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Abstract

Melanins are the most common pigments in birds and mammals. The synthesis of the sulfurated form of melanin, termed
pheomelanin, is promoted by high levels of thiols in melanocytes. Exposure to elemental sulfur in the environment can
potentially influence intracellular thiol levels in terrestrial animals, but this has never been investigated in the wild. This
is particularly relevant in areas with a high volcanic activity that facilitate sulfur exposure. We explored for an association
between the pheomelanin content of feathers in 35 breeding birds from 13 phylogenetically diverse species and 29 loca-
tions in Iceland, and the sulfur content of nearby soil samples. After controlling for the effect of phylogenetic relatedness
between species, we found that the pheomelanin content of feathers was significantly correlated with the sulfur content of
soil, indicating that pheomelanin production increases with sulfur exposure. Our results suggest that environmental exposure
to relatively high levels of elemental sulfur promotes the expression of pheomelanin-based pigmentation phenotypes in birds,
likely by an influence on intracellular thiols during development. This is the first evidence that soil chemistry can affect the
phenotype of animals. Highly volcanic areas such as Iceland are thus potential sources of global phenotypic diversity by
promoting sulfur exposure in animals.

Keywords Bird coloration - Phenotypic plasticity - Soil chemistry - Sulfur exposure - Volcanic activity

Zusammenfassung

Der Schwefelgehalt des Bodens erklért die Phiomelaninpigmentierung in Island lebender Vogel.

Melanine gehoren zu den hiufigsten Pigmenten bei Vogeln und Sadugetieren. Die Synthese des als Phdomelanin bezeichneten
schwefelhaltigen Form des Melanins wird durch einen hohen Thiolspiegel in den Melanozyten begiinstigt. Kontakt mit
elementarem Schwefel in der Umwelt kann potenziell den intrazellularen Thiolspiegel terrestrischer Tiere beeinflussen,
allerdings wurde dies im Freiland bislang nie untersucht. In Regionen mit hoher vulkanischer Aktivitit und der damit
einhergehenden Schwefelexposition ist dies von besonderer Relevanz. Wir forschten nach einem Zusammenhang zwischen
dem Phdomelaningehalt der Federn von 35 Brutvogeln aus 13 phylogenetisch verschiedenen Arten von 29 Orten in Island
und dem Schwefelgehalt lokaler Bodenproben. Nach statistischer Beriicksichtigung phylogenetischer Verwandtschaft
zwischen den Arten stellte sich heraus, dass der Phiomelaningehalt der Federn signifikant mit dem Schwefelgehalt des
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Bodens korrelierte, was darauf hinweist, dass die Phiomelaninproduktion mit zunehmender Schwefelexposition ansteigt.
Unsere Ergebnisse legen nahe, dass ein relativ hoher Gehalt an elementarem Schwefel in der Umwelt die Expression
phdomelaninbasierter Pigmentierung bei Vogeln fordert, vermutlich aufgrund des Einflusses intrazellularer Thiole wihrend
der Entwicklung. Dies ist der erste Beweis dafiir, dass die Bodenchemie den Phianotyp von Tieren beeinflussen kann. Stark
vulkanische Gebiete wie Island stellen daher potenzielle Quellen globaler phinotypischer Diversitit dar, da sie Tiere verstarkt

Schwefel aussetzen.

Introduction

With few exceptions, the body surface of all organisms is
coated with pigments that play a diversity of vital functions.
Pigments determine the appearance of organisms to a large
extent, and organic evolution is mediated in a significant part
by this appearance. External coloration greatly determines
the capacity to adapt to the environment and reinforces the
differentiation of incipient species (Seehausen et al. 2008;
Manceau et al. 2011). Highly diversified animal clades are
indeed often associated with the evolution of conspicuous
color traits, because sexual selection, which plays an impor-
tant role in the generation of isolating mechanisms by adap-
tive radiation, usually favors conspicuous phenotypes (Maan
and Seehausen 2011).

