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Abstract
Situated at high positions on marine food webs, seabirds accumulate high concentrations of persistent organic pollutants 
(POPs), such as polychlorinated biphenyls (PCBs), dichlorodiphenyltrichloroethane and its metabolites (DDTs), and hexa-
chlorocyclohexanes (HCHs). Our previous studies proposed the usefulness of seabirds preen gland oil as a nondestructive 
biomonitoring tool. The present study applied this approach to 154 adult birds of 24 species collected from 11 locations 
during 2005–2016 to demonstrate the utility of preen gland oil as a tool for global monitoring POPs, i.e., PCBs, DDTs, and 
HCHs. Concentrations of the POPs were higher in the Northern Hemisphere than in the Southern Hemisphere. In particular, 
∑20PCBs and∑DDTs were highly concentrated in European shags (Phalacrocorax aristotelis) and Japanese cormorants 
(Phalacrocorax capillatus), explainable by a diet of benthic fishes. Higher concentrations of γ-HCH were detected in species 
from the polar regions, possibly reflecting the recent exposure and global distillation of ∑HCHs. We examined the relation-
ship between age and POP concentrations in preen gland oil from 20 male European shags, aged 3–16 years old. Concentra-
tions and compositions of POPs were not related to age. We also examined sex differences in the POP concentrations from 
24 streaked shearwaters (Calonectris leucomelas) and did not detect a sex bias. These results underline the importance of 
the geographic concentration patterns and the dietary behavior as determinants species-specific POPs concentrations in 
preen gland oil.

A large variety of chemical products have been manufac-
tured to improve the quality of human life. However, these 
chemicals also have been shown to cause serious envi-
ronmental pollution. The production and use of persistent 

organic pollutants (POPs), such as polychlorinated biphe-
nyls (PCBs), dichlorodiphenyltrichloroethane and its 
metabolites (DDTs), and hexachlorocyclohexanes (HCHs), 
are now regulated by the Stockholm Convention on Persis-
tent Organic Pollutants. However, these chemicals are still 
detected in various organisms due to their persistence and Electronic supplementary material The online version of this 

article (https ://doi.org/10.1007/s0024 4-018-0557-3) contains 
supplementary material, which is available to authorized users.
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bioaccumulative nature (Goerke et al. 2004; Monirith et al. 
2003; Ueno et al. 2003; Weber and Goerke 2003).

Situated at high trophic levels in the marine ecosystem, 
seabirds accumulate high concentrations of POPs in their 
tissues via the food web. This makes them suitable as indi-
cators of marine pollution (Elliott and Elliott 2013). Pre-
vious studies on seabirds POPs depending on noninvasive 
approach have been utilizing eggs (Hammer et al. 2016), fae-
ces (Rudolph et al. 2016), feathers (Jaspers et al. 2007), blood 
(Roscales et al. 2010), and preen gland oil (van den Brink 
et al. 1998, Yamashita et al. 2007). Preen gland oil has three 
main advantages: it’s logistically easier, noninvasive, and 
allows the repeated sampling of the same individuals over a 
short period of time. We previously proposed the utility of oil 
excreted from the preen gland (located at the base of the tail 
feathers) of several seabirds for monitoring PCBs (Yamashita 
et al. 2007). The primary objective of this study was to apply 
the approach on a global basis, i.e., 154 seabirds from Sub-
arctic to Antarctic regions, to demonstrate the utility of preen 
gland oil as a tool for global monitoring POPs.

Additionally, POP concentrations in organisms are 
affected by their geographic distribution, foraging area, diet, 
age, sex, and body condition. Thus, a secondary purpose of 
this study was to explore potential ecological and life-history 

factors influencing POPs in seabird preen gland oil, relat-
ing to the foraging habits/diet of the species and the sex/
age of the specimens. Nevertheless, because it is difficult 
to know the age of the sampled specimens, information on 
age-specific POP concentrations in seabird tissue is limited 
(Lemmetyinen et al. 1982. Bustnes et al. 2003). Moreover, 
because POPs in seabird tissues are transferred to the egg, 
their concentrations are lower in females than in males (Mal-
lory et al. 2006). Yet, we did not find sex biases in our previ-
ous study (Ito et al. 2013).

