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Abstract 31 

More than 1000 time-series of persistent organic pollutants (POPs) in Arctic biota from marine and 32 
freshwater ecosystems some extending back to the beginning of 1980s were analyzed using a robust 33 
statistical method. The Arctic area encompassed extended from Alaska, USA in the west to northern 34 
Scandinavian in the east, with data gaps for Arctic Russia and Arctic Finland. The aim was to investigate 35 
whether temporal trends for different animal groups and matrices were consistent across a larger 36 
geographical area. In general, legacy POPs showed decreasing concentrations over the last two to three 37 
decades, which were most pronounced for α-HCH and least pronounced for HCB and β-HCH. Few time-38 
series of legacy POPs showed increasing trends and only at sites suspected to be influenced by local 39 
source. The brominated flame retardant congener BDE-47 showed a typical trend of increasing 40 
concentration up to approximately the mid-2000s followed by a decreasing concentration. A similar 41 
trend was found for perfluorooctane sulfonic acid (PFOS). These trends are likely related to the relatively 42 
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recent introduction of national and international controls of hexa- and hepta-BDE congeners and the 43 
voluntary phase-out of PFOS production in the USA in 2000. Hexabromocyclododecane (HBCDD) was the 44 
only compound in this study showing a consistent increasing trend. Only 12 % of the long-term time-45 
series were able to detect a 5 % annual change with a statistical power of 80 % at α < 0.05. The 46 
remaining 88 % of time-series need additional years of data collection before fulfilling these statistical 47 
requirements. In the case of the organochlorine long-term time-series, 45 % of these would require 48 
more than 20 years monitoring before this requirement would be fulfilled.  49 

1. Introduction 50 

Persistent organic pollutants (POPs) are chemicals that have a long lifetime in the environment and due 51 
to their physical-chemical properties, they are transported over long distances. POPs enter food-webs 52 
and accumulate, and in some cases biomagnify in wildlife and humans. Several global and regional 53 
conventions were developed with the goal of eliminating or reducing emissions of POPs. The Stockholm 54 
Convention on POPs initially addressed twelve priority POPs and since then these have been extended 55 
to 28 POPs as of 2017 (http://chm.pops.int). Despite the fact that several of these POPs were banned in 56 
the 1970’s and 1980’s and others have been restricted, they are still found in the environment at levels 57 
that may cause adverse effects to the health of top predators in  Arctic food chains ( Letcher et al., 58 
2010). Humans living in the Arctic and consuming significant amounts of high trophic traditional food are 59 
exposed to legacy POPs, which may lead to adverse health effects (AMAP, 2009). 60 
 61 
Temporal trend studies are an important means of assessing the fate of contaminants in ecosystems. 62 
They can provide a first warning that potentially harmful compounds may be increasing in the 63 
environment, e.g. in biota regarded as indicator organisms. Temporal trend studies may also indicate 64 
whether regulatory actions aimed at reducing harmful chemicals in the environment are proving 65 
successful, or whether environmental levels are approaching or exceeding threshold values for biological 66 
and possibly toxic effects. Several Arctic countries perform POP monitoring in biota, focussing on 67 
freshwater and marine ecosystems, resulting in time series of varying statistical power. Statistical power 68 
is an important consideration in relation to temporal trend monitoring. The power of a temporal trend 69 
represents the statistical probability of detecting a change of a given magnitude when this change 70 
actually occurs. It is desirable that monitoring data series have sufficient statistical power to minimise 71 
false negatives, i.e. the risk of incorrectly concluding that no change has occurred.  72 
 73 
Rigét et al., (2010) assessed temporal trends of POPs in Arctic biota based on the time-series available 74 
up until 2008 and in the context of the Arctic Monitoring and Assessment Programme (AMAP). A large 75 
number of new time-series data has become available since then and additional years have been added 76 
to the time-series included in Rigét et al., (2010). Therefore, it was expected that this update would lead 77 
to a more robust assessment than the previous one. The objective of this study was to analyze trends for 78 
POPs in all time-series available from the Arctic, including an evaluation of their statistical power. 79 
 80 

2. Datasets and statistical analyses  81 

http://chm.pops.int/
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Time-series of POPs were available from seven Arctic countries for a total of 64 location-species-tissue 82 
combinations. Figure 1 shows the locations, together with the species or species group monitored. No 83 
series in biota are currently available for the Arctic areas of Russia and Finland. Time-series were 84 
available for marine mammals, seabirds, marine and freshwater fish and blue mussels.  85 

Asmund et al. (2004) focused early on the quality assurance/quality control (QA/QC) of the Danish and 86 
Canadian laboratories, which were involved in the Greenlandic AMAP trend program. AMAP has worked 87 
towards harmonized programs with respect to methodologies and QA/QC in order to ensure the quality 88 
and credibility of AMAP assessments. For example, AMAP has established guidelines that cover all 89 
aspects of data generation from sample collection, handling and processing, to analysis, and data 90 
management, and that must be followed by the laboratories contributing to AMAP assessments. The 91 
laboratories responsible for the POP analyses included in this study participate in a number of QA/QC 92 
programs including the AMAP/NCP inter-laboratory studies (e.g. Tkatcheva et al. 2013), the 93 
QUASIMEME laboratory performance testing scheme (www.quasimeme.org), and equivalent QA/QC 94 
programs run by NOAA/NIST. All laboratories have established common internal QA/QC procedures and 95 
measures such as the use of internal and certified reference materials, analyses of blank and duplicates 96 
etc. Each individual time-series has been analysed by the same laboratory with the same method over 97 
several years.   98 

 99 
Figure 1. Map of locations with long-term time-series. Symbols indicate animal group. Included are Air 100 
monitoring stations. From AMAP (2016). 101 

Time-series were separated into long-term time-series starting before the year 2000 and short-term 102 
time-series starting in or after the year 2000. Several of the short-time time-series were derived by 103 
deleting data from years before 2000 of the long-term time-series. In total, 1074 long-term time-series 104 
and 735 short-term time-series were available covering the following POPs: Polychlorinated biphenyls 105 

http://www.quasimeme.org/
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(PCBs) congeners, dichlorodiphenyltrichloroethane (DDT) and its transformation products,  106 
hexachlorocyclohexanes (HCHs), hexachlorobenzene (HCB) and pentachlorobenzene (PeCB), 107 
hexachlorocyclohexanes (HCHs), hexachlorobenzene (HCB) and pentachlorobenzene (PeCB), chlordane-108 
related pesticides (CHL) and heptachlor, dieldrin,  mirex,  octachlorostyrene (OCS), toxaphene,  109 
polybrominated diphenyl ethers (PBDEs), hexabromocyclododecane (HBCDD) and perfluoroalkyl 110 
substances (PFASs). Octachlorostyrene (OCS) was included although not included in the Stockholm 111 
Convention because time-series were available and only few time-series study has been published. The 112 
distribution of available time-series by country, species group and time-series type are shown in Table 1.  113 