Melanins are the most common pigments in birds and
mammals (Galvan and Wakamatsu 2016). These pigments
are synthesized within lysosome-like organelles called mela-
nosomes in melanocytes. These cells extend dendrites to
transfer the melanin-containing melanosomes to the target
cells, mainly keratinocytes in the hypodermis and the pig-
mentary units of feather or hair follicles, via a shedding vesi-
cle system (Ando et al. 2012). This confers pigmentation to
the skin and associated structures such as feathers and hairs.

The synthesis of melanins in melanosomes consists in
the oxidation of the amino acid tyrosine and the subse-
quent polymerization of the products that are formed. In
the absence or under a certain threshold concentration of
thiol compounds (i.e., compounds that can transfer sulfhy-
dryl groups, -SH) in melanosomes, the resulting pigment is
called eumelanin, a dark polymer of indole units. However,
when thiol compounds, mainly the amino acid cysteine, are
under a certain threshold concentration in melanosomes,
sulfhydryl groups are incorporated into the structure of the
polymer. The resulting pigment is then called pheomelanin,
oligomers of sulfur-containing heterocycles (Garcia-Borrén
and Olivares Sanchez 2011). With the exception of psittaci-
form birds, the only organisms in which an evolutionary
loss of mixed melanogenesis has been reported (Neves et al.
2020), eumelanin and pheomelanin are present at different
proportions in skin, feathers and hairs, largely contribut-
ing to the diversity in pigmentation phenotypes observed
in birds and mammals. While eumelanin is a dark pigment
producing black, grey and dark brown colors, pheomelanin
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produces reddish, orange and yellowish colors (Galvan and
Wakamatsu 2016).

As both tyrosine and cysteine are semi-essential amino
acids, meaning that they are partly acquired in the diet,
there is a potential environmental effect on the ability to
synthesize melanin pigments through the availability of food
resources. This potential effect, however, has been investi-
gated only in a few studies. Dietary amino acids have been
shown to affect hair eumelanin production in cats (Anderson
et al. 2002) and the color (Poston et al. 2005) and size of the
black bib of male House Sparrows Passer domesticus, a trait
dependent on the levels of pheomelanin in feathers (Galvan
and Alonso-Alvarez 2017). Fargallo et al. (2007) showed
that the proportion of male Eurasian Kestrel Falco tinnuncu-
lus nestlings that display the greyest plumage patches, which
are produced by a low pheomelanin/eumelanin ratio in feath-
ers, was higher in years of high prey abundance. In nestlings
of another raptor species, the Northern Goshawk Accipiter
gentilis, the abundance of available prey has been shown to
predict plumage pheomelanin content (Galvan et al. 2019).

These dietary effects are particularly relevant to
pheomelanin, because the amino acid precursor that is lim-
iting for pheomelanin synthesis (cysteine) plays essential
biological roles but also causes oxidative stress if in excess
(Janaky et al. 2000; Dilger and Baker 2008). Once incorpo-
rated into the process of pheomelanin synthesis, sulthydryl
groups from cysteine are not released back to melanocytes
and keep being part of the pigment structure, meaning that
pheomelanin production can contribute to cysteine homeo-
stasis (Galvan et al. 2012). This has experimentally been
demonstrated in developing Eurasian Nuthatches Sitta euro-
paea, in which dietary excess cysteine induces changes in
DNA and RNA methylation in some genes that regulate
cysteine metabolism in feather follicular melanocytes, favor-
ing pheomelanin-based feather pigmentation and avoiding
oxidative stress (Rodriguez-Martinez et al. 2019). The need
for cysteine homeostasis, determined by the level of dietary
intake of cysteine, may therefore constitute an evolutionary
pressure affecting the expression of pheomelanin-based pig-
mentation in birds and mammals. Indeed, juvenile plumage
expressing pheomelanin-based coloration has evolved more
frequently in species of birds that have strict carnivorous
diets, which have more abundant and physiologically avail-
able proteins, than in species with other diets (Rodriguez-
Martinez and Galvan 2020). Therefore, kinetic conditions
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in melanocytes promote pheomelanin production under
high thiol levels (Ito and Wakamatsu 2008), and this may
then be favored by selection due to the benefits of cysteine
homeostasis.