Materials and Methods

Sample Collection

We collected preen gland oil from 154 seabirds represent-
ing 24 species in their breeding colonies from 2005 to 2016 
(Fig. 1).We examined sex bias by using 24 streaked shearwa-
ters (Calonectris leucomelas) (collected from 2013 to 2016) 
on Funakoshi Oshima Island (site E in Fig. 1). To investigate 
the relationship between age and POP concentrations, we 
collected the preen gland oil from 20 male European shags 
(Phalacrocorax aristotelis) of known ages (3–16 years) on 
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Fig. 1  Sites where preen gland oil of seabirds was sampled dur-
ing 2005–2016: A St. George Island, B Isle of May, C Reef Island, 
D Teuri Island, E Funakoshi Oshima Island, F Mukojima Island, G 

Oahu Island, H Great Dog Island, I Kerguelen Island, J Signy Island, 
K Syowa Station
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the Isle of May, Scotland (Site B in Fig. 1), during the breed-
ing season. Sampling only males eliminated offloading of 
breeding females, which would confound age with breeding 
history of specimens. Detailed data are shown in the Sup-
porting Information (Table S1).

Analytical Methods

Pre-experiment preparation is described in Supporting Infor-
mation. We wiped preen gland oil (~ 50 mg) from free-liv-
ing birds using paper wiper, surgical gauze, or glass fiber 
filter by wearing disposal polyethylene gloves (AS ONE 
Corporation). Samples were stored at − 40° until analysis, 
and analyzed within 1–2 years. The materials were then 
sonicated by ultrasonic vibrator (SHARP UT-105S, 100 W 
35 kHz) for 10 min in three changes of 20 mL of distilled 
acetone and n-hexane (1:3, v/v). The combined extracts 
were rotary-evaporated up to ~ 2 mL. One aliquot (~ 1 mL) 
was used to determine lipid weight. The aliquot was evap-
orated at 100 mmHg on hot plate at 100 °C until weight 
did not change. The other (~ 1 mL) was purified by 5% 
 H2O-deactivated silica gel column chromatography (1 cm 
i.d. × 9 cm) with elution of 45 mL of hexane/dichlorometh-
ane (3:1, v/v). The hydrocarbon fraction was further frac-
tionated through a fully activated silica gel column (0.45 cm 
i.d. × 18 cm) with 5 mL of hexane (first fraction, containing 
alkanes), 40 mL of hexane (second fraction), and 20 mL 
of hexane/dichrolomethane (3:1, v/v) (third fraction). The 
second fraction contained PCBs and p,p′-DDE, and the third 
fraction contained p,p′-DDD, p,p′-DDT, and four HCH iso-
mers (α, β, γ, δ). The second and third fractions were evapo-
rated to ~ 0.5 mL transferred into 1.5-mL vials, and further 
reduced to just dryness under gentle nitrogen stream.

For analysis of PCBs and p,p′-DDE, the aliquot was redis-
solved in 50–7250 μL of iso-octane. For analysis of p,p′-
DDD, p,p′-DDT, and HCH isomers, the aliquot was redis-
solved in 50 μL of iso-octane. PCBs, DDTs, and HCHs were 
determined by gas chromatography on an Agilent 7890A 
gas chromatograph with an electron capture detector (GC-
ECD) and a J&W Scientific Durabond DB-5 30-m fused 
silica capillary column (0.25 mm i.d., 0.25-μm film thick-
ness). All target compounds determination were compared 
to the corresponding retention time of commercial standard 
peaks (i.e., PCBs (1:1:1 mixture of Kanechlor 300:400:500) 
∑DDTs (p,p′-DDE, p,p′-DDD, p,p′-DDT) and ∑HCHs 
(α-, β-, γ-, δ-), Fig. S1).Twenty PCB congeners (IUPAC 
numbers 52, 44, 66/95, 90/101, 110/77, 118, 132/153, 105, 
138/160, 187, 128, 180, 170/190, and 206) were identified 
and quantified. The sum of their concentrations is expressed 
as “∑20PCBs.”