Table 1. Number of long-term time-series (starting before year 2000) and short-term time-series 114 
(starting in or after year 2000) by country and species group. 115 
 116 
 117 
Time series numbers by country:                                Time series numbers by species group: 118 
 Long-term Short-time Long-term Short-term 119 
Country time-series time-series Species group time-series time-series 120 
United States (Alaska) 186 17 Blue mussels 145 126 121 
Canada 323 200 Freshwater fish 197 63 122 
Greenland 184 163 Marine fish 112 134 123 
Faroe Islands 102 115 Seabirds 114 96 124 
Iceland 109 137 Marine mammals 506 316 125 
Norway 155 89 Total 1074 735 126 
Sweden 15 14 127 
Total 1074 735 128 
 129 
Datasets were treated as in previous assessments of temporal trends of contaminants in Arctic biota 130 
(Rigét et al., 2010; AMAP, 2014; 2016). Only time-series with six or more years of data were included. 131 
Generally, time-series were considered inappropriate for trend analyses if three or more years had 132 
annual medians that were less than the reported detection limit. However, time-series were included if 133 
these years were concentrated in the end of the time-series, indicating a decreasing trend or in the 134 
beginning, indicating an increasing trend. In these cases, half of the detection limit was used to 135 
represent the actual annual medians.  136 

A statistically robust method was applied to the time-series data. Covariates such as age, sex and lipid 137 
content were treated as recommended by data originators such as selecting a subset of similar 138 
characteristics e.g. sex and/or age. All time-series were treated with the same statistical method and 139 
therefore highly comparable results have been generated.  140 

The statistical analyses were performed using the software package PIA (Plot and Image Analyses) 141 
(Bignert, 2013). Briefly, median concentrations were used as the annual index values to minimise the 142 
influence of outliers and values below detection limits. The method tests for the presence of a log-linear 143 
trend and/or non-linear trend by separating the total variance over time into a log-linear component 144 
and a non-linear component (Nicholson et al., 1998). The log-linear trend was tested by log-linear 145 
regression. A 3-point running smoother was applied to describe the non-linear trend component and 146 
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tested by mean of an analysis of variance (ANOVA). In general, α < 0.05 was applied. The results of the 147 
trend analyses were classified into six classes as follows (AMAP, 2016): 148 

• Increasing, a statistically significant increasing log-linear trend. 149 
• Increasing with non-linear trend component, both an increasing log-linear and the non-linear 150 

trend components are statistically significant. 151 
• Decreasing, a statistically significant decreasing log-linear trend. 152 
• Decreasing with non-linear trend component, both a decreasing log-linear and the non-linear 153 

trend components are statistically significant. 154 
• Non-linear component, a statistically significant non-linear (fluctuating) trend with no significant 155 

increasing or decreasing trend. 156 
• No trend. The time-series did not exhibit a statistically significant trend. 157 

Statistical power is defined as the probability of rejecting the null hypotheses in a case where a temporal 158 
trend exists, and thereby accepting the alternative hypotheses that a temporal trend exists (Cohen, 159 
1977). For time-series, this describes the probability to detect a temporal trend, when the trend is in 160 
fact real. 161 

The determination of statistical power of the time-series followed the method described by Fryer and 162 
Nicholson (1993). Two measures of power were estimated:  1) the number of years required to detect a 163 
log-linear trend of a 5 % annual change with 80 % power and a significance level α < 0.05 with a one-164 
sided test. 2) the minimum average annual percent change over a 10-year period that can be detected 165 
with 80 % power, α < 0.05 and a one-sided test. The two measures are essentially the same but provide 166 
different information as the latter is not locked at a specific 5 % annual change.   167 

3. Results 168 

3.1 Polychlorinated biphenyls (PCBs) 169 

PCBs are an industrial and by-product chemical that were produced in global total quantities of about 170 
1.3 million tons (Breivik et al., 2007). They were listed in both Annex A (eliminate production and use) 171 
and Annex C (unintentional production) of the Stockholm Convention on POPs in 2004, but most 172 
industrial countries banned PCBs already back in the 1970s/1980s (AMAP, 1998). Nevertheless, there 173 
still are important sources of PCB emissions in the cities of Western Europe and North America due to 174 
legacy PCB use in closed systems such as electrical transformers (Diamond et al., 2010; Gasic et al., 175 
2010). 176 

A total of 347 long-term time-series were analyzed for concentrations of Σ10PCB (CB-28, -31, -52, -101, -177 
105, -118, -138, -153, -156 and -180) and individual congeners, mainly CB-153. Thirty-eight (38) % of 178 
Σ10PCB and 34 % of CB-153 time-series showed a significant decreasing trend, and 13 % and 15 %, 179 
respectively, showed a significant decreasing trend together with a significant non-linear trend 180 
component (Figure 2).  The mean annual decrease for all time-series was 3.7 % for Σ10PCB and 3.8 % for 181 
CB-153.  These time-series were spread over the entire Arctic area, for which data were available. Only 182 
one time-series (blue mussels, one location in Iceland) showed a significant increasing trend together 183 
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with a significant non-linear component for both Σ10PCB and CB-153. However, this particular site is 184 
likely affected by a local pollution source and several other POPs (e.g. DDTs) likewise showed increasing 185 
trends (Sturludottir et al., 2013).  186 

In seventeen long-term time-series covering all species groups (Table 1) and having analyzed eight of the 187 
same PCB congeners (CB-28, -52, -101, -105, -118, -138, -153 and -180), no significant difference was 188 
found between annual trends of individual congeners (ANOVA, p = 0.73).  189 

For short-time time-series of Σ10PCB and CB-153 fewer time series showed significant decreasing trends 190 
(20 % and 18 %, respectively) (Figure 2). The mean annual decrease was also lower (1.5 % and 2.5 %, 191 
respectively). Three time-series showed significant increasing trends of Σ10PCB, one of these also for CB-192 
153.  These results indicate that the main decrease of PCBs occurred in earlier years and that the 193 
decrease has been less pronounced in recent years after 2000. 194 

PCB time-series were available from five ringed seal (Pusa hispida) populations and one northern fur 195 
seal (Callorhinus ursinus) population covering the area from Alaska to East Greenland. The largest annual 196 
decrease of CB-153 was found in the eastern populations (East Greenland) and there was also a 197 
tendency to smaller annual decrease in the northern populations (Figure 3). However, no firm 198 
conclusion should be drawn as the length and the period covered by the time-series differed. 199 

