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a b s t r a c t

Bird feathers are one of the most widely used animal tissue in mercury biomonitoring, owing to the ease
of collection and storage. They are also the principal excretory pathway of mercury in birds. However,
limitations in our understanding of the physiology of mercury deposition in feathers has placed doubt on
the interpretation of feather mercury concentratoins. Throughout the literature, moult sequence and the
depletion of the body mercury pool have been taken to explain patterns such as the decrease in feather
mercury from the innermost (P1) to the outermost primary feather (P10) of the wing. However, it has
been suggested that this pattern is rather a measurement artefact as a result of the increased feather
mass to length ratio along the primaries, resulting in a dilution effect in heavier feathers. Here, we
attempt to untangle the causes of variation in feather mercury concentrations by quantifying the mer-
cury concentration as mg of mercury (i) per gram of feather, (ii) per millimetre of feather, and (iii) per day
of feather growth in the primary feathers of Bulwer’s Petrel Bulweria bulwerii chicks, effectively con-
trolling for some of the axes of variation that may be acting in adults, and monitoring the growth rate of
primary feathers in chicks. The mercury concentration in Bulwer’s Petrel chicks’ primaries increased
from the innermost to the outermost primary for all three concentration measures, following the order of
feather emergence. These observations confirm that the pattern of mercury concentration across primary
feathers is not an artefact of the measure of concentration, but is likely an effect of the order of feather
growth, whereby the earlier grown feathers are exposed to higher blood mercury concentrations than
are later moulted feathers as a result of blood mercury depletion.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

The use of wildlife as biomonitors of mercury is routine in order
to quantify mercury pollution and the associated bioaccumulation
risks to the health of humans and other animals (Ch�etelat et al.,
2020). Several tissues, particularly of top predators in both the
marine and terrestrial ecosystems, have been targeted for mercury
quantification, but one of the most practical and widely used is
probably bird feathers (Albert et al., 2019; Appelquist et al., 1984;
Burger, 1994; Furness et al., 1986; Thompson et al., 1998).
ance by Professor Christian
Feathers are complex, inert keratin structures (Crewther et al.,
1965) which are disconnected from the bird’s blood circulation
once fully grown. For this reason, and since they are moulted
seasonally, feathers can be sampled from live birds relatively non-
intrusively and non-destructively. They are the most important
excretory pathway of mercury in birds, which is deposited in the
form of methyl mercury during feather growth (Braune and Gaskin,
1987; Lewis and Furness, 1991; Monteiro and Furness, 2001).
Mercury bound within feathers is then stable with respect to
environmental exposure (Appelquist et al., 1984). As a result,
feathers do not require specific storage conditions, making them
favourable over blood and tissue samples in remote field conditions
(Appelquist et al., 1984).

Knowledge of the moult sequence of feathers, coupled with
information on the movement ecology of a species, has been used
to determine mercury exposure at specific temporal and spatial
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scales (Gatt et al., 2020; Mallory et al., 2015; Ramos et al., 2009a;
Watanuki et al., 2015). However, the physiological mechanisms
controlling feather mercury deposition are not well known
(Bortolotti, 2010), and this may have important consequences on
data interpretation. Across avian taxa, mercury concentration in
primary feathers is often seen to decrease from the innermost (P1)
to the outermost primary (P10) (Furness et al., 1986; Martínez et al.,
2012; Peterson et al., 2019). Throughout the literature, this pattern
has been explained as a result of moult sequence and the depletion
of the body mercury pool (Braune and Gaskin, 1987; Carravieri
et al., 2014; Dauwe et al., 2003; Furness et al., 1986; Thompson
et al., 1998). However, it has been suggested that this pattern is
rather a measurement artefact as a result of the increased feather
mass to length ratio along the primaries, resulting in a dilution
effect in heavier feathers (Bortolotti, 2010). The latter is based on
the argument that mercury deposition into feathers is dependent
on the amount of time that the growing feather is exposed to the
blood circulation (time-dependent deposition), and is not bound to
the feather in a mass-dependent fashion. Without a better under-
standing of the mechanisms controlling mercury deposition into
feathers, interpretation of feather mercury may be unreliable or
spurious (Bond, 2010).