However, environmental effects on thiol levels in mel-
anocytes that influence pheomelanin synthesis and pig-
mentation may not be exerted only through an effect of
dietary cysteine. Exposure to elemental sulfur can also
affect intracellular thiols. The biological effects of exposure
to elemental sulfur are poorly studied, but it is known that
terrestrial animals can be exposed to environmental sulfur
via sulfur-containing ingested food, through inhalation of
sulfur dust, by skin contact, and from exposure to sulfur
in the surrounding environment (Kukliriska et al. 2013).
Thus, the exposure to high levels of environmental sulfur
can potentially exert physiological effects on birds and mam-
mals. These effects influence intracellular thiol levels, which
can produce toxicity as observed in rats inhaling sulfur par-
ticles and in guinea pigs ingesting sulfur-containing food
(Kukliriska et al. 2013). These effects can also influence the
development of integumentary structures that contain sulfur,
as observed in sheep fed with sulfur-containing food and
experiencing an increase in wool growth (Starks et al. 1954).
A high increase in intracellular thiol levels can thus be toxic.
From a kinetic perspective, this promotes pheomelanin syn-
thesis in melanocytes (Ito and Wakamatsu 2008). Addition-
ally, the use of thiols for pheomelanin synthesis can avoid
the toxicity of high thiol levels (Rodriguez-Martinez et al.
2019). Therefore, exposure to high levels of environmental
sulfur chemically promotes the production of large amounts
of pheomelanin, and this may also be adaptive for birds and
mammals. This would mean that exposure to environmen-
tal sulfur may contribute to the evolution of pheomelanin-
based pigmentation, as pheomelanin-based color phenotypes
should evolve more frequently in species inhabiting envi-
ronments exposed to high sulfur levels. This possibility has
never been contemplated.

Iceland is an ideal natural model to test this hypothesis.
This 103,000 km? North Atlantic Island is one of the most
volcanically active areas in the world, with about 30 active
volcanic systems and volcanic eruptions occurring every
3-5 years on average (Schmidt et al. 2014). As sulfur dioxide
(SO,) is typically the third most emitted volcanic gas after
water and carbon dioxide, the daily emission of sulfur in the
form of SO, into the atmosphere during volcanic eruptions
in Iceland can exceed by several orders of magnitude daily
SO, emissions from all anthropogenic sources in Europe
(Schmidt et al. 2015). Volcanic SO, is then deposited on
soils, which thus act as SO, sinks (Garland 1977). Addition-
ally, there is an intense aeolian activity in Iceland due to the
suspension of enormous amounts of volcanic dust particles
in the atmosphere, which adsorb SO, on their surface and
thus contribute, when depositing on soil, to spreading SO,

and transform it into sulfites and sulfates (Urupina et al.
2019). Although both volcanic SO, gas and dust particles
can be transported over long distances before being settled
on soil, most SO, deposition occurs around the volcanic
cloud and causes extreme loading of the local ecosystems
(Parnell and Burke 1990; Delmelle et al. 2001), mainly on
waters, soils and vegetation (Gislason et al. 2015). Also,
SO, adsorption on the dust surface most likely occurs in
the part of the cloud closest to the vent where ash concen-
tration is the highest (Urupina et al. 2019). Lastly, natural
hydrothermal waters, which contain high levels of sulfates,
thiosulfates, polythionates and sulfide (Kaasalainen and
Stefansson 2011), represent an important input source of
sulfur for hydrological systems in Iceland (Robinson et al.
2009). Animals inhabiting Iceland might consequently expe-
rience a high exposure to environmental sulfur.

