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• Chemicals transported long distances
condense in cold regions (i.e. alpine gla-
ciers).

• We report levels of legacy POPs in os-
prey and fish from alpine Canada.

• Levels of DDT increased with elevation
and were high in alpine lakes.

• Toxaphene congeners mostly implied
long range transport.

• Food chain length (using baseline-
corrected values) was also important.
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Persistent organic pollutants (POPs) contaminate pristine, alpine environments through long-range transport in
the atmosphere and glacier trapping. To study variation in POPs levels in western Canada, wemeasured levels in
the prey (fish) of osprey (Pandion haliaetus) during 1999–2004, and compared those to levels in eggs and chicks.
Values in fish muscle (representing human consumption) correlated with whole carcasses (wildlife consump-
tion) for all POPs, except toxaphene, allowing us to pool data. Biomagnification factors for osprey eggs were
much higher than published values from Oregon, reflecting differences in local diet. We factored baseline-
corrected food chain variation by using amino acid-specific analysis of osprey eggs, illustrating how top predators
(ospreys) can indicate both ecosystem-wide baselines and contamination. Given that our biomagnification fac-
torswere so different from those for the same species from a nearby site, we argue that trophicmagnification fac-
tors derived from baseline-corrected δ15N are likely a more accurate method for estimating contamination.
Dichlorodiphenyltrichloroethane (ΣDDT) concentrations were greatest in rainbow trout from a small lake at
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Osprey
Western Canada
1800m, and those levels exceededwildlife and human health guidelines. Indeed, once sites with known agricul-
tural inputs were eliminated, elevation, percent lipids and baseline-corrected δ15N (from amino acid specific iso-
tope values) best predicted ΣDDT. Baseline-corrected, but not bulk, δ15N was the main predictor of
polychlorinated biphenyls (ΣPCB). Total toxaphene was consistently the major contaminant after ΣPCB and
ΣDDT in osprey eggs, and was present in many fish samples. We concluded that toxaphene arrived from long
range deposition due to high proportions of Parlar 40–50 congeners. The only exception was Paul Lake, where
toxaphene was used as a piscicide, with a high concentrations of the Hex-Sed and Hep-Sed congeners at that
site. We conclude that long-range transport and trophic position, not melting glaciers, were important determi-
nants of some legacy POPs in fish and wildlife in alpine Canada.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Persistent organic pollutants (POPs) can be transported long dis-
tances on air currents (Fernandez and Grimalt, 2003; Von Waldow
et al., 2010; Steinlin et al., 2016). Combinedwith a resistance to environ-
mental degradation, multiple volatilization-transport-deposition cycles
can lead to concentration of POPs in cold regions (Blais et al., 2001a,
2001b; Semeena and Lammel, 2005; Luo et al., 2016). Thus, elevated
levels of POPs can occur in remote Arctic and alpine habitats partially
due to scavenging by snow crystals, possibly via adsorption or entrap-
ment (Wania and Mackay, 1993; Blais et al., 1998; Franz and
Eisenreich, 1998). Indeed, atmospheric transport of volatile contami-
nants has been recognized for some time (Atlas and Giam, 1981;
Wania and Mackay, 1993; Jaffe et al., 2003; Elliott et al., 2012). Many
of the transported POPs bioconcentrate and some can biomagnify in
aquatic systems through trophic transfer (Kidd et al., 1995; Henny
et al., 2003). Glacial runoff can interact with cold condensation further
contaminating surrounding watersheds due to the minimal volatiliza-
tion loss from low temperature runoff waters, limited catchment reten-
tion owing to low soil organic matter within such catchments and the
rapid channeling of the runoff from the glacier surface (Blais et al.,
2001a, 2001b; Milner et al., 2017). Alpine areas in western North
America are one regionwhere contaminants, such as POPs andmercury,
from Asia or industrial regions of North America can be transported at-
mospherically and deposited (Blais et al., 2001a, 2001b; Jaffe et al.,
2003), potentially contaminating wildlife and people that eat fish in al-
pine lakes (Elliott et al., 2012; Guigueno et al., 2012). The 1960–1980
global cold cycle trapped contaminants in glaciers, but these trapped
contaminants would have largely melted out by 1980 (Elliott et al.,
2012; Guigueno et al., 2012; Steinlin et al., 2016). Nonetheless, local
processes coupled with ongoing POPs deposition in cold environments
mean that significant levels of POPs remain in alpine environments
worldwide (Elliott et al., 2012; Luo et al., 2016; Steinlin et al., 2016;
Milner et al., 2017).

Studies on organochlorine residues in aquatic systems throughout
Canada have shown elevated levels in fish tissues even in locations far
removed from contaminant sources (Muir et al., 1990; Kidd et al.,
1995; Donald et al., 1993, 1999). A broad geographic survey of contam-
inants in burbot liver (Muir et al., 1990) showed elevated levels of a
wide range of organochlorine pesticides, generally increasing from
south to north. Kidd et al. (1995)measured levels of the insecticide, tox-
aphene, in Yukon lakes at levels of health concern to human consumers.
Likewise, high levels of chlorinated hydrocarbons, particularly PCBs and
toxaphene, have been measured in lake trout from remote lakes in the
RockyMountainswith high glacialmelt (Donald et al., 1999) and in bur-
bot from large lakes in the Fraser River basin (Shaw and Gray, 2004).
Point sources can also be important. Toxaphene was used as a piscicide
in some lakes in western Canada prior to stocking (Stringer and
McMynn, 1960), and remnant levels of toxaphene occur in those lakes
(Miskimmin et al., 1995; Donald et al., 1999). Similarly, DDT was
sprayed heavily in some of the intermontane valleys.

Whereasfish communities in lakes can be complex, apex piscivorous
predators consolidate the information from the food chain to provide an
overall index of contamination for lakes and other aquatic environ-
ments (Furness, 1993; Jaspers et al., 2011; Løseth et al., 2019). Apex
predators are proven indicators of POPs contamination in aquatic eco-
systems because they integrate signals across space and time, and are
also, themselves, sensitive to impacts of such contaminants (Sergio
et al., 2008; Elliott and Elliott, 2013). Thus using wildlife as a model
for environmental pollution can provide data on both exposure and ef-
fect (Zhou et al., 2008; Cesh et al., 2010; Roos et al., 2012), a finding that
dates to the earliest days of ecotoxicology (Risebrough et al., 1967;
Spitzer et al., 1978), and a foundation thatwe build on here. To be useful
in assessing risks to humans, species must occupy a high trophic status
and bioaccumulate pollutants, making apex predators well suited for
the role (Basu et al., 2007; Henny et al., 2010; Elliott and Elliott, 2013).
For example, ospreys are excellent indicators because they: (1) have a
widespread distribution allowing for direct comparisons from different
populations across the globe; (2) are at the top of the aquatic avian food
web and are obligate piscivores; (3) bioaccumulate hydrophobic con-
taminants such POPs; (4) have a restricted home range, typically forag-
ingwithin 1–3 km of their nests; (5) have awell-known biology as they
are common and easily studied in temperate regions, and their decline
in the 1960s prompted many studies; (6) have well understood sensi-
tivity to contaminants; and (7) have a booming population post-DDT
era (Grove et al., 2009; Henny et al., 2010). Ospreys are also long-
lived, adapt to human landscapes, tolerate short-term disturbances
with little impact on nest success and are regularly spatially distributed,
whichmake them a relatively easy species to study (Henny et al., 2010).
Ospreys have been used as sentinels in western Canada to measure
mercury and POPs contamination in alpine environments with variable
precipitation, deposition patterns and glacial runoff (Elliott et al., 2012;
Guigueno et al., 2012). Although ‘legacy’ POPs levels are declining glob-
ally, levels are often still higher thanmany ‘emerging’ contaminants and
sometimes above thresholds for sublethal toxicity (Henny et al., 2009;
Cesh et al., 2010; Roos et al., 2012; Ortiz-Santaliestra et al., 2015;
Elliott et al., 2015; Brogan et al., 2017).