   200 

Figure 2. Overview of the trend results for POPs in long-term time-series (left) and short-term time-201 
series (right). The colors represent the percentage of time-series with a given trend for each 202 
contaminant.  Red = increasing trend, Pink = increasing with a non-linear trend. Green = decreasing 203 
trend, Light green = decreasing with a non-linear trend, Gray = non-linear trend, Black = no trend.  204 
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 205 

Figure 3. The relative size of the annual decrease of CB-153 in seal populations across the Arctic from 206 
Alaska to East Greenland. The double ring represents the juvenile (outer circle) and the adult seals (inner 207 
circle) from the same location. 208 

The mean annual decrease of Σ10PCB in muscle tissue of freshwater fish was higher (-8.2 %) but not 209 
significantly (t-test, p = 0.15) than in muscle tissue of marine fish (-5.3 %). 210 

3.2 Dichlorodiphenyltrichloroethane (DDT) and its transformation products 211 

DDT (insecticide) was listed in Annex B (restrict production and use) of the Stockholm Convention on 212 
POPs in 2004, but like for PCBs most industrial countries banned DDT already back in the 1970s/1980s 213 
(AMAP, 1998). In recent years, the global annual production was approximately 3300 metric tons and 214 
used to control insects that spread diseases such as malaria primarily in tropical countries 215 
(UNEP/POPS/COP.8/INF/6, 2017).  216 
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Time-series of ΣDDT (pp’-DDE, pp’-DDD, pp’-DDT) and individual o,p’ and p,p’ isomers were analyzed in a 217 
total of 165 time-series mostly of ΣDDT and p,p’-DDE (71 %). Several time-series of p,p’-DDD in blue 218 
mussels (Mytilus edulis) and some marine fish could not be evaluated due to several years with median 219 
values below the detection limit. Forty-six (46) six % of the long-term time-series of ΣDDT showed a 220 
significant decreasing trend, while only 32 % of the p,p’-DDE time-series showed a significant decrease.  221 
One ΣDDT time-series showed a significant increasing trend; this was the same time-series from Iceland 222 
that also showed an increasing trend for PCBs. The significant decreasing trends and those showing no 223 
significant trends were spread over the entire area from Alaska to northern Norway.  224 

The mean annual decrease was 4.2 % for both ΣDDT and p,p’-DDE. For 55 species-tissue-location 225 
combinations having time-series of both ΣDDT and p,p’-DDE, no significant difference in annual change 226 
was found (paired t-test, p =  0.64).  p,p’-DDE is the major metabolite of DDT (Kelce et al., 1995). The 227 
ratio between p,p’-DDE and Σ DDT may be a rough indicator of the age of DDT residues in the 228 
environment. Figure 4 shows the trends of this ratio in selected long-term time-series.  In all four time-229 
series the ratio p,p’-DDE/Σ DDT increased with time, and this increase was significant in polar bear 230 
(Ursus maritimus), ringed seal, and pilot whale (Globicephala melas) (log-linear regression of annual 231 
medians, p <  0.01 and p =  0.03, respectively), but was not significant in belugas (Delphinapterus leucas; 232 
p = 0.12). Therefore, no indication of a presence of ‘fresh’ sources of DDT to the Arctic environment 233 
were found. This is also supported by the twelve time-series of p,p’-DDT that have a mean annual 234 
decrease of 10.5 %, the largest mean decrease of all of the DDT isomers considered.  235 

A total of seventeen long-term time-series of o,p’-DDE, o,p’-DDD, o,p’-DDT were available from pilot 236 
whales from the Faroe Islands and beluga and northern fur seal from the Alaska. None of these showed 237 
significant trends, except one (for female and juvenile beluga from East Chukchi/Bering Sea) where 238 
levels were relatively constant up to 1998 followed by a sharp decline giving a significant non-linear 239 
trend. 240 

The proportion of short-term time-series showing significant decreasing trends was considerably lower 241 
than that of the long-term time-series (Figure 2). The mean annual decreases of the short-term time-242 
series were 2.4 % and 3.6 % for ΣDDT and p,p’-DDE, respectively. 243 
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  244 

Figure 4. Trends of the ratio p,p’-DDE/ΣDDT in selected long-term time-series. Black – juvenile polar 245 
bears from East Greenland. Red – ringed seal from Resolute, Canada. Blue –pilot whale from Faroe 246 
Island. Green – beluga from Canada. 247 

The mean annual decrease of ΣDDT in muscle tissue of freshwater fish was higher (-9.1 %) but not 248 
significantly (t-test, p = 0.18) than in muscle tissue of marine fish (-5.2 %). 249 

 250 

3.3 Hexachlorocyclohexanes (HCHs) 251 

Technical hexachlorocyclohexane (consisting of ca. 55-70 % α-HCH, 5-15 % β-HCH, 10-20 % γ-HCH 252 
(lindane) and small amounts of δ-HCH) was widely used as an insecticide prior to its phase out in a 253 
number of countries (including the USA, Canada and Nordic countries) in the late 1970s.(Li et al., 2005) 254 
There are only two lindane producing countries left (India and Romania) (Vijgen, 2006). α-, β-HCH and 255 
lindane were listed in Annex A of the Stockholm Convention in 2009, however, lindane had a specified 256 
exemption for cases where human health might be affected (http://chm.pops.int). 257 

In total 110 long-term time-series of α-, β- and γ-HCH and 80 short-term time-series were available. 258 
However, several HCH time-series could not be evaluated because of more than three years with annual 259 
medians below detection limits. Thirty seven  (80 %)  of the long-term α-HCH time-series showed a 260 
significant decreasing trend or a significant decreasing trend together with a significant non-linear trend 261 
component (Figure 2). For the short-term time-series, the corresponding amount was 18 (53 %) (Figure 262 

http://chm.pops.int/
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2). The mean annual decrease of the long-term time-series was 8.9 %, which was among the highest 263 
decrease of all the compounds (Figure 5). For the short-term time-series, the mean annual decrease was 264 
9.9 %, showing that α-HCH has decreased after the year 2000 with a similar or higher rate than before 265 
2000. 266 

 267 

Figure 5. Mean of annual change (± SD) of POPs in the 1074 long-term Arctic time-series of compounds 268 
by increasing order. 269 

The results for the time-series of β-HCH were quite different from those of α-HCH. More than half (64 %) 270 
of the β-HCH long-term time-series showed no significant trend or a significant non-linear trend, and 271 
both significant decreasing and increasing trends were found. In Canada, two seal populations showed 272 
significant increasing trends and time series for beluga and seabird eggs showed significant increasing 273 
trends together with a significant non-linear trend component. The mean annual decrease of 1.5 % for 274 
the long-term time-series is the lowest decrease among organochlorines, except the toxaphene 275 
congener Parlar_50 (Figure 5). Among the short-term time-series, 83 % showed no trend or a significant 276 
non-linear trend component.  277 