However, sulfur distribution in the soil of Iceland is not
homogeneous, hence sulfur exposure is expected to spatially
vary along the island. This is reflected by the distribution of
soil types. Icelandic soil types are categorized, on a decreas-
ing level of carbon content, into Histosols and Andosols, in
addition to Vitrisols and Leptosols (rock/scree) which have
a near absence of organic matter and Cryosols (permafrost)
(Arnalds 2015). Carbon content differences in Icelandic
soils roughly provide information about sulfur distribution,
because the availability of sulfur is generally related to the
organic content of soils (e.g., Tabatabai 2005).

The aim of this study is to test for an association between
the intensity of pheomelanin-based pigmentation in birds
and the sulfur content of soil in Iceland. For this, we sam-
pled for feathers 35 specimens from 13 species deposited in
the bird collection of the Icelandic Institute of Natural His-
tory that had been collected during the breeding season in 29
locations in Iceland and obtained soil samples from nearby
locations. We predicted that, if exposure to environmental
sulfur affects the evolution of pheomelanin-based pigmenta-
tion, the relative content of pheomelanin in feathers should
increase with the relative content of sulfur in the soil where
birds developed the feathers, after controlling for phyloge-
netic effects. This is the first study investigating a possible
effect of environmental sulfur exposure on the evolution of
pigmentation.

Materials and methods

Species selection and sampling of feathers

Colors produced by pheomelanin can readily be distin-
guished from those produced by the other form of melanin
(eumelanin), as the former produces dull yellow and orange

colors while the latter produces black, grey and dark brown
colors (Galvan and Wakamatsu 2016). On this basis, we
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assessed the plumage pigmentation phenotype of the spe-
cies of birds that breed in Iceland regarding the presence
of pheomelanin pigment in feathers (Hilmarsson 2011) and
identified 17 species that show plumage patches expressing
colors indicative of the highest pheomelanin concentrations
in feathers (i.e., color categories 4—6 in Galvan and Waka-
matsu 2016). Any possible effect of soil sulfur content on
pheomelanin-based plumage pigmentation may therefore
most likely be detected in these species. In the bird collec-
tion of the Icelandic Institute of Natural History, we searched
for specimens collected during the breeding season across
Iceland for which we could also obtain soil samples near the
bird sampling locations, and that covered the diversity of soil
types in Iceland (Arnalds 2015).

We finally selected 13 species, and we could sample for
feathers a total of 35 bird specimens. The selected species
and numbers of sampled specimens were the Eurasian Wren
Troglodytes troglodytes (1 specimen), the Redwing Turdus
iliacus (1 specimen), the Red-throated Loon Gavia stel-
lata (5 specimens), the Horned Grebe Podiceps auritus (2
specimens), the European Golden Plover Pluvialis apricaria
(5 specimens), the Black-tailed Godwit Limosa limosa (4
specimens), the Dunlin Calidris alpina (1 specimen), the
Red-necked Phalarope Phalaropus lobatus (3 specimens),
the Common Snipe Gallinago gallinago (2 specimens), the
Harlequin Duck Histrionicus histrionicus (2 specimens),
the Eurasian Teal Anas crecca (3 specimens), the Gadwall
Anas strepera (3 specimens) and the Eurasian Wigeon Anas
penelope (3 specimens). The species thus belong to seven
different families, covering a wide phylogenetic spectrum.
All specimens corresponded to adult birds in breeding plum-
age, except two European Golden Plover specimens that
were downy chicks. We included these chicks because their
downy feathers contain the same yellow color produced by
pheomelanin that is observed in adult feathers (Galvan and
Wakamatsu 2016; this study).