Here, we attempt to untangle the causes of variation in feather
mercury concentrations by quantifying the mercury concentration
in the primary feathers of seabird chicks, effectively controlling for
some of the axes of variation that may be acting in adults. Bulwer’s
Petrels Bulweria bulwerii are small, nocturnal, mesopelagic preda-
tors, which breed in large numbers on Deserta Grande, Madeira, in
the east Atlantic Ocean (Waap et al., 2017). They experience a
fledging period of 61 days on average and a fledging success usually
above 80% (Nunes, 2000). Adult Bulwer’s Petrels act as central place
foragers during the breeding period, which spans between April
and September (Nunes and Vicente, 1998). As a result, chicks are
exposed to mercury contamination from the parents’ provisioning
trips within a restricted geographical range around the colony
(Chaurand andWeimerskirch,1994; Shoji et al., 2015;Wischnewski
et al., 2019).

Chicks grow their flight feathers simultaneously at the nest
(Nunes and Vicente, 1998). If moult sequence determines feather
mercury concentration in adults, we would expect chick primary
feathers to have similar mercury concentrations, reflecting their
simultaneous growth. If inter-feather differences persist in simul-
taneously grown feathers, other factors must be at play.

Bortolotti (2010) proposed that measuring the concentration of
mercury as mg of mercury per gram of feather induces artefacts as a
result of the variation in the length-to-weight ratio of feathers of
Fig. 1. The line of dissection of the outermost segment (8 mm of tip) o
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various sizes and shapes and the time-dependent deposition of
mercury into growing feathers, suggesting mercury concentration
as mg of mercury per millimetre of feather as an alternative to
control for this. Here, we designed an analysis protocol that allows
for the quantification of the mass of feather mercury per millimetre
of feather to test this hypothesis. If any pattern seen in mercury
concentration expressed as mg of mercury per gram of feather
persists under this new concentration measurement then the trend
in mercury concentration across primaries is not a direct artefact of
this phenomenon.

Although the rate of wing growth has been assessed for Bulwer’s
Petrels (Nunes and Vicente, 1998), individual flight feather growth
rate has not. In addition to collecting primary feathers from
Bulwer’s Petrel chicks found dead, we also measured the growth
rate of primary feathers in live chicks to be able to calculate the
mass of mercury deposited per day of feather growth in each
feather, which should be a more accurate representation of the
time-dependent deposition of mercury in flight feathers (Roque
et al., 2016).

2. Methods

2.1. Fieldwork

Fieldwork was carried out on the island nature reserve of
Deserta Grande, Madeira, Portugal (32�3004800N, 16�3003300W).
Deserta Grande hosts one of the largest Bulwer’s Petrel populations
of the Atlantic (Catry et al., 2015), with a large number of accessible
nests on the site of the field station.

During the chick-rearing period of 2018, a large number of nests
weremonitored regularly as part of another study. Nine dead chicks
with advanced primary feather growth were encountered and the
primary feathers from their right wing were collected whole.

Primary feather growth rates were measured in live chicks. The
primary feathers of the right wing of 14 chicks were measured
every four days using a pin-ruler from 28 days of age until 60 days
of age.

2.2. Sample preparation and analysis

The sampled whole primary feathers were weighed and
measured (total length and vane length). In order to be able to
calculate the concentration of mercury expressed per gram of
feather as well as per millimetre of feather length (Bortolotti, 2010),
five consecutive 8 mm-long segments from each primary feather
(P1 e P10) were cut perpendicularly to the rachis (Fig. 1). These
n the innermost primary feather (P01) of a Bulwer’s Petrel chick.
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segments were analysed whole for total mercury, after being
weighed. Total mercury was quantified using thermal decomposi-
tion atomic absorption spectrometry with gold amalgamation on a
LECOAMA-254. Certified reference material (TORT-3) was analysed
daily to ensure measurement accuracy and precision. The recovery
efficiency was 87.91 ± 13.41% (n ¼ 50). The average mercury con-
centration per feather was calculated from the mercury concen-
tration values obtained from all segments successfully analysed
from the respective feather (between 3 and 5 segments), expressed
both per gram of feather as well as per millimetre of feather.
Fig. 2. The growth of primary feathers (P01 e P10) of juvenile Bulwer’s Petrels (n ¼ 14)
between 28 and 60 days since hatching on Deserta Grande. The growth rate used in
this study was calculated over the period between 28 and 45 days since hatching (red
line). Shading indicates the confidence interval.

Fig. 3. (Left) The ratio of feather weight to vane length is higher in the outer primaries, comp
between 28 and 45 days since hatching) differs among primary feathers. Whiskers represe
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2.3. Statistical analysis

All statistical analysis was carried out using the R statistical
software (R Core Team, 2019).

