs. Approximately 11,000 pairs of northern fulmars nest on the coastal 88 

cliff every summer 
57

, from where they feed on fish and marine invertebrate prey, 89 
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sometimes hundreds of kilometers away 
58, 59

. A series of ponds are located at various 90 

distances below this cliff, with each receiving different amounts of ornithogenic inputs 
9
. 91 

There were visible differences among these ponds, with a clear decrease in nutrients and 92 

algal biomass with increasing distance from the bird colony, which was subsequently 93 

supported by geochemical studies 
18

. Following our previous work at Cape Vera 
9
, each 94 

pond was identified as CV (number), where CV stands for Cape Vera. All these ponds 95 

are small and shallow, less than 100 m
2
 in area, maximum depth less than 1.5 m, and 96 

were located within 2 km of the coast, but no significant seawater inputs were noted 97 

based on salinity measurements 
18

. Periphyton, phytoplankton, zooplankton, and 98 

chironomids were studied in all ponds 
3, 4, 60

. 99 

 100 

Most of our studied ponds are located adjacent to the major fulmar colony on the eastern 101 

side of the cape (Figure 1). This group of ponds includes CV5 to CV10, CV12, CV14, 102 

CV15, CV20 and CV30. In particular, CV8, CV9, CV10 and CV30 are at the foot of the 103 

cliff, receiving the most direct inputs from the fulmar colony, and they are the most 104 

affected ponds based on nutrient concentrations and other ornithogenic indicators 
4, 9, 18

. 105 

CV12 and CV14 are far from the colony among this group and isolated from any other 106 

ponds. They are the ponds least influenced by seabirds in this group 
18

.  Another group of 107 

three ponds, including CV16, CV17 and CV18, are located at the base of a cliff opposite 108 

the northern fulmar colony. These three ponds are used as a reference 
18

. Meanwhile, 109 

CV1 and CV2 are at the far end of the cliffs located ~4 km away. CV3 and CV4 are ~2 110 

km from the major colony. CV22, CV23 and CV24 are also located at a remote reference 111 

site ~7 km away to the north, and CV11 is ~10 km away to the southeast. These eight 112 

Page 7 of 33

ACS Paragon Plus Environment

Environmental Science & Technology



ponds are far away from any modern seabird colony. No seabird activities were observed 113 

near them during our fieldwork, hence they are likely unaffected by seabirds 
3, 4, 18

. CV13 114 

is ~1 km from the major colony, where an abandoned Thule archeological site was 115 

observed. This site consisted of the remains of at least seven recognizable Thule tent 116 

rings, each of less than 2.5 m in diameter 
61

. 117 

 118 

Sediment samples were collected from each pond in the summers of 2005, 2006 and 2007 119 

3, 18
. As the ponds are shallow, samples were collected by wading into the ponds with 120 

chest waders or from an inflatable boat. Sediment samples were collected with a gravity 121 

corer at the approximate center of each pond, and extruded on shore. A 1 cm surface 122 

sediment slice was collected using a pre-cleaned spatula, then stored in Whirlpak
®

 bags. 123 

Caution was taken to ensure only sediments at the surface ~1 cm were collected and 124 

nothing was lost during the sample collection. Moss samples were also collected in the 125 

same way near each pond where available. Fresh guano samples were not available, 126 

because the fresh excrement usually accumulates at the nesting area, which could not be 127 

safely accessed, or dissipates in the air before reaching the ground.  Instead of guano 128 

samples, stomach oil and other digestive track content samples were collected from 129 

captured fulmars at the same site, as well as at Prince Leopold Island, a nearby high 130 

Arctic fulmar colony where the diet of the birds is similar to Cape Vera fulmars 
58

. 131 

Regurgitated stomach oil was collected from fulmars at Cape Vera in sterile Whirlpak 132 

bags by holding the head of fulmars over the bag allowing materials to drain. Crop 133 

proventriculus content and small intestine content were also collected from two northern 134 

fulmar carcasses, which perished by natural causes during the same field season at Prince 135 
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Leopold Island. As the prey retention time is only 10 h in northern fulmar digestion 
62