Diet can confound the interpretation of trends in top predators. Sta-
ble isotope ratios are biogeochemical tracers that are incorporated from
diet into predator tissues, and therefore offer the ability to track chem-
ical pollution through the food chain (Kidd et al., 1995; Elliott et al.,
2012; Dolgova et al., 2018). The ratio of 13C/12C can be used to infer
food source (e.g. benthic vs. pelagic) (Braune et al., 2002; Hobson,
1995). The ratio of 15N/14N increases systematically from prey to con-
sumer, allowing estimation of the ‘trophic position’ of a consumer
(Braune et al., 2002; Hobson, 1995; Kidd et al., 1995). Nonetheless, var-
iation in nitrogen stable isotope ratios due to spatial variation in base-
line levels may swamp trophic signals, and inferred variation due to
‘biomagnification’ may actually represent spatial variation in nitrogen
inputs to the system (Pajuelo et al., 2010; Seminoff et al., 2012).
Amino acid specific analyses can provide a more robust measure of tro-
phic level by accounting for variation in background nitrogen stable iso-
tope ratios (Lorrain et al., 2009; Pajuelo et al., 2010; Seminoff et al.,
2012). The δ15N values in ‘source’ amino acids such as phenylalanine
(δ15Nphe) do not increase with trophic level and can therefore be used
as a measure of baseline δ15N (Lorrain et al., 2009; Seminoff et al.,



3P. Grenier et al. / Science of the Total Environment 712 (2020) 135889
2012). In contrast, ‘trophic’ amino acids such as glutamate (δ15Nglu) in-
crease systematically with trophic level (Lorrain et al., 2009; Seminoff
et al., 2012). Thus, the difference between these two values, δ15Nphe-
δ15Nglu, provides a baseline corrected estimate of trophic level (Lorrain
et al., 2009; Seminoff et al., 2012; Elliott and Elliott, 2016; Dolgova
et al., 2018). Once trophic level is accounted for, variation in POPs levels
due to geography can be directly assessed.

We studied levels of legacy persistent organic pollutants (POPs) in
osprey and their main prey, fish, to understand the processes and pat-
terns of POP variation in alpine regions of western Canada. We were
particularly interested in geographical and foodweb correlates of levels
in fish, and the biomagnification from fish to ospreys, as geographical
variation in osprey levels has already been reported (Morrissey et al.,
2004; Guigueno et al., 2012; Elliott et al., 2012). In ospreys, percent
lipids (primarily in eggs), food web factors (eggs: bulk δ13C; nestlings:
bulk δ13C + δ15N) and geographical variables explained much of the
variation in HCB, ΣDDT, ΣPCB, toxaphene and chlordane (Elliott et al.,
2012). Typically, levels increased with elevation and proportion of gla-
ciers, increased with watershed size and decreased with lake size (due
to dilution), although typically only one or two variables were signifi-
cant for any particular POP (Elliott et al., 2012). Furthermore, contami-
nant levels of osprey tracked from the Pacific Northwest were not
associated with levels in fish at wintering sites in Latin America, imply-
ing that contaminants largely originate on the breeding grounds (Elliott
et al., 2000; Elliott et al., 2007). In this study, we focus on ΣDDT, ΣPCB
and toxaphene because they are the dominant legacy POPs in western
Canada. Also, therewere a large number ofmeasurements of other com-
pounds that were below the detection limit in fish compared with os-
prey. Because we had a mixture of estimates from muscle
(representing human consumption) and whole carcasses (representing
wildlife consumption), we first established relationships between those
two. Next, we developed models for predicting POPs levels based on
geographical variables (lake size, watershed size, percent glaciation, el-
evation) and diet, as inferred from nitrogen and carbon stable isotope
ratios. Finally, we calculated biomagnification factors between fish and
ospreys to understand how POPs in fish make their way into osprey.

2. Methods

2.1. Sampling and geographical variables

Between 1999 and 2004, we collected samples of osprey and fish
populations in the western Canada (Table 1), targeting 15 different wa-
tersheds. Samples from 88 eggs, each from different nests, as well as
plasma and feathers samples from 70 chicks, and 11 plasma samples
from adults were taken. In addition, we caught 211 fish from sites in
proximity to osprey nests or to include siteswith expected high concen-
trations to determine contaminant range (e.g. Paul Lake, known site of
toxaphene use as a piscicide). Fishwere collected using angling, gill net-
ting and electroshocking. Specific species and quantities were targeted
when diet information was known. When unavailable, sports fish such
as trout and char were favoured, as these potential osprey prey are
also regularly consumed by humans. All contaminants data is uploaded
as a Data Appendix.

Geographic variables were initially gathered using the Spatial Ana-
lyst toolbox and Hydrology toolset in ARCGIS 9.2. We determined the
size (area) of 24 watershed drainage basins and of local osprey foraging
lakes and rivers within the Canadian Rockies (ESRI, www.esri.com). El-
evation (m) of osprey nest location andwatershed area (km2) were de-
termined using the digital elevation model and glacier data archived at
NRC Geomatics Canada (NRC, 2001a; NRC, 2001b) and Alberta
Environment and Sustainable Resource Development (2015). Glacial
areas (km2) were calculated using glacier extents in 2001. All data
were projected onto the same coordinate system UTM Zone 11N,
NAD83. Postprocessing of data with the Hydrology toolset required
sink-filling using the sink tool and the calculation of slope, aspect,
flow direction and accumulation of water, and stream networks using
flow direction and accumulation, watershed and stream network algo-
rithms. Once watersheds were developed, areas of both watersheds
and glaciers were calculated using the script within ARCGIS 9.2.
(Elliott et al., 2012). We also recorded the proportion of agricultural
land cover in each watershed (“agricultural input”).

Fish from British Columbia were analyzed using both dorsal muscle
samples (to assess human health implications) and combined compos-
ite samples (whole fish minus the dorsal muscle, to assess wildlife
health implications), henceforth referred to as “carcass”. The concentra-
tions of major contaminants found in muscle tissue were compared to
the concentrations found in carcass samples on both a wet-weight and
a lipid-weight basis. Geometric means of concentrations found in fish
of the same species for each sampled lake in British Columbia were cal-
culated. Concentrations were adjusted for lipid weight by applying the
ratio method described in Hebert and Keenleyside (1995). Comparing
wet weight to lipid weight values as well as muscle and carcass concen-
trations enables determination if onemeasure could be used to approx-
imate the other. For example, from equilibrium lipid partitioning
principles, we expect wet weight concentrations to differ between
paired samples of carcass and muscle, whereas lipid adjusted concen-
trations should be similar. Lakes in Revelstoke National Park were
resampled in 2004 to compare with data from 1999.

To observe prey being delivered by osprey to their nestlings, we re-
corded prey at five nests at each of five lakes: Lillooet, Nakusp, Nicola,
Oliver and Pitt Meadows (Morrissey et al., 2004). Study lakes were se-
lected to represent a diversity of habitat characteristics in terms of ele-
vation, hydrology, lake size and depth, in addition to biodiversity of
fish species. All prey observations were conducted by a single observer
assigned to each site to monitor five nests for the duration of the study
period. Over a 12week period, fromMay to early August 2001, observa-
tionswere conducted at each nest to encompass themajor phases of Os-
prey breeding (incubation, chick rearing and fledging). The study was
designed to render a total of 1500 observation hours over the study pe-
riod (60 h at each of the 25nests). A schedulewasdevised to ensure that
each nest would be observed for equal amounts of .time and at equal
times of the day. If a nest failed during the observation period, another
active nest in the same breeding stage was used as a replacement for
the remainder of the study to ensure completeness of the dataset.