Although eight of these species are migratory and/
or conduct the pre-breeding molt that leads to the breed-
ing plumage on the wintering grounds or during migration
(i.e., the Red-throated Loon, the Horned Grebe, the Euro-
pean Golden Plover, the Black-tailed Godwit, the Dunlin,
the Red-necked Phalarope, the Common Snipe and the
Harlequin Duck; Cramp et al. 1978, 1983), it is expected
that chronic exposure to soil sulfur in the breeding grounds
(approximately half a year) affects their physiology all year
round. Although little is known about the duration of physi-
ological effects of elemental sulfur exposure in animals
(Kukliniska et al. 2013), studies on humans show long-term
effects after exposure to toxic sulfurated agents (Jafari and
Ghanei 2010) and after early diets with sulfur-containing
amino acids (Rees 2002). Additionally, studies in Iceland
and abroad show a high interyear fidelity to the breeding
sites in several of these species such as the Horned Grebe
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(Konter and Konter 2006), the Golden Plover and the Dunlin
(Klima and Johnson 2005), the Black-tailed Godwit (Kruk
et al. 1998), the Red-necked Phalarope (Schamel and Tracy
1991) and the Harlequin Duck (Bengtson 1972). Thus, dif-
ferences are expected to arise when comparing the plumage
pigmentation of birds sampled in sites with different sulfur
contents in soil.

We collected body feathers from the 35 bird specimens.
The target plumage patches were those displaying yellow
and orange colors produced by the presence of pheomela-
nin in feathers (Fig. 1). These plumage patches were previ-
ously analyzed by Galvan and Wakamatsu (2016) in three
out of the 13 species included in this study, showing high
pheomelanin concentrations as compared with other spe-
cies. Considering the levels of thiazole-2,4,5-tricarboxylic
acid (TTCA), a specific marker of the pheomelanin moiety
(benzothiazole) whose levels are predicted by color intensity
(Galvan and Wakamatsu 2016), pheomelanin concentrations
in these three species were as follows (in pg/mg feather):
gadwall (55.05), red-throated loon (42.60) and black-tailed
godwit (12.82). As we used samples from museum collec-
tion bird specimens, our study did not require an ethical
approval.

Measurement of pheomelanin content of feathers

The feathers collected from bird specimens were analyzed
by micro-Raman spectroscopy to determine their relative
content of pheomelanin, which exhibits a distinctive Raman
signal that can be used for its non destructive identification
and quantification (Galvan et al. 2013a, 2018; Galvan and
Jorge 2015; Galvan and Rodriguez-Martinez 2018). We used
a Thermo Fisher DXR confocal dispersive Raman micro-
scope (Thermo Fisher Scientific, Madison, WI, USA) with a
point-and-shoot Raman capability of 1 pm spatial resolution
and using a near-infrared excitation laser of 780 nm. We ana-
lyzed two barbs and two barbules chosen at random for each
feather. Barbs were analyzed using a 50 X confocal objec-
tive and setting laser power at 7 mW, while barbules were
analyzed using a 100 X objective and setting laser power at
2.5 mW. Integration time was 3 s, and the number of accu-
mulations was 12. The system was operated with Thermo
Fisher OMNIC 8.1 software. Calibration and alignment of
the spectrograph were checked using pure polystyrene.

We calculated the average Raman spectrum for each
bird specimen and fitted it to an amplitude Gaussian
deconvolution function using Origin v.9.1 (OriginLab
Corporation, Northampton, MA, USA). We considered the
three diagnostic Raman bands of pheomelanin, at about
500, 1500 and 2000 cm™! (Galvan et al. 2013a,b). The
mean (+ SE) adjusted R? of fitting these functions to the
spectra was 0.91 +0.01. From the deconvolution functions,
we calculated the position, area, intensity and width of the
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Fig. 1 Images of species of birds included in the study. a Eurasian
Wren Troglodytes troglodytes; b Redwing Turdus iliacus; ¢ Red-
throated Loon Gavia stellata; d Horned Grebe Podiceps auritus; e
European Golden Plover Pluvialis apricaria; f Black-tailed Godwit
Limosa limosa; g Dunlin Calidris alpina; h Red-necked Phalarope
Phalaropus lobatus; i Common Snipe Gallinago gallinago; j Harle-
quin Duck Histrionicus histrionicus; k Eurasian Teal Anas crecca; 1

three Raman bands. As it was not possible to include the
band at about 2000 cm™' in all deconvolution functions
due to low intensity, we used the area of the band at about
1500 cm™! for the relative quantification of pheomelanin