, 136 

gastroenteric content should represent the final composition of guano. Whale blubber 137 

samples were collected as part of a monitoring program in nearby Inuit communities on 138 

Baffin Island between 2009 and 2014. We analyzed ten whale blubber samples for sterols 139 

and stanols to determine whether traces of whale-derived biomarkers are detectable in 140 

sediments near this Thule archeological site. All samples were immediately sealed and 141 

frozen within 24 h, then transported to a laboratory and kept frozen until analysis. 142 

 143 

Analytical methods were modified from Birk, et al. 
63

. All sediment and animal samples 144 

were freeze dried before analysis. Dry sediment and moss samples (~0.1 g dry weight) 145 

were sonicated with 10 mL dichloromethane for 10 min with activated copper, which was 146 

repeated three times. All extracts were combined and concentrated to ~0.5 mL under a 147 

gentle flow of nitrogen at 35°C. The concentrated extract was transferred to a LC-Si SPE 148 

column. As we were only interested in sterols and stanols, the SPE columns were only 149 

eluted with 15 mL dichloromethane for cleanup. The eluted sterols and stanols were dried 150 

completely under a gentle flow of nitrogen, before adding 100uL 99:1 BSTFA+TMCS 151 

(N,O-Bis-(trimethylsilyl) trifluoroacetamide and Trimethylchlorosilane), then heated at 152 

60°C for 2 h and dried completely again. We added 900 µL of toluene to dissolve the 153 

derivatized samples, and 100 µL of 5000 ng/mL 5α-cholestane were added as an internal 154 

standard. 155 

 156 

Freeze-dried animal samples (~0.1 g dry weight), including fulmar stomach oil, digestive 157 

samples and whale blubber sample, were also extracted with dichloromethane and 158 
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concentrated to ~0.5 mL as sediment samples. Concentrated extracts of animal samples 159 

were saponified with 5 mL 0.5 mol/mL potassium hydroxide at 70°C for 1.5 h, then 160 

liquid-liquid extracted with hexane consecutively three times; 10 mL hexane was used in 161 

each extraction. Hexane extracts were combined and concentrated to ~0.5 mL, and 162 

transferred to a LC-Si SPE column. Subsequent steps were the same as for sediment 163 

samples. 164 

 165 

Sterols and stanols were quantified by GC-MSD with a capillary column of Agilent 166 

19091J-433 HP-5 5% phenyl methyl siloxane. The initial oven temperature was set at 167 

80°C and initial time was 1.5 min, then equilibrated for 0.5 min. The oven ramp was set 168 

as follows: first an increase to 265°C at 12°C/min, then an increase to 288°C at 169 

0.8°C/min, then an increase to 300°C at 10°C/min, and kept at that temperature for 12 170 

min. The transfer line temperature was 280°C. Details of the MSD parameters are in 171 

Table 1. Sterol concentrations (mean ± SD) are reported in µg/g dry weight. 172 

 173 

For quality control, all GC-MSD results were corrected with the internal standard 5α-174 

cholestane. The calculation was done by MSD ChemStation D.02.00.275. For every five 175 

samples, an experimental blank was run simultaneously. Sitosterol and epicoprostanol 176 

were not quantified in any blanks, but cholesterol was detected in some blanks with 177 

concentrations no more than 10% of samples. The blank values were subtracted from 178 

corresponding samples. Concentration results were not recovery corrected. Limit of 179 

quantification was defined as a signal to noise ratio of 3 (Table 1). Signals below that 180 

ratio were regarded as not quantified and discarded.  181 
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 182 

The nitrogen stable isotope and POP data for the same sediment samples were obtained 183 

from a previous study 
9
, where analytical methods were described in detail.  184 