The results of the γ-HCH time-series were closer to those of α-HCH than β-HCH with 70 % of the long-278 
term time-series showing significant decreasing trend or significant decreasing trend together with a 279 
significant non-linear trend component. The corresponding percentage for the short-term time-series 280 
was 50 %. The mean annual decreases were 7.6 % and 6.2 % for long-term and short-term time-series, 281 
respectively, a somewhat smaller decrease than for α-HCH (Figure 5).  282 

No general relationships between size of annual change in the long-term time-series and longitude were 283 
found for α, β and γ-HCH (linear regression, p = 0.30, p = 0.12 and p = 0.51, respectively). However, 284 
when considering only the seal populations, there appeared to be a tendency of lowest annual decrease 285 
of α-HCH in the two populations at highest latitude and in case of β-HCH an annual increase was found 286 
for these two populations (Figure 6). 287 
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 288 

Figure 6. Annual decrease (green) and annual increase (red) in seal populations related to longitude and 289 
latitude. The size of circle represents the size of annual change. The double ring represents the juvenile 290 
(inner circle) and the adult seals (outer circle) from the same location. 291 

3.4 Hexachlorobenzene (HCB) and pentachlorobenzene (PeCB) 292 

HCB has had several uses in industry and agriculture (Becker et al., 2012). PeCB is not known to be 293 
manufactured for any commercial uses (Bailey et al., 2009). In the past, PeCB was one component of 294 
chlorobenzenes mixture (Bailey et al., 2009). HCB and PeCB have been listed in Annex A and Annex C of 295 
the Stockholm Convention (http://chm.pops.int). While HCB was among the initial POPs regulated in 296 
2004, PeCB was added to the Stockholm Convention on POPs in 2009 (UNEP/POPS/POPRC.3/20/Add.2, 297 
2007). (http://chm.pops.int).  298 

Fifty-five (55) long-term time-series of HCB were available of which 36 % showed significant decreasing 299 
trends, some of these also with a significant non-linear trend component. Two time-series showed a 300 
significant increasing trend, one of them also with a significant non-linear component. The mean annual 301 
decrease for HCB time-series was 2.6 %, somewhat lower than for most other organochlorine 302 
compounds (Figure 5).  303 
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Six (6) out of 43 short-term time-series exhibited a significant decreasing trend and three (3); all from 304 
East Greenland show significant increasing trends. The remaining time-series showed no trend or with a 305 
significant non-linear trend component. The mean annual change for short-term time-series was close 306 
to 0 % indicating that no or limited change has occurred since 2000. 307 

Despite the large proportion of declining trends of HCB observed across the North American and 308 
European Arctic over recent decades, the relative low mean rate of the declines compared to other 309 
organochlorines and the increasing trend at some sites after the year 2000 may indicate that HCB 310 
emissions (primary and secondary) and releases are still occurring.  311 

Thirteen (13) long-term time-series of PeCB existed from Canada and the United States of which two (2) 312 
showed significant decreasing trend, one of them also with a significant non-linear trend component. 313 
The other time-series show either no trend (9) or a significant non-linear trend (2). The mean annual 314 
decrease change was 3.8 %. 315 

3.5 Chlordane-related pesticides (CHL) and heptachlor 316 

Complex mixtures of chlordane-related compounds were used as a broad-spectrum insecticide in seed 317 
dressing and have been banned or restricted for decades. Heptachlor is an insecticide used to control 318 
soil insects, termites and crop pests, and is also a constituent of technical chlordane. Heptachlor 319 
degrades in the environment to heptachlor epoxide, which is more persistent (Gannon and Bigger, 320 
1958). Chlordane and heptachlor were listed in Annex A of the Stockholm Convention on POPs in 2004 321 
(http://chm.pops.int)  Cis- and trans-chlordane and cis- and trans-nonachlor, together with heptachlor 322 
are primary constituents of the more than 120 compounds in the technical chlordane mixture (Dearth 323 
and Hites, 1991).  324 

There were 31 long-term time-series of ΣCHL (sum of cis-chlordane, trans-chlordane, cis-nonachlor, 325 
trans-nonachlor and oxychlordane), 35 of trans-nonachlor and 20 of oxychlordane. Decreasing trends or 326 
decreases together with a non-linear trend component were found in 48%, 41% and 35% of the long-327 
term time series for ΣCHL, trans-nonachlor and oxychlordane, respectively.  Only one trans-nonachlor 328 
time-series showed an increasing trend, which was the same site also showing increasing trends of PCBs 329 
and DDTs influenced by local pollution sources. The mean annual decreases for ΣCHL, trans-nonachlor 330 
and oxychlordane were 4.6 %, 3.6 % and 3.0 %, respectively. 331 

As for most organochlorines, the proportion of significantly decreasing trends in biota was smaller and 332 
the proportion of time-series showing no trend greater when considering the short-term time-series. 333 
The annual decrease since 2000 ranged between 0.6 % for trans-nonachlor and 4.3 % for ΣCHL.  334 

Marine mammals and seabirds metabolize cis- and trans-chlordane (Fisk et al., 2001). Oxychlordane is 335 
the primary metabolite of cis- and trans-chlordane and is persistent in the environment (Tashiro and 336 
Matsumura, 1978; Bondy et al., 2000). The ratio between oxychlordane and ΣCHL may be a rough 337 
indicator of the age of chlordane residues in the environment. Figure 7 shows the temporal trends of 338 
the ratio between oxychlordane and ΣCHL in three long-term time-series. The general increasing levels 339 
of the ratio in the order beluga < ringed seal < polar bear express the relative metabolic potential among 340 

http://chm.pops.int/
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these species.  All three time-series show an increase in the ratio of oxychlordane/ΣCHL with time, 341 
however, only significantly in case of ringed seals (log linear regression, p < 0.01). This indicates that the 342 
metabolite oxychlordane increases relative to some of its precursors. 343 

 344 

Figure 7. Trends of the ratio of oxychlordane/ΣCHL in juvenile polar bear (black) and ringed seal (red) 345 
both from East Greenland and beluga (blue) from northwest Canada. 346 

Three time-series of heptachlor (seabirds and northern fur seals from Alaska) were available; however, 347 
in all years the annual medians were below detection limits. Twelve long-term time-series of heptachlor 348 
epoxide were evaluated; all from seabird eggs or marine mammal tissue.  Of these, only two time-series 349 
showed significant decreasing trends or decreases together with a non-linear trend component; the 350 
other time-series showed no statistical trends. Heptachlor was one of the organochlorines with the 351 
highest annual decrease (Figure 5). None of the seven short-term time-series showed significant 352 
decreasing trends. 353 