Gadwall Anas strepera; m Eurasian Wigeon Anas penelope. The red-
dish/chestnut plumage patch observed in the image of each species
corresponds to the plumage patches pigmented by pheomelanin that
were sampled from the bird specimens. All images were taken during
the breeding season of birds. Photo credits and locations: a, i, k and
1 Rafael Palomo Santana (Spain); b, d, e, f and m Olafur K. Nielsen
(Iceland); ¢ Sindri Skulason (Iceland); g, h and j Greg Barsh (Alaska)

in feathers, as this is the most important and repeatable
predictor of pheomelanin concentration in both bird feath-
ers and mammalian hairs (Galvén et al. 2013a).
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All samples were analyzed under the same conditions by
a technician blind to the aims of the study and of the spe-
cies identity of samples. There were no technical circum-
stances related to Raman spectroscopy that affected only
some samples.

Sampling of soil

We used the geographical coordinates associated with the
bird specimens to obtain information on soil types for the
bird sampling sites in Iceland. We obtained this informa-
tion from the Nytjaland database, a GIS Icelandic Farmland
Database created by the Agricultural University of Iceland.
This database includes a good resolution supervised clas-
sification of soils and vegetation classes based on satellite
images (Arnalds 2015) and allowed us to classify bird sam-
pling sites into the following soil categories: Brown Ando-
sols (differentiating those in grassland, richly vegetated
heathland, poorly vegetated heathland, birch shrubland and
forestry areas), Brown Andosols and Leptosols (in moss-
land), Gleyic and Histic Andosols (differentiating those
in cultivated land and semi-wetland), Gleyic and Histic
Andosols and Histosols (in wetland), Vitrisols (differentiat-
ing those in partially vegetated land and sparsely vegetated
land), and absence of soil or poorly developed soil (lakes and
rivers, glaciers and others) (Arnalds 2015).

We then searched for sites within a 10 km-radius circu-
lar area around bird sampling sites that had the same soil
category and for which there were soil samples available
at the Agricultural University of Iceland. We chose the soil
sampling site that was closest to the bird sampling site,
within the 10 km area, if more than one was available. The
geographical correspondence between bird and soil sam-
pling sites is shown in Fig. 2. Therefore, we maximized the

Fig.2 Distribution of bird
sampling points (grey circles)
and soil sampling points (black
circles) across Iceland. Lines
show the correspondence
between both sampling points.
Each color in the map repre-
sents a category of soil, except-
ing blue and light grey patches
that represent lakes and rivers,
and white patches that represent
glaciers
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number of bird specimens available at the Icelandic Institute
of Natural History for which there were soil samples avail-
able at the Agricultural University of Iceland that coincided
with the collecting sites.

We used about 10 g of available samples of soil that had
previously been collected from each soil collecting site.
These samples had been dried in a stove and sieved to <2mm
particle size.

Measurement of sulfur content of soil

A semi quantitative analysis of elemental sulfur in the
soil samples was made by dispersive X-ray irradiation in
an Inspect-S environmental scanning electron microscope
(ESEM) (FEI Company, Hillsboro, OR, USA). The ESEM
spectra of 10 g sub-samples of soil were obtained with an
acceleration voltage, an acquisition time of 20 s, and under
a pressure of 0.40 Torr in vacuum. For each 10 g sub-sample
of soil, measurements were taken at four points chosen at
random on the soil surface, and the average value was then
calculated. The apparent concentration of sulfur provided
by the equipment, calibrated with an iron disulfide (FeS,)
standard, was used as a semi quantitative measurement of
total sulfur in the soil samples. The repeatability of these
analyses, considering the four measurements taken per sub-
sample, was high (r=0.86, F34 105 =25.94, P <0.001).