 185 

Results and discussion 186 

 187 

Cholesterol in three fulmar samples (crop proventriculus, stomach oil content and small 188 

intestine content) were 5483, 2543and 7488 µg/g, respectively, composing more than 189 

99.7% of total sterols and stanols in the fulmar samples. Sitosterol concentrations were 190 

14.4 µg/g, 4.5 µg/g and 6.3 µg/g in these samples, and its proportion in total sterols and 191 

stanols was no more than 0.25%. This result suggests that cholesterol was the 192 

overwhelmingly dominant sterol in the fulmar samples (Figure 2). The crop 193 

proventriculus is one of the first parts of the alimentary system of fulmars, and it is where 194 

stomach oil forms 
64

, hence the crop proventriculus content is the precursor of stomach 195 

oil. Though no detailed investigation was available on the sterol and stanol composition 196 

of alimentary content of northern fulmars, our preliminary results suggested that the 197 

portion of cholesterol was increasing with the alimentary process, from crop 198 

proventriculus content to stomach oil, then small intestine content (Figure 2). Therefore, 199 

the cholesterol proportion of northern fulmar guano may be similar to or even higher than 200 

those in alimentary samples. In contrast, cholesterol was 43.6±31.6 µg/g and sitosterol 201 

was 36.8±14.2 µg/g in moss samples (n=9). Their composition in total sterols and stanols 202 

was 49.7±17.2% and 50.3±17.2%, respectively. Thus the proportions of cholesterol and 203 

sitosterol in moss were about equal, though cholesterol in moss was higher in the ponds 204 
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adjacent to the bird colony, namely CV8, CV20 and CV30 (Figure 2). Algae samples 205 

were not available for sterol analysis due to very low biomass in the reference ponds, but 206 

Kamenarska et al. 
51

 indicated that concentrations of sitosterol and cholesterol in algae 207 

are typically about the same. Therefore, cholesterol could come from algae, but its 208 

relative ratio to sitosterol is distinct from that in ornithogenic material. Meanwhile, 209 

cholesterol in whale blubber samples was 5845±3967 µg/g (n=10), comprising more than 210 

99.9% of total sterols and stanols, with no sitosterol quantified in any whale blubber 211 

samples. These results suggest that animals, and most probably northern fulmars due to 212 

their overwhelmingly large population at this site 
65

, were the likely source of the 213 

cholesterol, while plants were likely the source of sitosterol, at Cape Vera. 214 

 215 

No epicoprostanol was quantified in either fulmar (n=3) or moss (n=9) samples, but 216 

epicoprostanol was identified and quantified in three out of 10 blubber samples from 217 

bowhead whales (Balaena mysticetus) at concentrations of 0.5 µg/g to 1.1 µg/g.  218 

 219 

Cholesterol (24.4±23.0 µg/g, n=23) and sitosterol (22.6±13.5 µg/g, n=23) were 220 

ubiquitous in the Cape Vera pond sediments, suggesting widespread inputs from animal 221 

and plant-derived material in this area (Table 2). Indeed, ponds with higher δ
15

N had 222 

significantly higher cholesterol (Pearson correlation, r23=0.49, P<0.02), but did not have 223 

higher sitosterol (r23=0.12, P>0.5). Hence, the marine-derived ornithogenic input appears 224 

to be the dominant source of cholesterol in these ponds, confirming the earlier work done 225 

on these sites 
3, 4, 9, 18

. Cholesterol concentrations in pond sediments closest to the fulmar 226 

colony, including CV8, CV9, CV10 and CV30, were among the highest (from 34 to 71 227 
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µg/g), suggesting ornithogenic enrichment of cholesterol at these locations. However, 228 

sitosterol content in these ponds was also high, from 17 to 30 µg/g, suggesting there was 229 

also high phytogenic input, likely reflecting the lush vegetation surrounding the fertilized 230 

ponds nearest to the bird colonies. In the other ponds, which were remote to the bird 231 

colony, the highest concentration of 84 µg/g of cholesterol was recorded in CV13, which 232 