3.6 Dieldrin 354 

Dieldrin is a pesticide used to control insect-borne diseases. It is also the degradation product of the 355 
pesticide aldrin (http://chm.pops.int). Both dieldrin and aldrin have been restricted or voluntarily 356 
withdrawn from use by most developed countries. Both pesticides were among the original compounds 357 
listed in Annex A of the Stockholm Convention on POPs in 2004 (http://chm.pops.int) .  358 

Twenty-two (22) long-term time-series were available for dieldrin. Ten (10) of these (45 %) showed 359 
significant decreasing trends or decreases together with a non-linear trend component. The mean 360 
annual decrease was 3.0 %. Among the 13 short-term time-series only one showed a significant 361 
decreasing trend, and the mean annual decrease was close to zero indicating little if any change in levels 362 
since 2000. This indicates that dieldrin (and aldrin) contamination in the Arctic has slowly decreased 363 
following bans introduced in the period before the year 2000. 364 

3.7 Mirex 365 

http://chm.pops.int/
http://chm.pops.int/
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Mirex is an insecticide primarily used in the 1960s and 1970s in the United States, but it was also used as 366 
a fire retardant (ATSDR, 1995). Mirex was among the original compounds listed in Annex A of the 367 
Stockholm Convention on POPs in 2004 (http://chm.pops.int).  368 

Sixteen (16) long-term time-series for mirex were available originating from the Faroe Islands, Canada 369 
and USA (Alaska) and included marine mammals, seabirds and freshwater fish. Four (4) of these time-370 
series showed significant decreasing trends, whereas the others showed either a non-linear trend or no 371 
trend. The mean annual decrease was 6.7 %. For short-term time-series, a total of ten (10) time-series 372 
existed, but only one showed a significant decreasing trend and the mean annual decrease was 1.9 %. 373 

3.8 Octachlorostyrene (OCS) 374 

Octachlorostyrene has never been used as a commercial product, but it may be produced during 375 
incineration and combustion process involving chlorinated compounds (Chu et al., 2003). 376 
Octachlorostyrene is not among the listed compounds in the Stockholm Convention on POPs 377 
(http://chm.pops.int).  378 

Eleven (11) long-term time-series, all from Canada or Greenland, were available. Several marine fish and 379 
blue mussel time-series from northern Norway could not be evaluated because nearly all annual 380 
medians were below detection limits. Four (4) of the 11 time-series included in the evaluation showed 381 
significant decreasing trends, while the others showed non-linear or no trends. Considering the eleven 382 
(11) time-series from year 2000 and onwards, none showed a significant decreasing trend and the mean 383 
annual change was raised from a decrease of 4.5 % to an increase of 0.2 %. 384 

3.9 Toxaphene 385 

Toxaphene is an insecticide consisting of a complex mixture of polychlorobornanes and camphenes (De 386 
Geus et al., 1999). Toxaphene was among the initial 12 compounds listed by the Stockholm Convention 387 
on POPs in 2004. 388 

Seventeen (17) long-term time-series of toxaphene congeners Parlar 26 and 50 were available including 389 
blue mussels, marine mammals, seabirds and freshwater fish. Of those six (6; 35 %) and five (5; 29 %) 390 
showed significant decreasing trends or decreasing together with a non-linear trend component for 391 
Parlar 26 and 50, respectively. No time-series showed significant increasing trends. The mean annual 392 
decrease was 6.0 % for Parlar 26 but was considerably lower for Parlar 50 (0.8 %). 393 

Nine (9) out of 20 (45 %) and eight (8) out of 22 (36 %) short-time time-series of Parlar 26 and 50, 394 
respectively, showed significant decreasing trends one together with a significant non-linear trend 395 
component. The mean annual decrease was 5.9 % of Parlar 26 while Parlar 50 had a mean annual 396 
increase of 0.8 %.  397 

3.10 Polybrominated diphenyl ethers (PBDEs) 398 

PBDEs were used as flame retardants. Tetra-, penta-, hexa-, and hepta-BDE were added to Annex A of 399 
the Stockholm Convention in 2009, while deca-BDE was added in 2017 (UNEP/POPS/POPRC.10/10/2, 400 

http://chm.pops.int/
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2014), with specified exemptions. There are still emissions of PBDEs to the environment because of the 401 
stock of in-use products (Abbasi et al., 2015). PBDEs can be subject to debromination and the products 402 
are lower brominated PBDE congeners (Söderström et al., 2004). 403 

Most long-term time-series were available for the congeners BDE-47 (26) and BDE-99 (19) and only few 404 
for other congeners. BDE-47 was the compound with highest number (8) of time-series showing a 405 
significant increasing trend and in one case together with a non-linear trend component (35 %) (Figure 406 
2). Only two time-series showed significant decreasing trends, one also having a significant non-linear 407 
trend component. Considering the short-term time-series of BDE-47, none showed an increasing trend 408 
and five (5) out of 23 (22 %) showed significant decreasing trends. The non-linear trend component was 409 
significant in 31 % of the long-term time-series of BDE-47 and a typical trend was an increase up until 410 
year 2005 followed by a decrease in recent years, which is quite different from the general trend of 411 
organochlorines (Figure 8). Only two (2) out of 19 (11 %) and one (1) out of 17 (5.9 %) long-term and 412 
short-term BDE-99 time-series, respectively, showed significant increasing trends. The mean annual 413 
change of long-term time-series of BDE-47 and BDE-99 were among the highest increase observed 414 
(Figure 5). 415 

 416 

  417 

Figure 8. Pattern of change over time of BDE-47 in thick-billed murre from Prince Leopold Island in 418 
Canada (updated time-series published by Braune et al., (2015a). Red points = annual medians. Red-line 419 
= running three points average.  420 

 3.11 Hexabromocyclododecane (HBCDD) 421 

HBCDD is used as an additive flame retardant and was listed in Annex A of the Stockholm Convention 422 
with specific exemptions in 2013 (UNEP/POPs/POPRC.6/13, 2010). Time-series were only available of 423 
the α-HBCDD diastereomer. All time-series deal with α-HBCDD in marine mammals or seabirds (one) 424 
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from Canada and Greenland; in total, seven (7) long-term time-series were available. Six (6; 86 %) of 425 
those showed significant increasing trends, one of them also with a significant non-linear trend 426 
component. HBCDD was the compound found with the highest annual mean increase (7.6 %). 427 