The growth rate for each primary feather was taken as the co-
efficient of a regression of feather length against chick age (in days)
over the first 45 days of age, during which time feather growth is
almost linear (Fig. 2). The length of feather analysed for mercury in
chicks also corresponds to this growth period. The mass of mercury
deposited per day of feather growth was calculated by multiplying
the mercury concentration expressed per millimetre of each
feather with the growth rate for the corresponding feather type.

Feather mercury concentrations (expressed as mg of mercury per
gram of feather, per millimetre of feather, and per day of feather
growth) were transformed to relative feather mercury, calculated
as the deviation (%) in a feather’s mercury concentration from the
mean feathermercury concentration over all analysed primaries for
each individual.

We analysed the pattern of mercury concentration along the
primaries using one-way ANOVA (function aov, package “stats”),
relating relative feather mercury concentration to primary feather
position. This was done for all three concentration measures of
mercury in chick primaries.

We also assessed the pattern of feather mercury along the
length of the feathers by comparing the mercury concentrations
(expressed as mg of mercury per gram of feather and transformed to
relative deviation from the mean mercury concentration across all
primaries for each individual) of the consecutive segments ana-
lysed. The effect of feather segment on relative mercury was tested
in a two-way ANOVA, including primary feather as an explanatory
variable.
3. Results

3.1. Chick primary growth rate

Primary feather growth rates were calculated from measure-
ments of 14 live chicks e all chicks survived to fledging. Growth
rates differed between feathers and were similar between in-
dividuals (standard error of growth coefficients ranged between
0.08 and 0.11) (Fig. 3). Notably, outer feathers started growing
ared to inner primaries, in juvenile Bulwer’s Petrels. (Right) The growth rate (calculated
nt standard errors.
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before inner feathers, as apparent from the feather length at the
start of observations (Fig. 2). The ratio of feather weight to vane
length increases from the inner to outer primaries, as expected
(Fig. 3).
3.2. Primary feather mercury concentration

We obtained mercury concentrations of between eight and ten
primary feathers from eight Bulwer’s Petrel chicks. The average
mercury concentration across all samples was 1.94 ± 0.56 mg/g.
Feather mercury concentration was significantly different among
primary feathers (ANOVA results comparing mercury concentra-
tion expressed as mg of mercury (i) per gram of feather: F ¼ 8.88,
p < 0.001, (ii) per millimetre of feather; F¼ 20.83, p < 0.001, (iii) per
day of feather growth: F ¼ 40.76, p < 0.001). The mercury con-
centration of chicks’ primary feathers appears to increase from the
innermost (P01) to the outermost (P10), with primary type having a
significant effect on feather mercury concentration. This is opposite
to what is generally seen in other birds, where mercury concen-
tration is highest in the innermost primaries, which are moulted
first in many avian species. The differences between feathers
became more distinct when using measures that better reflected
time-dependent deposition of mercury (Fig. 4).

Apart from the effect primary feather had on mercury concen-
tration, mercury content also decreased along each feather
(F¼ 65.62, p < 0.001); the outermost segments of the earlier grown
outer feathers have the highest mercury concentration, with the
proximal segments of these feathers having similar mercury loads
to the distal segments of the inner primaries (Fig. 5), which would
be growing at around the same time (Fig. 2).
Fig. 4. The patterns of deviation in feather mercury concentration expressed as mg of
mercury (A) per gram of feather, (B) per millimetre of feather, and (C) per day of
feather growth increase from the innermost (P01) to the outermost (P10) primary
similarly across all three measures in Bulwer’s Petrel chicks. Relative mercury con-
centrations are presented as the deviation (%) in a feather’s mercury concentration
from the mean feather mercury concentration of all analysed primaries in an indi-
vidual. Sample sizes are presented above each box.
4. Discussion

Using data from chicks in which we monitored feather growth,
we provide evidence that the pattern of mercury concentration
across primary feathers is not an artefact of the measure of con-
centration, but is likely an effect of the order of feather growth,
whereby the earlier grown feathers are exposed to higher blood
mercury concentrations than are later moulted feathers as a result
of blood mercury depletion.