2.2. Lab analysis

For samples collected in B.C., fish were wrapped in solvent-cleaned
aluminum foil and frozen on-site using dry ice. In the laboratory, fish
were thawed, weighed and measured. Ageing structures (otoliths, fin
rays or scales) were removed and forwarded to the Fish Ageing Labora-
tory at the Pacific Biological Station, Nanaimo for determination. Fish
were sexed by internal examination. Skin-off fillets of dorsal muscle
from 3 to 6 individuals of each species from each waterbody were dis-
sected, wrapped in solvent-cleaned foil (pesticide-grade acetone/hex-
ane) and re-frozen for individual analysis. The remaining carcasses (less
dissected dorsal muscle) were combined into a single composite sample.

For DDT and other OC pesticides, and PCB congeners, samples were
subsequently shipped to the National Wildlife Research Centre, Hull,
Quebec for homogenization prior to chemical analysis. Homogenized
samples were subsequently shipped to the analytical laboratory of the
Great Lakes Institute for Environmental Research (GLIER) at the Univer-
sity of Windsor, which has been accredited by the Canadian Association
for Environmental Analytical Laboratories (CAEAL), and followed proce-
dures described in Guertin et al. (2010) and Elliott et al. (2015). Analysis
of fish samples included determination of chlorobenzenes (ΣCBz =
1,2,4,5-tetrachlorobenzene, 1,2,3,4-tetrachlorobenzene, pentachloro-
benzene, and exachlorobenzene), hexachlorocyclohexanes (ΣHCH =
α-, β-, and γ-hexachlorocyclohexane), chlordane-related compounds
(ΣCHLOR = oxychlordane, trans-chlordane, cis-chlordane, trans-
nonachlor, cisnonachlor),dichlorodiphenyltrichloroethane (DDT) and
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Table 1
Locations, species and biological data (means and range) for fish collected from waterbodies in western Canada.

Lake Lat Long Species Formal name N Length (mm) Mass (g) Age(y)

Bridge river drainage

Carpenter Lake

50° 51″ 122° 30″ Dolly varden Salvelinus confluentus 4 386 359–430 571 402–804 8 5–10
50° 51″ 122° 30″ Largescale sucker Catastomus macrocheilus 5 289 280–297 279 244–318 6 6–7
50° 51″ 122° 30″ Mountain whitefish Prosopium williamsoni 5 307 291–322 404 314–443 7 5–9

Downton Lake 50° 50″ 122° 59″ Rainbow trout Onchorhynchus mykiss 5 302 252–325 303 216–392 5 4–5
Gun Lake 50° 52″ 122° 53″ Rainbow trout Onchorhynchus mykiss 2 257 215–298 234 141–327 na na

Columbia river drainage
Columbia River nr Parson 51° 03″ 116° 37″ Largescale sucker Catastomus macrocheilus 5 333 277–389 392 239–644 na na

51° 03″ 116° 37″ Pike minnow Ptychocheilus oregonensis 5 292 271–311 264 237–321 na na
Kinbasket; Bush Arm 51° 42″ 117° 33″ Largescale sucker Catastomus macrocheilus 5 308 263–370 348 216–549 na na

51° 42″ 117° 33″ Pike minnow Ptychocheilus oregonensis 5 289 223–335 326 162–453 na na
Kinbasket Lake; Wood Arm 52° 07″ 118° 24″ Bull trout Salvelinus confluentus 5 466 349–534 1386 338–2164 8 5–12

52° 07″ 118° 24″ Largescale sucker Catastomus macrocheilus 5 356 274–394 655 574–757 22 12–39
Revelstoke Lake, South 51° 09″ 118° 12″ Bull trout Salvelinus malma 4 348 303–396 401 278–544 6 3–7

51° 09″ 118° 12″ Whitefish Prosopium williamsoni 5 304 295–315 367 294–456 6 4–9
Upper Arrow nr Nakusp 50° 12″ 117° 47″ Bull trout Salvelinus malma 5 402 332–438 684 358–908 6 5–9

50° 27″ 117° 53″ Kokanee Onchorhynchus nerka 5 200 195–205 94 89–99 na na
50° 27″ 117° 53″ Largescale sucker Catastomus macrocheilus 5 395 383–409 785 683–927 na na
50° 12″ 117° 47″ Rainbow trout Onchorhynchus mykiss 5 330 287–359 394 271–524 4 2–6
50° 27″ 117° 53″ Mountain whitefish Prosopium williamsoni 5 249 240–255 172 153–196 na na

Nechako river drainage
Ootsa Lake 53° 46″ 126° 08″ Rainbow trout Onchorhynchus mykiss 5 321 309–336 336 294–371 na na

Okanagan river drainage
Osoyoos Lake 49° 04″ 119° 31″ Largescale sucker Catastomus macrocheilus 5 432 406–460 1107 919–1492 na na

49° 04″ 119° 31″ Lake whitefish Coregonus clupeaformis 5 401 373–432 713 628–838 na na

Mt. Revelstoke Park
Eva Lake (1999) 51° 05″ 118° 06″ Brook charr Salvelinus fontinalis 2 175 171–188 62 51–77 6 3–10
Eva Lake (2004) 51° 05″ 118° 06″ Brook charr Salvelinus fontinalis 2 194 180–208 65 56–74 na na
Lower Jade Lake 51° 04″ 118° 03″ Rainbow trout Onchorhynchus mykiss 14 209 167–270 94 51–171 na na
Miller Lake 51° 04″ 118° 06″ Brook charr Salvelinus fontinalis 2 181 171–215 66 44–119 6 5–7
Upper Jade Lake (1999) 51° 04″ 118° 04″ Rainbow trout Onchorhynchus mykiss 2 236 206–280 158 103–225 8 6–10
Upper Jade Lake (2004) 51° 04″ 118° 04″ Rainbow trout Onchorhynchus mykiss 7 244 203–271 153 98–224 na na

SW British Columbia
Nicola Lake 50° 10″ 120° 32″ Dolly varden Salvelinus confluentus 3 522 510–538 1369 1344-1419 na na

50° 10″ 120° 32″ Largescale sucker Catastomus macrocheilus 5 329 265–395 455 215–855 8 5–10
50° 11″ 120° 32″ Peamouth chub Mylocheilus caurinus 5 208 202–215 88 80–100 na na
50° 10″ 120° 32″ Pike minnow Ptychocheilus oregonensis 5 302 285–320 304 267–354 10 8–13

Paul Lake 50° 44″ 120° 07″ Rainbow trout Onchorhynchus mykiss 5 370 310–395 583 369–705 6 5–8
Pitt Lake (Main Lake) 49° 24″ 122° 32″ Cutthroat trout Onchorhynhus clarki 5 324 262–380 376 171–594 3 2–3

49° 24″ 122° 32″ Whitefish Prosopium williamsoni 5 226 206–234 117 90–127 3 2–3
Pitt Lake (Katzie Slough) 49° 21″ 122° 35″ Brown bullhead Ameiurus nebulosus 5 237 229–250 172 159–194 na na

N. BC/Yukon
Atlin Lake 59° 34″ 133° 43″ Lake trout Salvelinus namaycush 3 394 380–415 636 201–1114 na na
Williston Lk (Manson Arm) 55° 54″ 123° 57″ Longnose sucker Catastomus catastomus 5 354 339–370 517 456–572 na na

55° 54″ 123° 57″ Pike minnow Ptychocheilus oregonensis 5 277 246–331 237 155–385 na na
55° 54″ 123° 57″ Mountain whitefish Prosopium williamsoni 3 246 243–250 163 158–174 na na