3.12 Perfluoroalkyl substances (PFASs) 428 

PFAS substances have had widely use in numerous industrial and commercial applications to make e.g. 429 
products more stain-resistant and waterproof (Buck et al., 2011). Perfluorooctane sulfonic acid (PFOS), 430 
its salts and perfluorooctane sulfonyl fluoride (PFOS-F) were added to Annex B (restriction) of the 431 
Stockholm Convention on POPs in 2009 (http://chm.pops.int). Other PFASs such as perfluorooctanoic 432 
acid (PFOA) and perfluorohexane sulfonic acid (PFHxS) are currently proposed for listing 433 
(http://chm.pops.int).  Time-series of several PFAS substances were available, however only substances 434 
with more than ten (10) time-series are included here (PFOS, perfluorononanoic acid (PFNA), 435 
perfluorodecanoic acid (PFDA) and perfluoroundecanoic acid (PFUnA). This restriction was made 436 
because the other PFAS compounds had several years with concentrations below limit of detection and 437 
were limited to cover only a few species.  438 

Sixteen (16) long-term time-series of PFOS were available of which nine (9; 56 %) had a significant non-439 
linear trend component. The others showed no trend except one also having a significant increasing 440 
trend (Figure 2). A common trend was a concentration increase until about the mid-2000s followed by 441 
decreasing concentrations (Figure 9). This trend is somewhat similar to the trend observed for BDE-47 442 
and different from that of most organochlorine compounds. For the other compounds, about half of the 443 
time-series showed significant increasing trends or significant increasing trends together with a 444 
significant non-linear trend component (six (6) out of 11 (55%) PFNA, four (4) out of 10 (40 %) PFDA, six 445 
(6) out of 11 (55 %) PFUnA). None of these compounds showed a significant decreasing trend indicating 446 
that these compounds had not decreased as observed in several PFOS time-series. 447 

 448 

http://chm.pops.int/
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Figure 9. Patterns of change over time of PFOS in ringed seal from West Greenland (red) and ringed seal 449 
(blue) and polar bear (black) from East Greenland. Points represent annual medians. Updated time-450 
series published by Rigét et al., (2013a). 451 

For the short-term time-series of the selected PFAS compounds, none showed significant increasing or 452 
decreasing trends except two increasing trends of PFNA.  453 

3.13 Statistical power 454 

In order to compare the statistical power of different time-series it is necessary to apply or define 455 
statistical standard requirements. We use the requirements to be able to detect a 5 % annual change 456 
with a statistical power of 80 % at α < 0.05 (AMAP, 2016). Only 12 % of the long-term time-series 457 
fulfilled these criteria and for the short-time time-series this number decreased to 4 % (not shown). 458 
Thirteen percent of the organochlorine (OC) long-term time-series had 80 % or more power to detect a 459 
5 % annual change with α < 0.05.  460 

This also means that there was still a large part (88 %) of the long-term time-series not fulfilling these 461 
statistical requirements. The number of years in time-series with data is proportional to the power of 462 
the time-series. Figure 10 shows the frequencies of required number of years with data in cases of the 463 
long-term time-series of OC to being able to fulfill the set of statistical requirements. Forty-five percent 464 
(45 %) of the OC time-series need more than 20 years of data to fulfill this requirement. 465 

 466 

 467 

 468 

 469 

 470 

Figure 10. Histogram of the long-term OC time-series according to the number of years required to 471 
detect a 5 % annual change with 80 % power with α < 0.05.  472 

In order to compare the power of the long-term time-series among animal groups and tissues the power 473 
to detect a 5 % annual change with α < 0.05 for a 10-year period was estimated together with the lowest 474 
detectable trend, which could be detected in a 10-year period with a power of 80 % (Table 2).  The 475 
highest power and lowest detectable trend were seen for seabird eggs and marine mammal blubber and 476 

   

Required n of years

Fr
eq

ue
nc

y

20 40 60 80

0
10

0
20

0
30

0

   

Required n of years

Fr
eq

ue
nc

y

20 40 60 80

0
10

0
20

0
30

0



18 
 

the lowest power was found for fish liver and muscle. This may be related to the lower POP 477 
concentrations in fish where analytical uncertainties play a relatively larger role. 478 

 479 

Table 2. Mean and CV of the statistical power of long-term time-series and lowest detectable trend 480 
(LDT) for a 10-year period for each media. 481 

 Mean (CV %) power Mean (CV %) LDT 482 

Mussels, soft tissue 19.7 (94) 18.7 (43) 483 
Freshwater fish 13.9 (69) 31.7(93) 484 
 Liver 12.7 (43) 24.1 (41) 485 
 Muscle 14.2 (74) 34.0 (97) 486 
Marine fish 15.7 (69) 21.7 (45) 487 
 Liver 16.8 (76) 21.2 (45) 488 
 Muscle 14.0 (54) 22.6 (38) 489 
Seabirds 30.5 (74) 20.9 (140) 490 
 Blood 16.8 (30) 17.9 (48) 491 
 Egg 32.0 (73) 21.1 (69) 492 
 Liver 7.9 (-) 34.3 (-) 493 
Marine mammals 22.2 (83) 24.1 (118) 494 
 Adipose tissue 16.7 (53) 22.8 (89) 495 
 Blubber 23.9 (84) 23.3 (121) 496 
 Liver 13.8 (84) 54.2 (104) 497 
 Muscle 18.5 (38) 16.0 (36) 498 
 499 