might be ascribed to whale blubber or other materials that were introduced by the Thule 233 

whalers. Meanwhile, the surface sediment in CV14, one of the ponds that did not receive 234 

direct input from the fulmar colony due to its isolation from bird-affected ponds, 235 

contained high cholesterol (43 µg/g) in addition to relatively high sitosterol (44 µg/g). We 236 

suspect that this may be ascribed to different sedimentation rates, which may 237 

significantly affect absolute concentrations of indicators in sediments by diluting or 238 

concentrating them 
66

. Though sedimentation rate data were not available for all ponds, 239 

the geochronologies of the sediment cores collected from these ponds revealed significant 240 

differences between bird-influenced ponds and reference ponds 
67

. For example, the 241 

surface accumulation rate of reference pond CV22 was around 0.02 g cm
-2

 yr
-1

 based on 242 

210
Pb chronologies,  while CV8 accumulated 0.23 g cm

-2
 yr

-1
 because of direct 243 

ornithogenic input 
67

. A lower sedimentation rate in reference ponds may result in a 244 

magnification of the absolute concentrations of indicators, such as sterols and stanols. 245 

Hence, the absolute concentration of sterols may not be an effective indicator of seabird 246 

impact.  247 

 248 

Though part of the cholesterol in sediment might come from the higher plant and algal 249 

populations in the bird impacted ponds 
45, 68

, the majority of this compound may come 250 
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from ornithogenic input, and the ratio between cholesterol and sitosterol is distinct 251 

between phytogenic and ornithogenic material, according to this study and literature 
42, 45, 

252 

51, 69
. Hence we propose a seabird impact index, defined as cholesterol : (cholesterol + 253 

sitosterol), as a proxy for relative seabird inputs to pond sediments, instead of the 254 

absolute sterol concentrations. The principle in this index was the different sterol 255 

proportions in seabird and plant materials. As most Arctic freshwater bodies are 256 

oligotrophic 
1, 2

, ornithogenic input of nutrients at Cape Vera was the dominant factor for 257 

vegetation growth near and inside these ponds 
18

. High index values were found in every 258 

pond adjacent to the fulmar colony, including CV7, CV8, CV9, CV10 and CV30 (Figure 259 

3A). CV14 and other remote ponds were isolated from these highly affected ponds. 260 

Reference ponds, including CV23, CV24, CV2 and CV12, had the lowest seabird impact 261 

index. Though the index in reference ponds CV1 and CV22 were not the lowest, they 262 

were still much lower than those in the impacted ponds. 263 

 264 

The northern fulmar colony on the cliff was the obvious source of ornithogenic material 265 

at Cape Vera, but there might be multiple pathways for biovector material to reach the 266 

coastal ponds. One is that bird excrement accumulates around the nesting area 
11, 57

, and 267 

subsequently washes downhill by precipitation or meltwater from the glacier. Fulmars 268 

use partly digested chyme, which is referred to as stomach oil, to feed their young 
64

. The 269 

stomach oil is also expelled on predators for defensive purposes or in conspecific 270 

competition 
70

. The stomach oil is enriched in energy as well as cholesterol 
69

, which 271 

could fall into the vicinity and act as another important source of ornithogenic cholesterol 272 

in this area 
71

. As a result of receiving excrement and stomach oil from the colony, the 273 
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adjacent ponds had the highest seabird impact index. On the other hand, the atmospheric 274 

transportation of ornithogenic materials was negligible at Cape Vera, as seen by the 275 

confined impact by birds within a square kilometer 
4, 9, 12, 18, 72

. Therefore, ponds that did 276 

not receive direct input from the colony may have a low seabird impact. As a result, pond 277 