Alberta
Athabasca River 52°52″ 118°03″ Longnose sucker Catastomus catastomus 5 418 398–455 932 760–1200 na na

52°52″ 118°03″ Mountain whitefish Prosopium williamsoni 5 273 254–285 271 210–300 na na
Belly River 49°07″ 113°42″ Longnose sucker Catastomus catastomus 5 383 358–405 741 600–860 na na

Barrier Lake
51°00″ 115°04″ Longnose sucker Catastomus catastomus 5 437 424–470 1148 970–1400 na na
51°00″ 115°04″ Brown trout Salmo trutta 2 436 434–437 649 600–697 na na
51°00″ 115°04″ Mountain whitefish Prosopium williamsoni 2 294 293–294 244 217–270 na na

Bow Lake
51°39″ 116°25″ Lake trout Salvelinus namaycush 7 327 289–367 369 270–550 na na
51°39″ 116°25″ Mountain whitefish Prosopium williamsoni 1 285 290 na na

Bow River (upstream) 51°15″ 115°55″ Mountain whitefish Prosopium williamsoni 3 218 198–229 97 70–115 na na
51°15″ 115°55″ Longnose sucker Catastomus catastomus 1 390 730 na na

Bow River (downstream) 51°03″ 115°10″ Mountain whitefish Prosopium williamsoni 1 700 425 na na
Cabin Lake 52°52″ 118°07″ Rainbow trout Onchorhynchus mykiss 8 267 192–314 198 70–285 na na
Castle River 49° 33″ 114° 02″ Longnose sucker Catastomus catastomus 5 376 348–415 621 520–810 na na
Chain Lakes 50°16″ 114°13″ Longnose sucker Catastomus catastomus 5 346 323–370 439 340–600 na na

50°16″ 114°13″ Mountain whitefish Prosopium williamsoni 1 285 255 na na
50°16″ 114°13″ Rainbow trout Onchorhynchus mykiss 1 280 115 na na

Crowsnest River 49°33″ 114°19″ Mountain whitefish Prosopium williamsoni 4 359 318–400 570 450–750 na na
49°33″ 114°19″ Rainbow trout Onchorhynchus mykiss 2 382 377–387 565 540–590 na na

Gap Lake 51°03″ 115°14″ Longnose sucker Catastomus catastomus 5 913 78–959 393 369–419 na na

Goat Pond
51°01″ 115°24″ Longnose sucker Catastomus catastomus 5 392 373–407 722 590–855 na na
51°01″ 115°24″ Cutthroat trout Catastomus catastomus 1 277 220 na na

Lower Kananaskis Lake 50°41″ 115°10″ Longnose sucker Catastomus catastomus 5 428 360–472 1026 620–1150 na na
Miette River 52°52″ 118°16″ Mountain whitefish Prosopium williamsoni 5 217 190–255 119 60–185 na na
Moose Lake 52°57″ 118°55″ Longnose sucker Catastomus catastomus 5 428 405–445 1093 935–1300 na na

4 P. Grenier et al. / Science of the Total Environment 712 (2020) 135889



Table 1 (continued)

Lake Lat Long Species Formal name N Length (mm) Mass (g) Age(y)

52°57″ 118°55″ Lake trout Salvelinus namaycush 4 321 295–355 327 255–440 na na
Pyramid Lake 52°55″ 118°06″ Lake trout Salvelinus namaycush 5 440 374–551 1012 590–1750 na na
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its metabolites [ΣDDT = p,p′-dichlorodiphenyltrichloroethane (p,p′-
DDT),p,p′-dichlorodiphenyldichloroethylene (p,p′-DDE), and p,p′-
dichlorodiphenyldichloroethane (p,p′-DDD)], mirex, PCBs (ΣPCBs = 39
congeners identified according to IUPAC numbers: 17/18, 28/31, 33, 44,
49, 52, 70, 74, 82, 87, 95, 99, 101, 105/132, 110, 118, 128, 138, 149, 153,
156/171, 158, 170, 177, 180, 183, 187, 191, 194, 195, 201, 205, 206,
208, and 209. Co-eluting congeners are reported together. Briefly, 2–4 g
of liver homogenate was ground, mixed with anhydrous sodium sulfate
(VWR) and added to a glass chromatography column containing hex-
ane/dichloromethane (50% V/V, VWR, St. Catharines, Ontario, Canada).
Each column was spiked with 200 ng of 1,3,5-tribromobenzene (TBB;
AccuStandard, New Haven, Connecticut, USA) for use as a surrogate re-
covery standard. The columnwas eluted and further extractedwith hex-
ane/dichloromethane (50% V/V) and the eluant roto-evaporated and
made up to a volume of 10 mL with hexane. A portion of the extracts
(2 mL) were removed for lipid determination by gravimetric methods.
Clean-up of the remaining extracts was performed by chromatography
on Florisil. Fractions 1 and 2 were analyzed for OCPs and PCBs by gas
chromatography–electron capture (GC–ECD). An Agilent gas chromato-
graph with a 63Ni-electron capture detector, 7673 autosampler and DB-
5 column (60 m × 0.250 mm × 0.1 μm DB-5; Chromatographic Special-
ties, Brockville, Ontario, Canada)was used for analysis. Sampleswere ex-
tracted and analyzed in batches of five or six. With each batch, a method
blank (containing 5 g sodium sulfate) and an in-house reference sample
[Detroit River carp (Cyprinus carpio) homogenate]were co-extracted and
analyzed. For OCPs and PCBs, analytes were quantified using a single
point external standard (Quebec Ministry of Environment PCB mixture
and a custom ordered certified OCP mixture; AccuStandard; Chromato-
graphic Specialties, Brockville,Ontario, Canada) injected at the start of
each sample batch analysis with monthly audits of full standard curves
being completed for each instrument. Quality assurance and control pro-
cedures were outlined in Guertin et al. (2010). Detection limits for indi-
vidual analytes were approximately 0.02–0.05 ng/g wet weight.

Toxaphene measurements were conducted at the Canada Centre for
Inland Waters, Burlington, Ontario from the fraction two extracts re-
ceived from GLIER. Gas chromatography-mass spectrometry was car-
ried out using an Agilent mass selective detector (HP5973 MSD)
operated in negative ion mode. Ion source, quadruple and transfer
liner were held at 150 °C, 100 °C and 250 °C, respectively. Methane of
ultra high purity was used as ionization gas at a pressure of
1.9 × 10–4 Torr in the ion source. Separation was performed with a
HP5 column (30 m × 0.25 mm id;film thickness, 0.25 μm) using a tem-
perature program optimized earlier by Glassmeyer et al. (1999) and
splitless injection. The following ions, corresponding to fragment ions
(M-Cl)-, (M-Cl + 2)- and (M-Cl + 4)- for the hexa- (m/z 307, 309 and
311), hepta (m/z 341, 343 and 345), octa- (m/z 375, 377 and 379) and
nona-CHBs (m/z 411 and m/z 413) were monitored. 13C-mirex was
added to each sample extract as an internal performance standard.
Quantitative analysis of total toxaphene and homologs was carried out
using an external standard of “Hercules” technical toxaphene (Ultra Sci-
entific). In addition, 25 individual hexa- to nonachlorobornane conge-
ners were determined using standards from Dr. Ehrenstorfer
(Augsburg Germany) or Promochem (Wesel, Germany). Method detec-
tion limits (MDLs) for individual chlorobornane congeners were ap-
proximately 0.01 ng/g (wet wt) and 0.1 ng/g dw for total toxaphene
and homologue groups. Fish from Alberta were analyzed for toxaphene
at the GLIER using a GC-electron capture negative ion MS using a HP
5973MSD. Total toxaphene and homologs are determined by the
method of Glassmeyer et al. (1999) with minor modifications.
Stable isotope analysis for δ15N and δ13Cwere conducted by the Uni-
versity of California Davis stable isotope facility. Carbon and nitrogen
were simultaneously analyzed in 1 mg freeze-dried samples and ana-
lyzed using a continuous-flow isotope ratio mass spectrometer. Details
are reported elsewhere (Guigueno et al., 2012; Elliott et al., 2012).
Amino acid-specific analysis following the methods described by
Yarnes et al. (2011). Amino acids were liberated via acid hydrolysis
and derived by methyl chlorformate. Methoxycarbonyl amino acid
methyl esters were then injected in splitless (15N) mode and separated
on an Agilent DB-23 column (30 m × 0.25 mm ID, 0.25 μm film thick-
ness). Once separated, the esters were converted to N2 in a combustion
reactor at 1000 °C. Water was subsequently removed through a nafion
dryer. During the final step of the analysis, N2 entered the IRMS. Pure
reference N2 was used to calculate provisional δ- values of each sample
peak. Next, isotopic values were adjusted to an internal standard (e.g.
norleucine) of known isotopic composition. Final δ-values were ob-
tained after adjusting the provisional values for changes in linearity
and instrumental drift such that correct δ-values for laboratory stan-
dards were obtained. Laboratory standards were custom mixtures of
commercially available amino acids that had been calibrated against
IAEA-N1, IAEA-N2, IAEA-N3, USGS-40, and USGS-41. Baseline-
corrected δ15N was calculated as δ15Nbulk - δ15Nsource, where δ15Nsource