 500 

Discussion 501 
 502 
The approach of analyzing a large number of time-series of POPs applying the same robust statistical 503 
methodologies consistently to all available time-series provides an overview of trends in POP 504 
developments across a large geographical Arctic area. On this basis a meta-analysis has been performed, 505 
addressing the direction and rates of the trends as well as the consistency among species and locations.  506 
 507 
The time trend analyses of 1074 long-term time series (beginning before the year 2000) show that PCBs 508 
and organochlorine pesticides (OCs) have decreased in Arctic biota during the last 20 to 30 years. The 509 
same development of decreasing trends has been observed for most OCs in Arctic air (Hung et al., 2016).  510 
 511 
However, for HCB and β-HCH, the decrease in Arctic biota has been rather slow or in some locations, the 512 
concentrations even increased. Emissions and releases of HCB may continue to a larger degree than 513 
those of most other OCs, associated with by-production of HCB in chemical processes (Barber et al., 514 
2005). This is supported by the trend of HCB in Arctic air, for which Hung et al., (2016) reported 515 
increasing concentrations or a very slow decline at three Arctic monitoring stations over the last decade. 516 
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The trend of β-HCH is quite different from those of α-HCH and γ-HCH, although α- and β-HCH followed 517 
the same emission pattern, peaking in the early 1980s (Li and Macdonald, 2005). The large differences 518 
observed in the biota time trends are likely related to differences in chemical properties, more 519 
specifically the Henry’s Law Constant, which means that α- and β-HCH partition differently between air 520 
and water, and the pathways to the Arctic are different (Li and Macdonald, 2005). The main pathway to 521 
the Arctic of β-HCH is by the ocean current while α-HCH is transported by air, causing a delay in the 522 
transport of β-HCH compared to α-HCH (Li et al., 2002). Furthermore, β-HCH is recalcitrant in most 523 
mammal species, while α-HCH and γ-HCH can be more readily metabolized (and so eliminated) (Moisey 524 
et al., 2001). 525 
 526 
The relative few time-series of PCBs and OCs in Arctic biota extending back as far as the 1970s show that 527 
the downward trend of many of these compounds began decades before the Stockholm Convention on 528 
POPs entered into force. This is illustrated by the time-series of POPs in pike (Esox lucius) from a Swedish 529 
Arctic lake (Nyberg et al., 2014) and eggs of northern fulmar (Fulmaris glacialis) and thick-billed murre 530 
(Uria lomvia) from the Canadian Arctic (Braune et al., 2019). It also becomes evident when comparing 531 
the decrease rates in time-series starting after the year 2000 with those starting before the year 2000. 532 
The temporal trends of PCBs and OCs follow the schematic representation by Loganathan et al. (2016), 533 
where POP levels under national control and regulations in the 1980s and 1990s first decline relatively 534 
rapidly, followed by a long period with only slow declining concentrations. The global emissions of PCBs 535 
peaked in the mid-1970s, mainly related to the usage of PCB containing products (Breivik et al., 2002). 536 
This decrease in emissions is likely reflected in the first rapid decrease of PCBs in Arctic biota. The 537 
second phase of slow decrease might be related to secondary emissions e.g. volatilization from soil and 538 
vegetation (Ashraf, 2017) or from the ocean (as a results of sea-ice retreat and rising temperatures) (Ma 539 
et al., 2011) and potential releases by melting sea ice and glaciers (Bogdal et al., 2009). Furthermore, 540 
ongoing primary emissions exist from sources which are difficult to control (Diamond et al., 2010; Gasic 541 
et al., 2010), e.g. PCBs in building materials (Brown et al., 2016) and releases from e-waste (discarded 542 
electrical and electronic equipment) (Breivik et al., 2016). PCBs can also be formed unintentionally, e.g. 543 
in combustion processes (Ballschmiter et al., 1987), as reflected by their Annex C regulation in the 544 
Stockholm Convention. Despite these ongoing primary and secondary emissions the projected global 545 

atmospheric emissions in 2020 of 22 individual PCB congeners is predicted to be only ∼2-5 % of the 546 