Reproducibility and recovery were confirmed in advance 
through four replicate analyses of seabirds’ (Laysan alba-
tross, Phoebastria immutabilis) adipose tissue extracts with 

and without spiking of native PCBs, DDTs, and HCHs 
standards. The relative standard deviations of concentra-
tions of individual congeners were < 10% and the recoveries 
were > 83%. Each sample set normally contained 12 sam-
ples and a procedural blank, whose values were subtracted 
from the amounts detected in the samples. The procedural 
blanks contained on average 10.0 ± 5.5 ng/g ∑20PCBs 
(paper wiper; 14.5 ± 3.4  ng/g, gauze; 10.6 ± 4.7  ng/g, 
glass filter 6.3 ± 5.1 ng/g), 3.7 ± 4.0 ng/g ∑DDTs (paper 
wiper; 7.8 ± 5.1  ng/g, gauze; 2.4 ± 1.2  ng/g, glass fil-
ter; 1.6 ± 2.0  ng/g), and 4.0 ± 3.7  ng/g ∑HCHs (paper 
wiper; 4.8 ± 1.5 ng/g, gauze; 3.1 ± 2.4 ng/g, glass filter; 
4.0 ± 5.5 ng/g; refer to Figs. S1, S2). The limit of quantifi-
cation (LOQ) was set at three times the procedural blank. 
For statistical analysis, IBM SPSS Statistics v. 20 software 
was used.

Results and Discussion

Global Distributions of POPs in Preen Gland Oil

PCBs

The ∑20PCBs concentrations in preen gland oil ranged 
from 1.9 to 60 700 ng/g lipid (Table 1; Fig. 2a). The highest 
concentration of ∑20PCBs was found in European shags 
on the Isle of May (geometric mean, 15,100 ng/g-lipid), fol-
lowed by black-footed albatrosses (Phoebastria nigripes) on 
Mukojima Island (4860 ng/g-lipid), and Japanese cormorants 
(Phalacrocorax capillatus) (1790 ng/g-lipid) and black-
tailed gulls (Larus crassirostris) on Teuri Island (1660 ng/g-
lipid). Benthic fish feeders show higher PCBs concentrations 
(i.e., European shag and Japanese cormorant; Watanuki et al. 
2004, 2008). PCBs have been used in industrial materials, 
such as capacitor and transformer oils; however, it was glob-
ally banned under the Stockholm Convention on Persistent 
Organic Pollutants. PCBs are partitioned and accumulated 
more in bottom sediment (Kennish 1996) because of their 
hydrophobic nature and resultant higher affinity to sediment 
particles. This can explain higher concentrations of PCBs in 
preen gland oil from benthic fish feeders. 

PCBs are biomagnified via trophic transfer through the 
food web and are highly accumulated in higher-trophic-
level organisms (Jarman et al. 1996; Hobson et al. 2002; 
Mizukawa et al. 2009). The black-footed albatross and black-
tailed gull are higher-trophic-level organisms, with a diet not 
only of fish and cephalopods but also of garbage (Brooke 
2004; Deguchi et al. 2004; Kazama et al. 2008; Yoda et al. 
2012). Their higher trophic level can explain higher concen-
trations of PCBs in preen gland oil.

On the Isle of May, preen gland oil from European shags 
had the highest ∑20PCB concentrations among the five 
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Table 1  Sampling location and concnetrations of Σ20PCBs, ∑DDTs and ∑HCHs in preen gland oil from seabirds

Sampling site Species (English name) Species (binominal name) Inds. Σ20PCBs DDTs HCHs
Geometric mean Geometric mean Geometric mean

Min–Max Min–Max Min–Max

65A Thick-billed murre Uria lomvia 3 99 269 65
58–171 128–455 < LOQ–65

B Black-legged kittiwake Rissa tridactyla 5 251 281 210
175–474 < LOQ–372 < LOQ–506

B Atlantic puffin Fratercula arctica 4 110 133 280
25–621 51–557 235–361

B Common murre Uria aalge 3 17 21 48
7.8–40 12–29 31–68

B Razorbill Alca torda 5 223 119 172
60–504 59–206 157–186

B European shag Phalacrocorax aristotelis 20 15,063 3995 27
4134–60,653 853–11,620 0.9–417

C Cassin’s auklet Ptychoramphus aleuticus 3 122 345 64
100–146 175–514 62–67

D Rhinoceros auklet Cerorhinca monocerata 5 574 815 73
153–2775 160–4191 < LOQ–109

D Black-tailed gull Larus crassirostris 9 1660 2741 13
850–5633 1552–10,284 0.2–349

D Japanese cormorant Phalacrocorax capillatus 2 1791 9067 0.45
993–3229 3590–22,899 0.3–0.8

E Streaked shearwater Calonectris leucomelas 35 257 357 24
28–1556 33–1023 2.5–152