was the average of δ15N for the source amino acids lysine, methionine
and phenylalanine (Dolgova et al., 2018). Bulk δ13C values were
corrected for lipid content using the equation of Logan et al. (2008).

2.3. Statistical analysis

To compare muscle and carcass concentrations we used simple lin-
ear regression (Løseth et al., 2019). Both wet-weight and lipid-weight
biomagnification factors (BMF) were calculated (following Henny
et al., 2003) by taking the ratio of the contaminant concentrations
found in Osprey eggs relative to locally collectedfish aswell as in osprey
chicks compated to fish. Data on osprey eggs and chicks appeared in
Elliott et al. (2012). To determine the prey basket relevant for ospreys,
visual observations of osprey prey capture from five of the watersheds
were used (Morrissey et al., 2004). To aid identification of fish from vi-
sual observations, remains in nests were measured for length, family
and species, when possible. Like Henny et al. (2003) all prey for this
study were categorized into major families (N10% of all observations),
being here catostomid, salmonid and cyprinid. The ichtalurid family
was disregarded as therewere nofish from this family recorded in awa-
tershed where egg or chick data were available. Given that ospreys are
opportunistic foragers, fish occurrence in the diet was weighed equally
for each recorded observation. A mean weight for each of the families
was used to convert “percent occurrence in the diet” into “percent bio-
mass”. A geometric mean of wet weight concentrations for all available
individuals in fish and osprey eggs and chicks was taken and then a
weighted average diet OCP or PBDE concentrationwas used to calculate
BMFs using the ratio method. The BMF for each of seven watersheds
with both fish and osprey data was then averaged to come up with
the actual BMF. Only carcass and wet weight concentrations were
used for the fish values, as to match Henny's methods. Apart from
BMF calculations, we included percent lipid as a covariate rather than
using lipid weight measurements (Hebert and Keenleyside, 1995).

A separate analysis was conducted to explain variation in fish wet
weight contaminants levels. Due to the number of potential explanatory
variables (latitude, elevation, lake area, watershed area, glacier area,
proportion of glacier area in the watershed, proportion of lake area in



Table 2
Linear model parameters for regression of muscle and carcass concentrations on a wet weight basis. The R2 value for regressions on a lipid weight basis are also shown.

% Lipids ΣDDT ΣChlordane ΣPCB HCB Dieldrin ΣToxaphene

Intercept
(SE)

1.94 (0.48) 1.79 (1.50) 0.35
(0.23)

2.28 (0.85) 0.25 (0.07) 0.14 (0.06) 1.81
(0.59)

Slope
(SE)

2.03 (0.22) 3.77 (0.07) 3.05
(0.20)

2.99 (0.13) 2.17 (0.25) 2.16 (0.30) −0.07
(0.28)

R2

(wet weight)
0.75 0.99 0.90 0.95 0.72 0.71 0.00

R2

(lipid weight)
0.41 0.57 0.77 0.15 0.46 0.00

p-value 2.433e-10 2.2.e-16 8.553e-15 2.2e-16 2.06e-9 3.015e-9 0.81
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the watershed, lipid %, δ15N and δ13C isotopes), exploratory statistics
were used to highlight the most important variables that could explain
contaminant concentration. Model selection and Pearson's correlation
tests were done using R 3.5.1. Although stepwise selection has a ten-
dency to overfit, stepwise selection was justifiable in this context be-
cause of the high number of variables considered. Competing linear
models compared based on their variation explained (R2) and AIC
values. Models with the highest R2 and lowest AIC were selected as
the best model. In principle, when the difference in AICc between two
models exceeds a value of 2, the model with the lowest AICc is consid-
ered superior.

3. Results

3.1. Food web and geographic factors influencing POPs levels in fish

First, we established relationships between muscle and fish carcass
so that we could report both levels relevant to humans (muscle) and
Fig. 1. Isotopic values (δ15N-δ13C) for freshwater fish sampled in alpine lakes in western Canad
River; grey: lakes in agricultural regions; open: lakes on the Pacific slope; cross: alpine lakes in
values organized by species (black: salmonids; open: non-salmonids); and (d) Baseline-correc
wildlife (muscle + carcass). Using wet weight concentrations, muscle
tissue values for major contaminants were significantly correlated
using a linear model with carcass tissue concentrations for the same
fish for ΣDDT, Σchlordane, PCB congeners, HCB and dieldrin. In all of
the above, the linear model fits were highly significant (p b .001;
Table 2). Carcass wet weight concentrations were always greater than
muscle being between 2.2 and 3.8 fold higher. Muscle wet concentra-
tion was, however, not a good predictor of carcass concentrations for
total toxaphene, possibly due to the large variability observed when
toxaphene is analyzed with a technical standard rather than individual
congeners (de Geus et al., 1999). The authors suggest that isomers
should be treated individually during laboratory analysis to achieve re-
sults meaningful to environmental work. Using lipid adjusted concen-
trations to evaluate the relationship between muscle and carcass
concentrations, muscle samples were generally less strongly linearly
correlated to carcass samples (Table 2). Lipid-weightmuscle concentra-
tions were still significantly correlated to carcass concentrations for
ΣDDT, Σchlordane, PCB congeners and dieldrin. Carcass values were
a. (a) Uncorrected values organized by lake (black: lakes formed by dams on the Columbia
Revelstoke Park); (b) Baseline-corrected values organized by lake; (c) Baseline-corrected
ted (but not bulk) δ15N correlated with salmonid weight.



Fig. 2. Baseline-corrected (but not bulk) δ15N increases with ΣPCB in fish from lakes in
western Canada. Two fish from Carpenter Lake (near both a hydropower dam and the
Bridge glacier) with very high ΣPCB were excluded.
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always higher, ranging from ~2.0 times to ~56 times themuscle concen-
tration. HCBwas less strongly correlated and, again, no relationshipwas
established from total toxaphene. Given the stronger relationships on a
wetweight basis than a lipidweight basis, we usedwetweight values to
estimate carcass values in all subsequent analyses for samples where
muscle but not carcass values were available.