In adult birds across diverse taxa, mercury concentration de-
creases from the innermost to the outermost primaries following
the order of descendent primary moult (Accipitiformes: Sparrow-
hawk Accipiter nisus, Northern Goshawk Accipiter gentilis, Common
Buzzard Buteo buteo; Strigiformes: Little Owl Athene noctua; Char-
adriiformes: Bonaparte’s gulls Larus philadelphia, Great Skua
Catharacta skua, Kittiwake Rissa tridactyla; Procellariiformes:
Fulmar Fulmarus glacialis, Manx Shearwater Puffinus puffinus,
Atlantic Petrel Pterodroma incerta, Soft-plumaged Petrel Pterodroma
mollis, Kerguelen Petrel Aphrodroma brevirostris, Great Shearwater
Ardenna gravis) (Braune and Gaskin, 1987; Dauwe et al., 2003;
Furness et al., 1986; Martínez et al., 2012). Feather mercury con-
centration follows the chronology of feather moult even in the
Peregrine Falcon Falco peregrinus, in which primary moult is
divergent starting with P4 (Lindberg and Odsj€o, 1983), but no
obvious pattern is detected in the Barn Owl (Tyto alba, Dauwe et al.,
2003; Roque et al., 2016) or Tawny Owl (Strix aluco, Varela et al.,
2016) in which primary moult is arrested and irregular (Cramp
and Simmons, 1985).

The mercury concentration in the primary feathers of Bulwer’s
Petrel chicks decreases from the outermost to the innermost pri-
maries, along the order of feather growth. While the primaries of
nestlings are growing simultaneously, they do not start growing at
exactly the same time, with primary emergence occurring in
4

descending order from P10 to P1. As a result, blood mercury would
have already been deposited in the growing outer primaries before
the inner primaries start to grow. This is further corroborated by
the similar mercury loads of the outermost segment of P1 and the
third or fourth segments of distal feathers which were growing at



Fig. 5. Mercury concentration decreases from the feather tip (the first to be formed) to the proximal end of the feather in the primaries of Bulwer’s Petrel chicks. The proximal
segments of outer primaries have similar mercury concentrations to distal segments of inner primaries, which are growing at the same time. Feather segments are numbered from
the most distal (1) to the most proximal (5) sampled position of the feather.

M.C. Gatt, R. Furtado, J.P. Granadeiro et al. Environmental Pollution 269 (2021) 116105
the same time.
Our results unambiguously refute the idea that the pattern in

primary feather mercury is only an artefact of the unit of concen-
tration used (Bortolotti, 2010). Taking a time-dependent measure of
feather mercury concentration in Bulwer’s Petrel feathers to
address the theory proposed by Bortolotti (2010), either by
measuring mercury concentration expressed as mg of mercury per
millimetre of feather or by transforming it into a rate of mercury
deposition, does not account for the variation in mercury in pri-
maries, which persisted. Rather, it seems to have made the pattern
clearer, which supports the idea that mercury does indeed enter
the feather structure in a time-dependent manner (Bortolotti,
2010).

Similar conclusions were reached by Carravieri et al. (2014) in
comparisons of mercury concentrations between synchronously
growing body feathers of juvenile White-chinned Petrels Procel-
laria aequinoctialis and adult King Penguins Aptenodytes patagoni-
cus and body feathers of adult Antarctic Prions Pachyptila desolata,
which moult sequentially over a prolonged period of time. The
higher inter-feather variation in mercury concentration seen in
adult Antarctic Prion body feathers suggested that the timing of
feather growth does indeed have consequences on feather mercury
deposition. Our results build up on this as they evidently show this
effect in feathers of a known growth order in juveniles which have
no geographical between-feather variation. Previous attempts to
characterise mercury deposition in juvenile flight feathers were
inconclusive in this regard and did not directly test for the time-
dependent deposition of mercury (Roque et al., 2016).

Very little is known on the moulting order in small petrels,
except that primary moult occurs in the non-breeding area and is
possibly arrested duringmigration (Bridge, 2006; Monteiro, Ramos,
Furness, & del Nevo, 1996). However, primary feather isotope data
from adult Bulwer’s Petrels generally support the notion that the
order of primarymoult is descendent (Cruz-Flores et al., 2018), as in
shearwaters (Ramos et al., 2009b). Their results also suggest that
outer secondaries and outer rectrices are moulted later than pri-
maries (Cruz-Flores et al., 2018).Whilemanymoult patterns appear
5

to be similar across avian taxa, species-specific differences in moult
chronology could alter the importance of the body load of mercury
in shaping a given feather’s mercury concentration.

5. Conclusion

Our findings confirm that primary mercury concentrations do
reflect mercury accumulated prior to feather growth (Ramos et al.,
2009a; Thompson et al., 1998), more so in early grown or moulted
feathers, such as proximal primaries in the adults of most bird
species which carry the highest mercury loads. As a result, studies
monitoring mercury exposure, particularly those interested in
assessing mercury intake in discrete life history stages and/or in
particular geographical areas in the case of migratory species, are
advised to avoid feathers that are among the first to be moulted.
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