F Black-footed albatross Phoebastria nigripes 9 4859 4515 2.9
3672–8476 1321–11,796 < LOQ–116

G Laysan albatross Phoebastria immutabilis 5 873 1888 34
730–995 1196–2816 22–48

G Wedge-tailed shearwater Ardenna pacifica 4 104 224 0.67
57–195 120–461 < LOQ–1.1

G White tern Gygis alba 2 73 91 9.6
34–158 21–384 7.6–12

G Sooty tern Onychoprion fuscatus 4 14 11 7.14
3.9–36 3.6–24 < LOQ–11

G Brown booby Sula leucogaster 2 81 38 7.2
65–100 28–53 5.7–9.3

H Short-tailed shearwater Ardenna tenuirostris 3 12 12 86
5.5–27 1.4–78 24–233

I Black-browed albatross Thalassarche melanophris 4 168 193 7.7
99–273 96–294 1.0–28

I Gentoo penguin Kerguelen Pygoscelis papua 3 22 18 4.8
1.9–110 1.8–110 0.5–16

I Kerguelen shag Phalacrocorax verrucosus 4 21 45 27
10–67 13–90 1.1–237

J Imperial shag Phalacrocorax atriceps 5 146 169 7.7
70–285 108–298 3.5–14

J Adelie penguin Pygoscelis adeliae 3 20 93 23
18–21 61–119 14–40

J Gentoo penguin Pygoscelis papua 4 51 130 12
19–183 37–493 1.7–96

J Chinstrap penguin Pygoscelis antarctica 3 28 124 9.3
23–40 95–179 2.9–23

K Adelie penguin Pygoscelis adeliae 5 34 134 7.7
20–53 87–278 3.6–26

Sampling locations were corresponding to Fig. 1. A; St. George Island, B; Isle of May, C; Reef Island, D; Teuri Island, E; Funakoshi Oshima 
Island, F; Mukojima Island, G; Oahu Island, H; Great Dog Island, I; Kerguelen Island, J; Signy Island, K; Syowa station
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species sampled at the colony (Table 1; Fig. 2a). This result 
is consistent with previous studies of PCBs in adipose from 
seabird species on the same island during 1978–1984 (Bor-
lakoglu et al. 1990a, b), where European shags also had the 
highest PCB concentrations in adipose among fish-feeding 
species, namely, including razorbill (Alca torda), common 
guillemot/common murre (Uria aalge), Atlantic puffin (Fra-
tercula arctica), and great cormorant (Phalacrocorax carbo). 
Laysan albatross (Phoebastria immutabilis) on Oahu, black-
browed albatross (Thalassarche melanophris) on Kerguelen 
Island and imperial shag (Phalacrocorax atriceps) on Signy 
Island had higher PCB concentrations (Fig. 2a), and feed at 
a higher trophic level (Cherel et al. 2000; Wanless and Harris 
1993). Among penguins on Signy Island, Gentoo penguins 
had slightly higher PCB concentrations than Adélie and chin-
strap penguins (Table 1; Fig. 2a). This difference is consistent 
with previous studies of adipose (Taniguchi et al. 2009) and 

feces (Rudolph et al. 2016), probably because of the mixed 
inshore and benthic habitat used by Gentoo penguins (Polito 
et al. 2011; Hinke et al. 2015).

The ∑20PCB concentrations in shags/cormorants in the 
Northern Hemisphere were 1–3 orders of magnitude higher 
than in those in the Southern Hemisphere (Table 1; Fig. 2a). 
Similar trends were found among albatrosses (Phoebastria 
and Thalassarche) and shearwaters (Ardenna) (Table 1; 
Fig.  2a). These results are in agreement with previous 
studies of seabird adipose (Guruge et al. 2001) and can be 
explained by the greater use of PCBs in the Northern Hemi-
sphere (Breivik et al. 2007). The spatial pattern of usage of 
PCBs and the resultant legacy pollution in each hemisphere 
seems to control the spatial trend in PCBs in the preen gland 
oil. In the Northern Hemisphere, the higher ∑20PCB con-
centrations in European shags than in Japanese cormorants 
(Table 1; Fig. 2a) reflect the nonindustrial history of Teuri 
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Fig. 2  Concentrations of ∑20PCBs (a) and ratio of CB44/CB180 (b)
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Island and the lower use of PCBs. In the Southern Hemi-
sphere, the higher PCB concentrations in shags and Gentoo 
penguin on Signy Island than on Kerguelen Island are prob-
ably due to their relative proximity to human activities.