Baseline-corrected δ15N showed less variation among lakes than
bulk δ15N, and, within a species group, the δ15N- δ13C signal was quite
consistent in each lake (Fig. 1a,b). In particular, lakes with extensive
areas of agricultural land in the watersheds, such as Nicola Lake, had
δ15N values that were more similar to other lakes once baselines had
been accounted for. Salmonids had higher δ15N than non-salmonids
(Fig. 1c). Kokanee salmon, whichmaking spawning runs, were separate
from the other salmonids in Fig. 1c. The spawning runs may mean that
kokanee had substantial non-local isotopic signature leading to their
separation fromother salmon.When considering the salmonids (except
kokanee), there was a positive relationship between mass and δ15N
(R2 = 0.45, t10 = 2.71, P = .02). ΣPCB increased with baseline-
corrected δ15N (R2 = 0.52, t15 = 3.91, P = .002), but not bulk δ15N
(R2 = 0.09, t15 = 1.18, P = .26).

Next, we considered the combined effect of isotope levels and geo-
graphic variables. For ΣDDT, we excluded those sites with extensive ag-
riculture upstream that may have had DDT use in the past (Nicola and
Osoyoos Lakes; geometric mean = 6.7 ng/g compared with 2.3 for the
remaining lakes). After excluding those sites, elevation was the best
predictor of ΣDDT (Table 3, Fig. 2). For the subset of lakes with mea-
sured δ15N, baseline-corrected δ15N and elevationwere the best predic-
tors. For example, the geometric mean values at the highest elevation
lakes sampled (all nearby one another in Revelstoke National Park and
sampled in 1999) were 206 ± 7 ng/g in the carcass (55 ± 10 ng/g in
muscle) from rainbow trout collected at Upper Jade Lake (elevation:
1817 m), and 55 ± 25 ng/g (6.3 ± 1.6 ng/g in muscle) and 17.5 ±
0.5 ng/g (3.1 ± 0.3 ng/g in muscle) in brook trout carcasses collected
at Miller (elevation: 1899 m) and Eva (elevation: 1920 m) Lakes, re-
spectively. In 2004, Lower Jade Lake (elevation: 1767 m) had rainbow
trout carcasses with 27 ± 42 ng/g (muscle: 28 ± 12 ng/g). In 1999,
Revelstoke Lake had bull trout carcasseswith 9.4±6.0 ng/g. Thus, levels
within these nearby lakes increased with elevation from mid-elevation
(Revelstoke) to high elevation (Lower Jade) to highest elevation (Upper
Table 3
General linear models of explanatory variables for contamination in fish. Only includes
models with ΔAICc b 2.0 shown.

Contaminant Model variables ΔAICc

ΣDDT Lipid % + Elevation1 0.00

Dieldrin
Lipid %2 0.00
Lipid % + Watershed Area 1.55
Lipid % + Elevation 1.80

HCB
Lipid %2 0.00
Lipid % + Elevation 1.87

ΣPCB
Lipid % + Lake Area + Watershed Area + Watershed *
Lake3

Lipid % + Watershed Area

0.00

1.98

Σtoxaphene Lipid % + Elevation4 0.00

Only results of ΔAICc b 2.0 shown.
1 Excludes sites with high agricultural use (Nicola and Osoyoos Lakes). The best-fit

model for the subset of sampleswith isotope datawas: lipid+elevation+bulk-corrected
δ15N (ΔAICc= 1.65 comparedwithmodel with δ15N alone;ΔAICc= 1.77 compared with
model with elevation alone; no other model had ΔAICc N2.0).

2 The best-fit model for the subset of samples with isotope data was still percent lipid
(models with δ15N: ΔAICc N2.0).

3 Excludes Carpenter Lake, which is near a hydropower plant which likely caused ele-
vated PCB levels. The best-fit model for the subset of samples with isotope data was:
lipid + bulk-corrected δ15N (ΔAICc = 1.65 compared with model with δ15N alone;
ΔAICc = 1.77 compared with model with elevation alone; no other model had
ΔAICc N 2.0).

4 The best-fit model for the subset of samples with isotope data was percent
lipid + elevation + δ13C (models with δ15N: ΔAICc N 2.0). Excludes Paul Lake where tox-
aphene was used as a piscicide.
Jade), with lower levels on the wetter, more heavily treed west side of
the park farther from glaciers (Eva and Miller). In 2004, rainbow trout
carcasses from Upper Jade Lake had 97 ± 49 ng/g (muscle: 34 ±
34 ng/g) and brook trout muscle from Eva Lake reported had 3.65 ng/
g (muscle: 3.5 ng/g). Thus, five years later, levels in carcasses were
b25% (Eva) to 50% (Upper Jade) of what they were in 1999. Percent
lipid was the best predictor for dieldrin andHCB, while percent lipid, el-
evation and δ13C were the best predictors of toxaphene (Table 3). The
best predictor of ΣPCB in fish was percent lipid, lake area, watershed
area and the interaction of lake and watershed areas. However, once
isotope data was included, then only percent lipid and bulk-corrected
δ15N were included in the best-fit models (Table 3, Fig. 3). There were
not enough data on the ∑chlordane to generate meaningful models.

Examining toxaphene inmore detail, therewere four congeners that
were never above detection limits (Parlar (P) 11–12, 25, 32, 56 and 69;
note that Parlar 11–12, 15, 21, 25, 38, 51, 56 and Hex-sed were not an-
alyzed for Alberta fish), four congeners that were recorded once (P31,
59 and 62 in fish from Garibaldi Lake, P32 in whitefish from Bow
Lake) and three congeners that were recorded twice (P21 and 63 from
Garibaldi Lake, and b8-1412 from mountain whitefish in the Miette
River and lake trout in Pyramid Lake; b8-1412 was not analyzed for in
British Columbia samples). In addition, three congeners were recorded
thrice (P15, twice from rainbow trout at Paul Lake and once from a
brook trout at Eva Lake; P58, all from Garibaldi Lake; P38, twice at Gar-
ibaldi and once from a rainbow trout at Downton), one that was re-
corded four times (P51, twice at Garibaldi, and once each in a Dolly
Varden and mountain whitefish from Carpenter) and one that was re-
corded nine times (P39, once at Garibaldi; twice from rainbow trout at
Upper Jade; once from rainbow trout at Downton; once each from
longnose suckers at Lower Kananaskis, Goat Pond and Moose Lake;
and once from whitefish at Bow Lake). Finally, the congener hex-sed
(2-exo,3-endo,6-exo,8,9,10-hexachlorobornane, Stern et al., 1996) oc-
curred in seven fish, all at Paul Lake, and the congener hep-sed (2-
endo,3-exo,5-endo,6-exo,8,9,10- heptachlorobornane, Stern et al.,
1996) occurred in ten fish: a rainbow trout from Paul Lake, longnose
suckers from Belly River, Chain Lakes, Athabasca River, Lower
Kananaskis and Moose Lake, whitefish from Athabasca River and Bow
Lake, and lake trout from Pyramid Lake, Moose Lake and Bow Lake. A
principal component analysis of the remaining five congeners that
were recorded at least 20 times is shown in Fig. 4. Because several fish
at Garibaldi Lake (a remote site where levels were likely due to glacial
melt) had anomalously high values, we excluded those fish to retain