CV12 had a very low seabird impact index (0.36) due to local hydrology and topography, 278 

despite the fact that it was not far from the major colony. This finding was supported by 279 

previous studies at this location 
4, 18, 72

, which also revealed that CV12 was among the 280 

least affected by seabirds. Other reference ponds, e.g. CV23 and CV24, had the lowest 281 

seabird impact index because of their remoteness to the bird colony, despite that CV22 282 

had a moderate index among all the ponds. 283 

 284 

In further support of our sterol index, seabird impact (cholesterol : (cholesterol + 285 

sitosterol)) was strongly correlated with δ
15

N (r23=0.68, P<0.001. Figure 3B), which itself 286 

was strongly correlated with other indicators of ornithogenic enrichment in these same 287 

ponds 
9
, and it has been shown to be a clear tracer of ornithogenic enrichment in these 288 

ponds 
3, 9, 72

. Previous research on the same island suggested that post-depositional 289 

processes might influence the soil δ
15

N as much as 3.25‰ 
73

, which was much lower than 290 

our observed δ
15

N range (~20‰, Figure 3B). However, this might explain some 291 

unexpected δ
15

N results in the studied ponds, e.g. relatively low δ
15

N in impacted pond 292 

CV7 (11.9‰) and relatively high δ
15

N in reference ponds CV3 (18.4‰) and CV4 293 

(15.0‰). The ecosystem at Cape Vera is very simple; northern fulmars were the 294 

dominant species and the source of high δ
15

N and major nutrients (nitrogen and 295 

phosphorus) in these ponds 
61

. 296 
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 297 

A ratio of coprostanol : cholesterol > 0.5 has been suggested as evidence of human 298 

sewage pollution in various studies 
34, 74, 75

. However, CV5 was the only studied pond at 299 

Cape Vera which had a ratio of coprostanol : cholesterol > 0.5 (Table 2). This result 300 

indicates that the modern anthropogenic impact was limited at Cape Vera. In addition, 301 

coprostanol was reported in non-anthropogenic materials in Antarctica, implying possible 302 

limitations of its reliability as a human activity indicator 
56

.  Indeed, coprostanol was 303 

quantified at 0.4 µg/g in crop proventriculus content sample of a northern fulmar, 304 

indicating that fulmar guano may act as a source of coprostanol other than human 305 

activities at Cape Vera.  306 

 307 

Instead of coprostanol and its ratio to cholesterol, we propose epicoprostanol as an 308 

anthropogenic indicator in the Arctic, due to its selective presence in human faeces 
46, 54

 309 

and whale carcasses (this study), which were both related to past human activities in this 310 

part of the Arctic. Epicoprostanol was quantified only in sediments from ponds CV2, 311 

CV6, CV8, CV9, CV10, CV13, CV14, CV20 and CV30. Because epicoprostanol is 312 

reported only in municipal sewage 
46, 54

 and in animal waste that is not endemic to the 313 

Arctic, such as pigs, poultry, and magpies 
42

, the presence of this compound at Cape Vera 314 

may suggest the impact of human activities in these ponds. Although some baleen whales 315 

are believed to produce epicoprostanol 
53, 56

, the whale material at Cape Vera may also be 316 

related to the indigenous people because of their whaling activities. CV13, which is 317 

directly adjacent to the Thule site, had the highest epicoprostanol concentration (4.6 µg/g) 318 

in our studied ponds. Though the seabird impact index in CV13 was also the highest 319 
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(0.71, compared to an average of 0.47), its epicoprostanol concentration was outstanding 320 

and indicated a possible different sediment source, which coincided with field 321 

observation of the Thule settlement at this pond. Apart from CV13, other ponds showing 322 

high epicoprostanol, including CV8, CV9, CV10, CV20 and CV30, were also in close 323 

proximity to the fulmar colony. This result may suggest that human impacts were not 324 

confined to the CV13 site, or that epicoprostanol may be derived from other animal 325 

sources, e.g. biotransport of epicoprostanol by northern fulmars may have occurred from 326 

fulmars feeding on whale carcasses 
11

. Nonetheless, the presence of epicoprostanol is 327 

likely evidence of human activities in this Arctic environment. 328 

 329 

POPs tend to accumulate in polar areas via transport by air and oceans 
76, 77

. Fulmars are 330 

known to be important biovectors of POPs to their nesting areas because they accumulate 331 

high amounts of POPs due to their high position in the food web 
9, 12, 60, 72

. We compared 332 

our seabird impact index i.e. cholesterol:(cholesterol + sitosterol) to sediment POP data 333 

from CV1 to CV11 (Figure 4) to test the performance of our seabird impact index against 334 

the presence of contaminants shown previously to be enriched by the fulmar colony. 335 