The most dominant PCB congeners in preen gland oil 
were CB132/153, CB138/160, and CB118 (Fig. S3). This 
result is consistent with previous studies (Yamashita et al. 
2007) and other tissues studies (e.g., egg; Hammer et al. 
2016, adipose, liver, and brain; Henriksen et al. 1996). To 
elucidate which factors influence congener compositions in 
preen gland oil, we analyzed the relative compositions of 
the individual congeners by PCA. Principle component 1 
(PC1) was positively associated with higher mobility (higher 
water solubility, lower lipophilicity, and higher vapor pres-
sure) (Fig. S4a). Such lower chlorinated PCBs are richer 
in the environment and are more easily metabolized in tis-
sues than higher chlorinated congeners (e.g., CB44, CB52, 
CB66/95; Log Kow = 5.75, 5.84, 6.20/6.13, respectively, 
Hawker and Connell 1988). Conversely, PC1 was nega-
tively associated with lower mobility (lower water solubility, 
higher lipophilicity, and lower vapor pressure). Such higher 
chlorinated PCBs are rich in tissues because of their less 
metabolizable nature and concentration in food web (e.g., 
CB180, CB132/153, CB138/160, Log Kow = 7.36, 6.58/6.92, 
6.83/6.93, respectively, Hawker and Connell 1988). CB180 
is considered as a non-metabolizable benchmark congener 
(Braune et al. 2005).To assess differences in metaboliza-
tion, we selected two congeners with different metaboliz-
abilities (CB44 and CB180; Fig. S4a) and calculated their 
ratio: CB44/CB180 (Yamashita et al. 2007). A higher ratio 
indicates that PCBs are less metabolized; that is, birds have 
been exposed more recently. A lower ratio indicates that 
PCBs are more metabolized and remain longer in tissues.

The thick-billed murre, short-tailed shearwater, and 
Kerguelen shag had higher CB44/CB180 ratios and lower 
PCB concentrations (Figs. 2, S5(a)). On the other hand, the 
European shag, black-footed albatross, Laysan albatross, 
and black-tailed gull had lower CB44/CB180 ratios. Higher 
levels of ∑20PCBs concentrations (i.e., European shag, 
black-footed albatross) were lower value of ratio of CB44/
CB180, suggesting greater exposure (> ~ 2000 ng/g-lipid, in 
this case) induced metabolic activity.

∑20PCBs of streaked shearwaters in Funakoshi Oshima 
Island (Fig.  1E) from 2009 to 2016 ranged from 28 to 
1556 ng/g lipid, and median was in the same order of mag-
nitude (Table S2; Fig. S6a). PCB concentrations (∑30 con-
geners) in preen gland oil of Adélie penguin on Hop Island, 
Antarctica, in 1993–1994 ranged from 800 to 1000 ng/g; 
Table S2) (van den Brink et al. 1998). Our results for Adélie 
penguins at Syowa Station, Antarctica, over two decades 
later show that PCB concentrations decreased by an order 

of magnitude to a geometric mean of 34 ng/g-lipid (range, 
20–53 ng/g; Table S2). This decrease agrees with a previous 
study (Corsolini 2009), which reported a decrease in PCB 
concentrations in the blood of penguins collected from Ant-
arctic Peninsula seawaters and in Antarctic silverfish (Pleu-
ragramma antarctica) and emerald rock cod (Trematomus 
bernacchii) collected from the Ross Sea. No temporal trends 
were observed for the concentrations of PCBs in seabirds 
collected at both high and middle latitude. These results 
indicate that there was no new input in the environment after 
the peak of PCB production occurred in early the 1970s.

DDTs

Concentrations were again higher in the Northern Hemi-
sphere than in the Southern Hemisphere (Fig. 5a). The trend 
was similar to ∑20PCB concentrations (Pearson’s r = 0.702, 
P < 0.001).∑DDTs concentrations were in the same order 
of magnitude as those of ∑20 PCBs. The Japanese cormo-
rant, European shag, black-footed albatross, and black-tailed 
gull had higher concentrations (Table 1). As with the PCBs, 
these higher concentrations can be explained by diet: higher 
trophic levels, consumption of benthic fish and squid, and 
scavenging. On the other hand, short-tailed shearwater (Big 
Dog Island; Fig. 1H) and Gentoo penguin (Kerguelen Island; 
Fig. 1I) had lower ∑DDT concentrations (respectively, 12 
and 18 ng/g-lipid; Table 1). These results indicate that these 
birds are plankton feeders (Weimerskirch and Cherel 1998; 
Bost et al. 1994).