Fig. 3. Fish-Osprey biomagnification factors (a) for eggs inwestern Canada comparedwithOregon and (b) for eggs comparedwith chicks. Values fromOregon are fromHennyet al. (2003).
Values for PCB congeners are shown inblack; other organochlorines in open symbols. Biomagnification factors in BCwere calculated assuming a diet of 39.7% salmonids, 42.7% catostomids
and 17.6% cyprinids.We calculated the average contaminant value of the diet and of ospreys for each of seven watersheds, and averaged the biomagnification factor. If data were missing
for a dietary item, then we assumed that the ratio of contaminants for that diet item was the same as the average across all other watersheds.
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normality for the analysis. Congeners P40–41, 42 and 44 were heavily
loaded together while congeners P26 and 50 were loaded together.
Nicola tended to have relatively low levels of all congeners, with Paul
(the only Nicola watershed point to the right of the origin) having
higher levels; Paul Lake is the only lake within our dataset known to
have had use of toxaphene as a piscicide. This is consistent with studies
in other lakes that had toxaphene treatment (Miskimmin et al., 1995).
Revelstoke fish had relatively high levels of most congeners, but rela-
tively low levels of P26 and 60. Carpenter fish showed no clear pattern.
For osprey eggs, Parlar 11, 15, 32, 39, 56, 58, 62 ad 69 were never re-
ported, while for adult and nestling plasma, Parlar 11, 15, 56, 69 and
69were never reported,with 31, 32, 58 and 62 only reported froma sin-
gle nestling in the Athabasca River. For osprey eggs, hex-sed was re-
ported for all eggs except Belly River and hep-sed was only recorded
at Chaine Lakes and West Jasper, whereas for osprey nestlings both
hex-sed and hep-sed were reported from one nest at each of Belly
River and Athabasca River, while hep-sed alone was reported from a
nest at each of Bow Lake and Pitt River. No other nestlings recorded ei-
ther congener.For the remaining congeners, there was little separation
between the Alberta and British Columbia eggs, although eggs from
British Columbia tended to have lower 26 (unlike the fish), 50 (like
the fish) and hex-sed (like the fish). The greater overlap in osprey
eggs comparedwithfishmay represent a signal fromwintering grounds
or other periods.

3.2. Biomagnification factors from fish to osprey

Salmonids made up almost one-third of prey delivered by osprey
(Table 4), followed by suckers (castostomids) and cyprinids. Nonethe-
less, there was substantial variation among study locations. At Lillooet
and Nicola Lakes, salmonids and suckers made up most of the prey
while at Upper Arrow Lake salmonids alone made up most of the
prey. At Oliver and Pitt Lakes, prey were more evenly spread among
families with cyprinids also being significant. At Pitt, almost one third
of prey deliveries were catfish. Thus, clearly diet varied across sites
and we consequently averaged BMFs across sites.

Biomagnification from fish to osprey eggs was highest in PCB and
DDT compounds. The highest wet-weight biomagnification factor was
for CB-194 (127) and p,p′-DDE (251). Biomagnification from fish to os-
prey nestlings was significantly lower than between fish and eggs (e.g.
25 out of 34 studied contaminants had a BMF ≤ 1). The highest BMF
was for PCB 171 (2.6), and p,p′-DDE (2.3). BMFs were higher in eggs
for every compound except cis-chlordane (Table 5). Comparing our
results for fish to egg biomagnification to Henny et al. (2003), all calcu-
lated PCB and DDT BMFwere higher in the present study. For sixteen of
the above contaminants, the eggs in our study site had BMF greater than
twice those of the Willamette river study (Table 5, Fig. 5).

4. Discussion

Long-range transport leads to ‘cold-trapping’ of semi-volatile POPs
at high elevations, with a 10–100 fold increase in POPs in snow at
high elevations (3100 m) in western Canada (Blais et al., 1998). High
levels of POPs also occur in soils at higher elevation in Mount
Revelstoke. POPs, especially DDT, occur at these high elevation due to
high precipitation rates, lower volatilization at colder temperatures,
scavenging by the high surface area of falling snow, and accumulation
in the snowpack by adsorption to organic matter (Fernandez and
Grimalt, 2003; Burniston et al., 2007; Milner et al., 2017). Such long-
range transport was evident in our study for DDT and toxaphene, both
of which increased with elevation. As there was likely no historical
use of DDT directly into the alpine lakes in Revelstoke National Park,
DDT likely arrived via atmospheric transport from nearby valleys. One
possible origin is the Okanagan Valley, where DDT was sprayed widely,
which may have led to higher deposition on the southeasterly Jade
Lakes compared with the northwesterlyMiller and Eva Lakes. However,
there was also spraying in valleys adjacent to the park, possibly includ-
ing some within the park itself (e.g. https://search-bcarchives.
royalbcmuseum.bc.ca/helicopter-spraying-ddt-at-invermere-3). On
the other hand, the relatively high DDT:DDE ratio in our study suggests
that it is linked to air masses arriving from Asia, as reported elsewhere
for the Rocky Mountains, with potentially some contribute from ongo-
ing use in Latin America. Similarly, Arctic air masses have higher DDT:
DDE ratios when they originate in Asia. Similarly, the congener compo-
sition of toxaphene implied that toxaphene also arrived via long range
transport, as was the case in ospreys.

Local sources of DDT were apparent in the Okanagan Valley and
Nicola Lake area, where intensive agriculture occurs. Indeed, 30 years
after DDT was restricted in Canada, levels in songbirds in the Okanagan
Valley were so high (Elliott et al., 2005) that even 40 years later, pere-
grine falcons are unlikely to be able to successfully breed in the region.
The highest levels of DDT in two species of birds of prey in British Co-
lumbia is also in the Okanagan region (Elliott et al., 2015).

Our trends were similar to those we reported previously in ospreys.
However, in ospreys, no nests were found above 900 m in British Co-
lumbia, where long range transport from Asia may be stronger due to

https://search-bcarchives.royalbcmuseum.bc.ca/helicopter-spraying-ddt-at-invermere-3
https://search-bcarchives.royalbcmuseum.bc.ca/helicopter-spraying-ddt-at-invermere-3


Fig. 4. ΣDDT increased with (a) elevation and (b) % lipids, and, (c) in the subset of fish with isotope data, with baseline-corrected δ15N. Nicola and Osoyoos Lake values were removed as
they have known agricultural input. (d) ΣPCB increases with % lipids after correcting for baseline-corrected δ15N (see Fig. 2). Carpenter Lake values were removed as the site has a
hydropower plant nearby. (e) Toxaphene increased with percent lipids. Paul Lake value was removed due to known use of toxaphene as a piscicide.
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proximity, and so elevation was less significant in some results (Elliott
et al., 2012). Moreover, that analysis did not include baseline δ15N
values, and so levels of trophic position may have been skewed. Similar
to the fish, elevation, bulk δ13C and bulk δ15N was the best model for
explaining ΣDDT in osprey nestlings, along with percent lipid (Elliott
et al., 2012). For eggs, which may integrate both breeding and non-
breeding sources for highly recalcitrant compounds, bulk δ13C, glacier
area, lake area and watershed area were all important (Elliott et al.,
2012). The proportion of glacier in a given watershed was the only sig-
nificant predictor of toxaphene in nestlings, whereas elevation, lake
area, percent lipids and bulk δ13C were significant for eggs. Lake area
was the only significant predictor of ΣPCB in nestlings, whereas eleva-
tion, lake area, percent lipids and δ13C were significant in eggs.

Apart from elevation and percent lipid (which is commonly corre-
lated with contaminant levels for these lipophilic compounds), a
major correlate of contaminant concentration in fish was trophic posi-
tion, as assessed by δ15N. However, bulk δ15N did not predict any con-
taminants. Rather, it was necessary to correct for baselines using
levels of δ15N in ‘source’ amino acids in osprey eggs. This interesting ap-
proach shows the potential for top predators, such as raptors, to act as



Table 4
Fish delivered (% in diet) to osprey nests atfive study lakes in southern British Columbia in
2001. Five nests were recorded at each site for 60 h/site. Totals per family include uniden-
tified species. Values in bold refer to family totals, including individuals known to family
but not to species.