levels in 1970, when the emission peaked (Breivik et al., 2007). The time trend analysis indicates that 547 
current metabolisation and shedding (hair, feathers etc.) of most of the PCBs and OCs compounds in 548 
Arctic biota still exceeds these ongoing emissions, but that the rate of decrease today are minor.  549 
 550 
The temporal trends of BDE-47 and PFOS were systematically different from those of many 551 
organochlorines as a period with increasing concentrations was followed by a period of a decreasing 552 
trend in many time series. For BDE-47, this is clearly seen in eggs of northern fulmar and thick-billed 553 
murre from the Canadian Arctic (Braune et al., 2015a): From 1975 to 2003, ΣPBDE concentrations 554 
increased exponentially followed by a rapid decrease to levels not significantly different from those from 555 
the early years. A similar trend was also found in ringed seals from East Baffin although the peak 556 
occurred later, i.e. in 2008 (Houde et al., 2017). Also in seabird eggs from the Pacific coast of Canada, 557 
the ΣPBDE concentrations peaked in the years around 2000 (Miller et al., 2014). The peak of the ΣPBDE 558 
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concentrations occurred at approximately the same time as the phase-out of the commercial Penta-BDE 559 
and Octa-BDE mixtures in the EU and the U.S. (EU, 2003; Tullo, 2003) and prior to inclusion of PBDEs in 560 
the Stockholm Convention in 2009. Abbasi et al. (2015) estimated the stocks of Penta- and Octa-BDE in 561 
in-use products in the U.S. and Canada to have peaked in 2004. Therefore, it may be interpreted that at 562 
least some Arctic animal populations responded rapidly to reduced production and/or use of PBDEs 563 
despite the wide occurrence of PBDEs in consumer products with potential lifetimes of several years and 564 
the persistency of PBDEs. In the review by de Wit et al., (2010) of PBDEs in the Arctic environment, a few 565 
time-series showed signs of leveling off or decline. Today this appears to be even more pronounced. 566 
Although the lag between national regulations and inclusion in the Stockholm Convention is much 567 
shorter than for PCBs and OCs, the time trends of BDE-47 also indicate a rapid reaction to national 568 
regulations. However, the decrease of PBDEs in biota was not yet observed in the Antarctic, indicating 569 
the relevance of proximity to sources (Markham et al., 2018). 570 
 571 
This observation of a rapid response to regulations is also valid for PFOS: The decline of PFOS 572 
concentrations were connected to the phase-out of POSF-based chemicals by a large US company in 573 
2000 (3M company, 2000). The decline in Arctic biota has been characterized as a rapid response to this 574 
phase-out, as documented for Canadian ringed seals (Butt et al., 2007), Northern sea otters (Enhydra 575 
lutris) (Hart et al., 2008) and Greenland ringed seals and polar bears(Rigét et al., 2013a). The trend of 576 
PFOS in Arctic biota may be expected to further decrease in the coming years. Based on modelling 577 
studies Zhang et al. (2017) estimated that in 2015 30 % of the cumulative PFOS discharges from North 578 
America and Europe had entered the Arctic Ocean. The large-scale overturning of the North Atlantic 579 
Ocean transports PFOS to deep waters of the oceans, which is the terminal PFOS sink. The surface 580 
concentration was modeled to have decreased since year 2000, while the deep waters (> 1000 m) 581 
concentrations was modeled to have increased since 2000. 582 
 583 
Although fewer time-series were available, the long-chain perfluoroalkyl carboxylic acids (PFCA) PFNA, 584 
PFDA and PFUnA did not show a similar decrease to that of PFOS, but rather a continuing increase. 585 
Increasing trends of long-chain PFCAs in Arctic biota were reported in several cases (e.g. Rotander et al., 586 
2012; Braune and Letcher, 2013; Vorkamp et al., in press). Wang et al. (2014) estimated the global 587 
emissions of C4-C14 (PFCA) homologues to have increased in the period 1951-2002, followed by a 588 
decrease and then another increase in the period 2002-2012. Since 2002, the production sites of long-589 
chain PFCAs and fluoropolymers has shifted from US, Japan and Western Europe to the continental Asia 590 
(Wang et al., 2014), which likely will change the spatial and temporal trends in Arctic biota in the future. 591 
Furthermore, PFOA, which was the main PFCAs in the emission inventories by Wang et al. (2014) has 592 
been reviewed for inclusion in the Stockholm Convention. The Review Committee concluded that 593 
inclusion in Annex A or B was recommended (UNEP/POPs/POPRC.13/7/Add.2, 2017).  594 
 595 
The trend of α-HBCDD was different from those of PBDEs showing an increasing trend in five out of 596 
seven time-series. Increasing trends of α-HBCDD have also been reported for two subpopulations of 597 
beluga from Alaska (Hoguet et al., 2013) and in southwest Greenland peregrine falcon although not 598 
significantly (Vorkamp et al., 2018). Houde et al., (2017) studying several ringed seals populations from 599 
the Canadian Arctic found also increasing concentrations at several sites over the past decade. HBCDD 600 
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was listed for elimination in the Stockholm Convention in 2013, however, with specific exemptions that 601 
relate to its main use in expanded and extruded polystyrene (UNEP/POPs/POPRC.6/13, 2010). 602 
Furthermore, its presence in recycled polystyrene has been shown (Abdallah et al., 2018). These 603 
circumstances may still lead to primary emissions of HBCDD. However, time trends in Europe show 604 
decreasing concentrations of HBCDD (Esslinger et al., 2011), whereas HBCDD in fish increased, possible 605 
following the phase-out of PBDEs (Chen et al., 2011). It may therefore be expected that the increasing 606 
trend observed in Arctic biota will turn to more stable levels or even a decreasing trend in the coming 607 
years.   608 
 609 
 610 
As discussed above, some trends in levels of POPs in Arctic biota seem to be a direct response to 611 
changes in emission levels. However, multiple factors can affect the accumulation of POPs in Arctic 612 
biota. For example, climate changes affecting sea ice coverage, animal migration patterns and 613 
distribution areas, and changes in feeding habits can substantially affect the POP concentrations in 614 
biota. There is growing evidence of the importance of the interactions between climate change and 615 
POPs and that climate change affects contaminant trends as reviewed by Ma et al. (2016). The number 616 
of studies showing that climate change or variability influence the temporal trend of POPs in Arctic biota 617 
is increasing (e.g. Bustnes et al., 2010; Rigét et al., 2013b; Braune at al., 2015b; Cabrerizo et al., 2018). 618 
Including climate variables in temporal trend analyses of individual time-series are therefore advisable in 619 
ongoing and future time trend studies.  Ecological tracers such as stable isotope and/or fatty acids are 620 
also useful for reliable trend interpretation. Isotopic data are useful to control for variation in trophic 621 
level over time and are widely incorporated into contaminant-monitoring (Hebert and Popp, 2018). 622 
Fatty acids is another dietary tracer that can provide insights to changes of food web structure over time 623 
(McKinney et al., 2013; 2017).   624 
 625 
But also in the absence of climate variables and/or ecological tracers in temporal trends established so 626 
far, a large number of time-series covering a large geographical area and including different matrices 627 
show consistency and agreement in the POP trends. These results provide indications of the 628 
effectiveness of national and global controls. This indication is particularly strong in the time series of 629 
PBDEs and PFOS for which voluntary measures and regulations (as well as closely following 630 
concentration maxima) occurred during the monitoring phase. In both cases, relatively rapid changes in 631 
the trends took place. For the organochlorines, most regulations occurred prior to the establishment of 632 
the time-series. The subsequent concentration decreases are less clearly visible in biota as most time-633 
series were established later, as discussed above. 634 
  635 
The statistical power analyses showed that only 12 % of the long-term time-series would be able to 636 
detect a 5 % annual change with a statistical power of 80 % at α < 0.05, and also that many years (more 637 
than 10) with data are needed before any firm statistical conclusion can be drawn. This emphasizes that 638 
large efforts in terms of sampling and chemical analyses have to be invested in monitoring temporal 639 
trends, especially in remote areas such as the Arctic. However, it should be noted that often the annual 640 
changes are larger than 5 % - maybe closer to 10 %, and that the statistical power is higher to detect a 641 
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10 % annual change than a 5 % annual change. Other monitoring programmes, such as the AMAP 642 
mercury trend assessments, previously drew similar conclusions (Bignert et al., 2004; Rigét et al., 2011).   643 
 644 
The chosen statistical requirements of the power analyses have a large impact on the outcome of a time 645 
trend. A more precautionary approach with regard to protection of the environment would be to use a 646 
significance level of 10 % in order to be able to give an early warning in a timely manner; i.e. in case of 647 
increasing trends of a contaminant.  For the Greenlandic organochlorine time-series (in total 141), the 648 
number of time-series with 80 % power to detect a 5 % annual change would increase from 29 % to 43 % 649 
if the significance level was increased from 5 % to 10 %. 650 

Sampling design, sample handling and analytical methods should be standardised as much as possible in 651 
temporal trend monitoring in order to avoid undesirable year-to-year variation. However, relatively long 652 
time-series are still needed because of the occurrence of a random year–to-year variance component 653 
beside a possible systematic trend component (Fryer and Nicholson, 1993). Random year-to-year 654 
variation in contaminant concentrations can arise from seasonal variations between years in e.g. prey 655 
item occurrence or climate variability.       656 
 657 
In this study, bird eggs showed the highest statistical power of all animal tissues to detect trends. Using 658 
eggs in monitoring contaminants has several advantages over internal tissues (Furness and Greenwood, 659 
2013 and references therein), which may add to the observed higher power. Eggs have a highly 660 
consistent composition, they can be sampled from the same location each year and there are no 661 
problems with confounding factors such as sex. The lowest power was found for fish liver and muscle 662 
and may be related to the rather low POP concentrations where analytical uncertainties play a relatively 663 
larger role. 664 
 665 
Several time-series included in this study have a rather low power to detect temporal trends even if the 666 
number of years increase in the coming years. The objectives of individual trend monitoring should be 667 
stated based on sound statistical considerations and described in terms of quantitative measures, such 668 
as the number of years required to statistically detect a given rate of change, rather than the more 669 
general qualitative statements that are often employed. Furthermore, the trend study should be 670 
carefully designed and standardized as much as possible in order to be able to meet its objectives. This is 671 
especially important when working in the Arctic where sampling often is carried out in remote areas and 672 
is both costly and time consuming compared to working in temperate areas. 673 
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