The ∑DDT concentrations were dominated by p,p′-DDE 
in most birds (Fig. S7). This dominance can be explained 
by both legacy pollution sources and metabolism in the sea-
birds. DDT was used mainly in the 1950s and 1960s in agri-
culture. Its use has been regulated since the 1970s in some 
countries, although DDT for malaria control is allowed as 
an exemption in some Asian and African countries. How-
ever, legacy DDTs remain in the environment, especially in 
bottom sediments, due to their persistent nature. Although 
typical technical DDT consists of p,p′-DDT (Walker 2008), 
legacy DDTs consist mainly of DDE and DDD. The domi-
nance of DDE in the preen gland oil can be explained by its 
derivation from legacy DDTs. The p,p′-DDT/p,p′-DDE ratio 
(DDE/DDT or DDE/DDTs) has been used as an indicator 
of “possible recent input” (Aguilar 1984). In addition, DDT 
is converted to DDE by metabolization in the food web; 
the placement of seabirds at the apex of food webs results 
in the dominance of DDE. Therefore, p,p′-DDT/p,p′-DDE 
indicates metabolization as well as the source of DDTs.

Lower p,p′-DDT/p,p′-DDE ratios were found in the Jap-
anese cormorant, European shag, black-footed albatross, 
and black-tailed gull, which had higher concentrations of 
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∑DDTs, the same as the relationship between 20∑PCBs 
and CB44/CB180 ratio (Figs. 3 and S5b). The lower ratios 
can be explained by both the source of the DDTs and inten-
sive metabolization in the seabirds or their diet. DDTs in the 
birds in the Southern Hemisphere lay in the same concentra-
tion range as those on Oahu (except the Laysan albatross) 
and on the Isle of May (Northern Hemisphere). Among the 
birds in the Southern Hemisphere, those at Syowa Station 
and on Signy Island had higher DDT concentrations, prob-
ably due to the continued use of DDT into the early 1980s 
in the Southern Hemisphere (e.g., Brazil, Argentina, and 
Uruguay; PNUMA 2002) and transport to higher latitudes 
through global distillation. In most of the birds in the South-
ern Hemisphere, p,p′-DDT/p,p′-DDE ratios were low, as in 
the Northern Hemisphere. However, short-tailed shearwa-
ters on Great Dog Island (Australia; Fig. 1H) and Kerguelen 
shags on Kerguelen Island (Fig. 1I) had much higher ratios, 

indicating that these birds were exposed to more recently 
applied DDT and/or have less capacity to metabolize DDT. 
Another approach of POPs monitoring using plastic resin 
pellets also showed higher DDT concentrations and higher 
p,p′-DDT/p,p′-DDE ratio in Southern Hemisphere, espe-
cially in Australia (Ogata et al. 2009; Yeo et al. 2015). 
These results may reflect recent usage of DDT pesticides in 
Southern Hemisphere. The reason for higher ∑DDTs and 
p,p′-DDT/p,p′-DDE ratio in Kerguelen shags are unknown.

Like with the PCBs, sigma DDT concentrations in 
streaked shearwaters from Funakoshi Oshima Island ranged 
from 252 to 566 ng/g-lipid during 2009–2016 with no sig-
nificant temporal trend (Figs. S3a, b). Results at Syowa Sta-
tion and on Signy Island from 2008 to 2012 were in the 
same range (61–267 ng/g-lipid; Table S2) and showed no 
temporal trend. p,p′-DDE concentrations in Adélie penguins 
on Hop Island (Antarctica) in 1993–1994 were reported to 

Isle of May 
(B)

Teuri Island
(D)

Oahu 
Island (F)

Kerguelen
Island (H)

Signy
Island (I)

Mukojima
Island (F)

Great Dog
Island (G)

St.George
Island (A)

Reef Island (C)

Syowa 
Sta�on (J)

N
or

th
er

n 
He

m
isp

he
re

So
ut

he
rn

 H
em

isp
he

re

Funakoshi Oshima
Island (E)