Species Lillooet Upper
Arrow

Nicola Oliver Pitt

Cutthroat trout (Oncorhynchus clarki) 0.7
Kokanee (Oncorhynchus nerka) 37.0 31.9
Mountain whitefish (Prosopium
williamsoni)

2.2 4.3 7.9

Rainbow trout (Oncorhynchus mykiss) 37.0 27.0 5.6 5.3
Salmonidae 41.4 76.0 41.7 10.7 16.5
Common carp (Cyprinus carpio) 12.8 2.9
Goldfish (Carassius auratus) 0.7
Northern pikeminnow (Ptychocheilus
oreronensis)

7.8 1.4 3.2 10.0

Peamouth chub (Mylocheilus caurinus) 12.5 2.9
Tench (Tinea tinea) 3.2
Cyprinidae 7.8 13.9 19.2 24.4
Bridgelip sucker (Catostomus
columbianus)

47.8 3.9

Longnose sucker (Catostomus
catostomus)

2.2 3.9 12.5 1.1 5.7

Largescale sucker (Catostomus
macrocheilus)

16.7 4.3 2.1

Catostomidae 52.2 11.7 43.1 15.0 12.1
Black crappie (Pomoxis nirromaculatus) 1.1 1.4
Smallmouth bass (Microvterus dolomieu) 5.3 0.7
Centrarchidae 6.4 2.1
Brown catfish (Ameiurus nebulosus) 30.1
Ictaluridae 1.1 30.1
Prickly sculpin (Cottus asper) 0.7
Yellow perch (Perca flavescens) 1.1
Starry flounder (Platichthys stellatus) 1.4
Unidentified species 6.5 3.9 1.4 46.8 12.1
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sentinels for the entire ecosystem, even providing baselines for other
biota. Both PCB and DDT levels increased with baseline-corrected tro-
phic level in fish.
Table 5
Biomagnification factors between fish and ospreys. Nestling values refer to plasma.

Contaminant Prey-egg (BC) Prey-egg (Oregon) Prey-nestling (BC)

PCB 74 27 3.8 0.94
PCB 99 29 7.4 0.76
PCB 105 34 10 1.13
PCB 110 18 5.9 0.69
PCB 138 30 16 0.75
PCB 141 22 15 0.77
PCB 146 58 17 1.04
PCB 149 16 5 0.32
PCB 153 45 16 1.06
PCB 170 + 190 47 19 1.38
PCB 171 22 13 2.62
PCB 172 61 19 1.64
PCB 174 13 5.8 0.52
PCB 180 49 19 1.04
PCB 183 39 15 1.08
PCB 194 127 15 1.5
PCB 200 21 18 2.14
PCB 201 40 17 0.96
ΣPCB 51 11 0.68
HCB 1.3 1.2 0.35
p,p’-DDE 251 87 2.34
Mirex 17 35 0.11
Oxychloradane 7.4 21 0.89
Trans-nonachlor 1.1 1.8 0.34
Cis-nonachlor 8.5 11 0.66
p,p’-DDT 42 47 0.1
HE 15 25 0.28
Dieldrin 2.5 6.7 0.13
p,p’-DDD 104 23 0.42
ΣDDT 176 1.64
Toxaphene 190
4.1. Biomagnification factors

The high BMF in osprey eggs for PCB and DDTwas to be expected, as
these are highly hydrophobic (lipophilic) substances (LogKOW from 4.5
to 8.3 for PCBs and from 6.02 to 6.91 for DDT) (Howard and Meylan,
1997; Zhou et al., 2005). Since both lipid-weight and wet-weight
BMFs were b1 for most compounds in osprey chicks and since there
was a large ratio between egg and chick BMF, suggesting that as osprey
develop, their metabolism is capable of significantly reducing the con-
centration of toxic contaminants or contaminants are diluted during
growth (Drouillard et al., 2003). Indeed, biomagnification in chicks
was minimal.

The comparison between our study andHenny et al. (2003) hint that
higher latitudes and elevation could possibly lead to higher contamina-
tion of PCB and DDT compounds, and less contamination of some chlor-
danes, mirex, HE and dieldrin. Both migratory osprey populations
migrated to the same general areas of Latin America (Elliott et al.,
2007) and were located in watersheds that had not been not subject
to any important local contamination of PCB and DDT for decades. As
such, the colder climate of our study site may be a reasonable hypothe-
sis for explaining the large differences observed in BMF. Of course, lati-
tude and elevation may not be the only factors at play here. A simple
linear regression showed that there was a trend of an increase in ~1.2
times the concentration of contaminants in our study site (although
the fit was not strong). A future analysis comparing the volatility of
each contaminant as a measure of log(KOA) and the change in BMF
from one study site to the other for each group of contaminants could
help support or dismiss this hypothesis. Regardless, the variation in
BMFs between two relatively similar studies demonstrates the limita-
tions of the BMF approach and the need to use more robust trophic
magnification factors (Borgå et al., 2012; Fremlin, 2018).

4.2. Melting glaciers and cold-trapping as a source of contaminants in al-
pine ospreys

We were unable to sample ospreys at high elevation in the west, as
nests were sparse or adults only visited small alpine lakes post-
breeding. However, our BMFs allow an estimation of levels expected in
ospreys using these lakes. For example, combining our BMFs with mea-
sured POPs levels would predict that osprey eggs in nests around the al-
pine lakes at Revelstoke would have had 36 μg/g w.w. ΣDDT (six times
the threshold for nest failure in ospreys; Wiemeyer et al., 1988) and
around Garibaldi Lake would have had 9.0 μg/g w.w. toxaphene (well
below any effect on fertility in chickens; Arscott et al., 1976). Thus, trans-
port of chemicals, both locally within British Columbia and over longer
ranges fromAsia, followed by cold-trapping in themountains ofwestern
Canada, caused negative impacts on wildlife health even thirty years
after many of the chemicals were banned in Canada. Additionally, cli-
mate change may portend an increase in the elevation at which osprey
and other species are able to successfully breed (Maggini et al., 2011).

Whereas climate change and chemical pollution are often consid-
ered separate ‘planetary boundaries’ within the Anthropocene, there is
growing awareness that these ‘boundaries’ can interact (Jenssen,
2005; Noyes et al., 2009). Specifically, changing weather and other cli-
matic patterns can alter deposition patterns of contaminants (Nadal
et al., 2015; Foster et al., 2019). Climate change can also lead to changes
in foodweb structure, leading to changes in bioaccumulation patterns in
top predators (McKinney et al., 2015; Braune et al., 2015). Given the
strong evidence for cold-trapping and trophic magnification for DDT,
PCBs and toxaphene in alpine lakes, both pathways are clearly impor-
tant in alpine Canada. As POPs accumulated in glaciers during the
mid-century have long since melted out of glaciers, current long range
transport is likely the main source of POPs in alpine Canada. Warming
of alpine environments and disappearance of glaciers may reduce
cold-trapping, therefore reducing contaminant levels in the alpine. In
contrast, warmer temperatures in the future may facilitate fish growth,



Fig. 5. (a) Principal component analysis of toxaphene congeners (log-transformed) in (a) fish and (b) osprey eggs fromwatersheds across western Canada (A= Alberta, C = Carpenter,
N=Nicola, P = Paul, R = Revelstoke). All fish were salmonids except those in like grey (whitefish) andmedium grey (suckers); the grey symbol for osprey eggs is an egg from the Belly
River, outside of themontane region of Alberta. In total, 28 fish where no toxaphenewas detected and 12 fish where only one toxaphene congener was detected are excluded from anal-
yses to meet statistical assumptions.
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potentially altering contaminant levels. The interaction of climate
change and contaminants remains important to study.
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