There were significant correlations between our seabird impact index in pond sediments 336 

and dieldrin (r11=0.83, P<0.001), total polychlorinated biphenyls (PCBs) (r11=0.69, 337 

P<0.02), hexachlorobenzene (HCB) (r11=0.65, P<0.05), total 338 

dichlorodiphenyltrichloroethane (DDT) (r11=0.63, P<0.05) and methoxychlor (r11=0.60, 339 

P<0.05), indicating an important role of ornithogenic transport in their sources at Cape 340 

Vera. These results further confirm the ornithogenic enrichment of POPs in ponds with a 341 

high seabird enrichment index. As one of the most stable metabolized products of the 342 
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most produced congener p,p-DDT 
78

, the concentrations of p,p’-DDE were also much 343 

higher than those of DDT in sediments at Cape Vera, which corroborates previous studies 344 

on northern fulmars 
79, 80

 and other Arctic seabirds 
81

. p,p’-DDE concentrations were also 345 

strongly correlated with our seabird impact index (Pearson correlation, r11=0.75, P<0.01), 346 

but the sum of p,p’-DDT and o,p-DDT was not significantly correlated with the index 347 

(Pearson correlation, r11=0.22, P>0.5). p,p’-DDE was the most persistent and stable 348 

metabolite of DDTs in the environment, and comprised more than 85% of total DDTs in 349 

seabird tissues and eggs 
82, 83

, probably due to both accumulation from diet and in vivo 350 

metabolism of DDT 
81

. Unlike the seabird impact index, no significant correlation (all 351 

P>0.20, except dieldrin P>0.10 n=5) was found between POP concentrations and 352 

epicoprostanol. This result was not unexpected, as the Thule people pre-dated the 353 

development of the POPs analysed in this project 
14, 15

. 354 

 355 

Despite the advantages of sterols and stanols as environmental indicators for seabird and 356 

human influence on ecosystems, there are limitations to consider with their application. 357 

For example, cholesterol is ubiquitous in biological material 
33

, and sitosterol is common 358 

in many phytogenic sources 
48, 84

, which makes their presence less diagnostic in tracing 359 

material sources. Furthermore, sterol and stanol sources in temperate regions could be 360 

much more complex than in Arctic regions, raising challenges in interpreting the results 361 

there. In the meantime, these compounds may degrade within a few years in aquatic 362 

sediment under warmer climate 
85

. Hence, the prime application of sterol and stanol 363 

source identification may be in simple ecosystems in cold environments, such as polar or 364 
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montane regions. Nonetheless, these indicators could be applied in other environments 365 

with controls and cautions.  366 

 367 

Here we show that steroid compounds and their ratios can inform studies on seabird 368 

influences in coastal areas, and may also be used to help differentiate other biovector 369 

sources, as indicated by our preliminary data from the Thule archaeological site.  We 370 

propose that similar sterol and stanol indicator approaches should be developed to track 371 

the effects of other species not limited to birds, providing more holistic interpretations of 372 

the influences of past biota on ecosystem changes. 373 

 374 

Acknowledgements   375 

 376 

We gratefully thank Emily Choy and Lisa Loseto at Fisheries and Oceans Canada for 377 

providing bowhead whale blubber samples. This project was funded by an NSERC 378 

Discovery Grant to JMB, the NSERC Brockhouse Canada Prize awarded to JMB and JPS, 379 

an NSERC Strategic Projects Grant awarded to JMB and JPS, and logistical support to 380 