(a) ΣDDTs
(ng/g--lipid)

thick-billed murre

black-legged kittiwake

Atlantic puffin

common murre

razorbill

European shag

cassin's auklet

rhinoceros auklet

black-tailed gull

Japanese cormorant

streaked shearwater

black-footed albatross

Laysan albatross

wedge-tailed shearwater

white tern

sooty tern

brown booby

short-tailed shearwater

black-browed albatross

gentoo penguin

Kerguelen shag

Imperial shag

Adelie penguin

gentoo penguin

chinstrap penguin

Adelie penguin

(b) p,p' -DDT/p,p'-DDE
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be 100–300 ng/g-lipid (van den Brink 1997; van den Brink 
et al. 1998; Table S2). Our recent results (Adelie penguin 
from Antarctica Syowa Station) were in a similar range. In 
Antarctica, PCBs showed a decreasing trend, whereas p,p′-
DDE showed no temporal trend. These results may be related 
to the more recent usage of DDT in the Southern Hemi-
sphere. In addition, spatial concentration of POPs towards 
polar regions may have occurred through global distilation. 
Because p,p′-DDT was continuously supplied and trans-
ported to polar regions, p,p′-DDE (metabolite of p,p′-DDT) 
concentration may have not decreased. p,p′-DDT are more 
volatile than PCBs.

Only five species on the Isle of May and Great Dog Island 
and Kerguelen had p,p′-DDD detected with the proportion 
ranging from 21 to 30% among DDTs (Fig. S7). p,p′-DDD 
is present at 3% in technical p,p′-DDT (Walker 2008). 
However, it has been marketed as an insecticide under the 

tradename Rhothane and has been detected in water, plank-
ton, fish, and birds (Walker 2008; Elfvendahl et al. 2004). 
p,p′-DDD concentrations in the blood of shearwaters from 
the Canary and Cape Verde islands (Atlantic Ocean) were 
higher than on some islands in the Mediterranean Sea 
(Roscales et al. 2010). Skipjack tuna (Katsuwonus pelamis) 
collected off Taiwan in the South China Sea and off Indo-
nesia had a higher proportion of p,p′-DDD (~ 30–70%) than 
elsewhere in the North Pacific Ocean (Ueno et al. 2003). 
Therefore, the high proportion of DDD in the preen gland 
oil of some seabirds in our study may have been derived 
from Rhothane.

HCHs

Concentrations of ∑HCHs in preen gland oil ranged from 
0.2 to 506 ng/g-lipid (Table 1; Fig. 4a). High concentrations 

(a) 
(b) 

Fig. 4  Concentrations of HCHs (a) and ratio of γ-HCH/β-HCH (b)



Archives of Environmental Contamination and Toxicology 

1 3

were found in Atlantic puffins (geometric mean, 280 ng/g-
lipid), black-legged kittiwakes (210 ng/g-lipid), and razorbills 
(172 ng/g-lipid) on the Isle of May (Table 1). Concentra-
tions did not differ significantly between the hemispheres 
(Mann–Whitney U test, U = 1598, P = 0.114; Fig. 4a), in 
contrast to PCB concentrations, which were 1–3 orders of 
magnitude higher in the Northern Hemisphere. For example, 
concentrations of HCHs in shag species were similar between 
the Isle of May and the Kerguelen and Signy islands, whereas 
PCB concentrations were 2 orders of magnitude higher in 
the former. Short-tailed shearwaters on Great Dog Island 
had higher concentrations of HCHs, in the range of those in 
the rhinoceros auklet, razorbill, Atlantic puffin, and black-
legged kittiwake in the Northern Hemisphere. Although 
Japanese cormorant and black-footed albatross had higher 
PCB and DDT concentrations, their HCH concentrations 
were low. This difference is probably due to the less persis-
tent nature of HCHs than PCBs and DDTs and their recent 
regulation in some countries in the Southern Hemisphere 
(e.g., lindane [> 90% γ-HCH], banned in South Africa in 
2009 and restricted in Brazil in 2007). Their disappearance 
in the Northern Hemisphere contrasts with their significant 
detection in the Southern Hemisphere, as demonstrated by 
International Pellet Watch (Takada and Yamashita 2016).