JMB, JPS, and MLM from the Polar Continental Shelf Program. Work at Cape Vera was 381 

licensed under permits NUN-SCI-06-01, 006PNR021, land use 591/7-2-2, WL000851, 382 

and Scientific Licence 0204405N-M. Whale blubber samples were obtained under the 383 

Marine Mammal Transportation Licence No. B0698 from Fisheries and Oceans Canada. 384 

Page 19 of 33

ACS Paragon Plus Environment

Environmental Science & Technology



Figure Headings: 385 

Figure 1. Map of the study ponds. Left: Map showing the study ponds across the entire 386 

study site. Most ponds are close to the colony and remote reference ponds are indicated 387 

with numbers. Right: Detailed map of the ponds at the major fulmar colony. Ponds are 388 

indicated with numbers and relative positions of these ponds are shown. Dots are plotted 389 

at the center of each represented pond. Right insert: Overview maps showing the location 390 

of the study site by the square with respect to the Canadian Arctic. 391 

 392 

Figure 2. Cholesterol and sitosterol in moss samples and fulmar samples, with cholesterol shown 393 

in dense slash shade and sitosterol shown in coarse slash shade. A) Absolute concentration of 394 

cholesterol and sitosterol. The Y axis is broken to show the high concentrations of cholesterol in 395 

fulmar samples. B) Relative proportions of cholesterol and sitosterol. The Y axis is broken to 396 

show the low cholesterol proportions of sitosterol in the fulmar samples. CP = crop 397 

proventriculus content, SO = stomach oil, and SI = small intestine content. 398 

 399 

Figure 3. Seabird impact index, calculated as cholesterol / (cholesterol + sitosterol), with 400 

higher index values indicating higher seabird impact. A) Seabird index value sorting of 401 

the study ponds from low (left) to high (right). Ponds close to the bird colony with high 402 

ornithogenic input were generally in the right, while reference ponds with limited 403 

ornithogenic input were generally in the left; B) Correlation between the seabird index 404 

and δ15
N ‰. Solid line shows the least square regression line.   405 
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Figure 4. Correlations between the seabird impact index and persistent organic pollutants. 406 

Solid lines show the least square regression line. Note the scales of Y axis vary among 407 

different compounds. A) Hexachlorobenzene (HCB); B) Total polychlorinated biphenyls 408 

(total PCBs); C) Dieldrin; D) Methoxychlor; E) Total dichlorodiphenyltrichloroethane 409 

(total DDT, including p,p'-DDT, p,p'-DDE, p,p'-DDD and o,p'-DDT); F) 410 

dichlorodiphenyldichloroethylene (p,p'-DDE).  411 
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Table 1. Method parameters of mass selective detector. LOQ (limit of quantification) was 412 

defined as a signal to noise ratio of 3. 5α-cholstane was used as internal standard, 413 

therefore no LOQ was determined for it. Refer to text for more details in method. 414 

 415 

Compound 

name 

Retention time  

(min) 

Ion fragments 

 (m/z) 

LOQ  

(ng/g dry weight) 

epicoprostanol 30.662 370, 355 5 

coprostanol 29.957 370, 355 10 

cholesterol 32.538 329, 368 20 

sitosterol 38.934 357, 396 250 

5α-cholestane 25.514 357, 372 N/A 

 416 

 417 

  418 
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Table 2. Sterol and stanol concentrations in dry weight and δ
15

N of the study ponds. N.D. 419 

= not detected and N/A = data not available. The ‘Seabird Index’ is defined as 420 

cholesterol:(cholesterol + sitosterol). 421 

Pond 

 

Cholesterol 

(µg/g) 

Sitosterol 

(µg/g) 

Coprostanol 

(µg/g) 

Epicoprostanol 

(µg/g) 

δ
15

N 

(‰) 

‘Seabird 

Index’ 