Technical HCHs (α-HCH, 60–70%) and lindane have 
been widely used as pesticides (Li et al. 1996). On the other 
hand, β-HCH was predominant in preen gland oil (Fig. S8). 
This predominance is consistent with isomer compositions 
in other marine organisms and is due to differential suscep-
tibility to evaporation, biodegradation, and metabolization 
among the isomers, caused by bioaccumulation and biomag-
nification (Braune et al. 2005), because the γ isomer is less 
stable than the β isomer. We observed no relation between 
∑HCHs and γ-HCH/β-HCH ratio (Fig. S5c). Seabird 
with more than 100 ng/g-lipid of ∑HCHs showed higher 
γ-HCH/β-HCH ratios. These results suggest recent inputs 
of HCHs to the environments. High γ-HCH/β-HCH ratios 
were found in birds in the Southern Hemisphere, especially 
imperial shags, Adélie penguins, and Gentoo penguins on 
Signy Island (Figs. 4b and S5c), which might be affected by 
recent exposure to HCHs in their foraging area. Signy Island 
is very close to the continent with agriculture activity (i.e., 
Argentina). For example, Argentina has been densely utiliz-
ing technical HCH and their historical contamination level is 
high (Li 1999). This is consistent with higher concentrations 
of HCHs in the birds in the Southern Hemisphere.

Sigma HCHs peaked in streaked shearwaters from Funa-
koshi Oshima Island in 2015 (Fig. S6c). The fluctuation in 

∑HCH concentrations (median: 4.3–60 ng/g-lipid) was 
larger than those of ∑20PCBs and ∑DDTs, and there was 
no temporal trend (Fig. S6). The reason for these trends was 
unknown and requires investigation.

Factors Controlling POP Concentrations in Seabirds

POP concentrations of seabirds are determined by various 
factors (e.g., sex, age/life stage, physiological status, etc.). In 
particular, sex bias and age/life stage are important factors. 
As shown in Fig. S9, POP concentrations in preen gland 
oils for 24 streaked shearwaters were not significantly dif-
ferent among males and females (Mann–Whitney U test, 17 
males, 7 females, ∑20PCBs; U = 37.0, P = 0.166, ∑DDTs; 
U = 29.0, P = 0.055, ∑HCHs; U = 39.0, P = 0.209). These 
results are consistent with a previous study (Ito et al. 2013).

Concentrations of ∑20PCBs, ∑DDTs, and ∑HCHs in the 
preen gland oil of the 20 male European shags were not cor-
related with age (∑20PCBs, Pearson’s r = 0.037, P = 0.876; 
∑DDTs, r = − 0.019, P = 0.937; ∑HCHs, r = − 0.038, 
P = 0.873; Table 1; Fig. 5a–c). Our results are consistent 
with Bustnes et al. (2003) where relationship between age 
and CB153 and p,p′-DDE concentrations in blood from 
glaucous gull of known age were not observed. Moreover, 
their compositions were not correlated with age (Fig. 5d–f). 
Concentrations were not correlated with body mass either 
(∑20PCBs Pearson’s r = 0.067, P = 0.779; ∑DDTs 
r = − 0.005, P = 0.983; ∑HCHs r = − 0.291, P = 0.213; Fig. 
S10). These results suggest that individual body weight (body 
condition) were not directly reflected on POPs in preen gland 
oil, probably because preen gland oils had shorter residence 
time than internal adipose. These results are consistent with 
those in Lemmetyinen et al. (1982). 

Because it is difficult to determine sex and age of living 
seabirds, there are advantages to measuring POP concentra-
tions in tissues not influenced by these parameters, such as 
preen gland oil.

Conclusions

POPs were detected in seabirds preen gland oil from sub-
tropical to polar regions. Higher concentrations of PCBs and 
DDTs were observed in benthic-fish-eating and scavenging 
birds from the Northern Hemisphere and in birds at a higher 
trophic level, reflecting possible biomagnification effects. 
HCHs concentrations did not differ between hemispheres, 
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but γ-HCH concentrations were higher in polar regions. Con-
gener ratios can be explained by recent exposure to POPs 
and their accumulation and metabolization in seabird tissues. 
POP concentrations in preen gland oil of male birds were not 
related to age. Our results demonstrated that key controlling 
factors of POPs in seabirds preen gland oil are spatial pat-
terns of pollution, dietary behavior, and metabolizability. It 
was shown that preen gland oil is a suitable monitoring tool. 
Given the spatial and interspecies variability, more samples 
from more regions and species are necessary for understand-
ing the global status POPs contamination, their distribution 
mechanism and their adverse effects on seabirds.
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