Coprostanol/

Cholesterol 

CV1 10.7 15.3 N.D. N.D 6.6 0.41 N/A 

CV2 6.3 11.6 2.8 0.5 4.4 0.35 0.44 

CV3 12.4 15.8 1 N.D 18.4 0.44 0.08 

CV4 4.1 4.7 0.4 N.D 15.0 0.47 0.10 

CV5 3.6 5.2 2.3 N.D 9.0 0.41 0.64 

CV6 21.5 30.2 4.5 0.1 8.0 0.42 0.21 

CV7 6.9 5.4 0.2 N.D 11.9 0.56 0.03 

CV8 34.8 17.4 2.8 1.0 16.3 0.67 0.08 

CV9 55.8 28.1 7 2.7 13.7 0.67 0.13 

CV10 71.0 30.3 7.7 3.1 13.3 0.70 0.11 

CV11 12.2 13.2 1 N.D 0.7 0.48 0.08 

CV12 15.1 26.6 0.7 N.D 3.0 0.36 0.05 

CV13 84.1 35.1 5.1 4.6 19.4 0.71 0.06 

CV14 42.9 44.1 3.2 0.4 8.2 0.49 0.07 

CV15 14.4 19.0 1.9 N.D 16.3 0.43 0.13 

CV16 26.2 26.3 3 N.D 6.0 0.50 0.11 

CV18 10.0 17.3 1.4 N.D 6.5 0.37 0.14 

CV20 34.1 50.2 9.9 4.0 7.4 0.40 0.29 

CV22 12.5 13.8 1.4 N.D 2.8 0.48 0.11 

CV23 12.8 51.1 2.2 N.D 1.6 0.20 0.17 

CV24 8.6 23.4 1.1 N.D 1.6 0.27 0.13 

CV30 57.9 28.0 4.6 2.1 16.9 0.67 0.08 

CV31 5.2 7.9 N.D N.D 12.0 0.40 N/A 

  422 
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Figure 1. Map of the study ponds. Left: Map showing the study ponds across the entire study site. Most 
ponds are close to the colony and remote reference ponds are indicated with numbers. Right: Detailed map 
of the ponds at the major fulmar colony. Ponds are indicated with numbers and relative positions of these 
ponds are shown. Dots are plotted at the center of each represented pond. Right insert: Overview maps 

showing the location of the study site by the square with respect to the Canadian Arctic.  
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Figure 2. Cholesterol and sitosterol in moss samples and fulmar samples, with cholesterol shown in dense 
slash shade and sitosterol shown in coarse slash shade. A) Absolute concentration of cholesterol and 

sitosterol. The Y axis is broken to show the high concentrations of cholesterol in fulmar samples. B) Relative 

proportions of cholesterol and sitosterol. The Y axis is broken to show the low cholesterol proportions of 
sitosterol in the fulmar samples. CP = crop proventriculus content, SO = stomach oil, and SI = small 

intestine content.  
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Figure 3. Seabird impact index, calculated as cholesterol / (cholesterol + sitosterol), with higher index 
values indicating higher seabird impact. A) Seabird index value sorting of the study ponds from low (left) to 
high (right). Ponds close to the bird colony with high ornithogenic input were generally in the right, while 

reference ponds with limited ornithogenic input were generally in the left; B) Correlation between the 
seabird index and δ15N ‰. Solid line shows the least square regression line.  
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Figure 4. Correlations between the seabird impact index and persistent organic pollutants. Solid lines show 
the least square regression line. Note the scales of Y axis vary among different compounds. A) 

Hexachlorobenzene (HCB); B) Total polychlorinated biphenyls (total PCBs); C) Dieldrin; D) Methoxychlor; E) 
Total dichlorodiphenyltrichloroethane (total DDT, including p,p'-DDT, p,p'-DDE, p,p'-DDD and o,p'-DDT); F) 

dichlorodiphenyldichloroethylene (p,p'-DDE).  
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