Phylogenetic analyses for testing feather
pheomelanin-soil sulfur covariation

Species are evolutionarily related through phylogeny; thus
they cannot be treated as independent sample units in statis-
tical analyses (Felsenstein 1985). Therefore, to test whether
the pheomelanin content of the feathers of birds breeding in
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Iceland depends on the sulfur content of soil, we conducted
phylogenetic linear regression models pooling the data from
all species. In the models, the pheomelanin content of feath-
ers (in log,,) was the response variable and the sulfur soil
content (in log,,) was a covariate. As we had multiple obser-
vations per species because we were interested in exploring
intraspecific variation in pheomelanin-based pigmentation in
different species of birds, we used the Rphylopars package in
the R environment to estimate the phylogenetic covariance
of the two traits across species while considering within-spe-
cies covariance (Goolsby et al. 2017). We fitted the models
to data considering different modes of evolution (Brownian
motion (BM), Ornstein—Uhlenbeck (OU) and early burst
(EB)), in addition to the model without phylogeny (i.e., con-
sidering independent sample units), and used the Akaike
information criterion (AIC) to choose the best model.

To incorporate in the models information about the phylo-
genetic relationships between the 13 species of birds used in
the study, we obtained 1000 probable phylogenies with the
Phylogeny subsets tool of www.birdtree.org, and then con-
structed a consensus tree using the R package phytools (Rev-
ell 2012) (see Fig. 3). We ultrametrized the consensus tree
by using a value of 0.1 for the smoothing parameter d in the
R packages ape (Paradis et al. 2004) and phangorn (Schliep
2011). We measured the amount of phylogenetic signal in
the response variable using the fast.SSC tool in Rphylopars
(Goolsby et al. 2017). This tool calculates the scaled sum of
squared changes (SSC) between ancestral and descendant
nodes as described in Klingenberg and Gidaszewski (2010),
using a fast ancestral state reconstruction algorithm. We also
used this tool to calculate the corresponding P value for Hy:
SSC =1, using 1000 phylogenetic permutations. SSC=1 is
indicative of a Brownian motion model of evolution in which
changes in the trait along the phylogeny are proportional
to the degree of relatedness among species, while SSC< 1
and > 1 are indicative of less or more phylogenetic signal,

Troglodytes troglodytes

Turdus iliacus

Gavia stellata

Podiceps auritus

Pluvialis apricaria

Limosa limosa

J Calidris alpina

w Phalaropus lobatus

Gallinago gallinago

Histrionicus histrionicus

Anas crecca
EAnas strepera

Anas penelope

Fig.3 Consensus phylogenetic tree for the 13 species of birds breed-
ing in Iceland included in the study. Branch lengths are proportional
to nucleotide substitutions

respectively, than expected under Brownian motion. SSC
was calculated considering the average pheomelanin content
of feathers per species.

Results

The model assuming a Brownian motion mode of evolution
was the best model at explaining the covariation between
the pheomelanin content of feathers and the sulfur con-
tent of soil, and it was significantly better (AAIC=7.50)
than the second model in importance, represented by that
assuming an early burst mode of evolution (Table 1). The
Brownian motion model revealed a significant and positive
relationship between the pheomelanin content of feathers
and the sulfur content of soil where the birds were collected
(b=6.21, F| ;;=5.18, P=0.044). This indicates that the
amount of pheomelanin pigment produced by birds in Ice-
land depends on the level of elemental sulfur in soil to which
they were exposed during breeding (Fig. 4). As there were
no technical circumstances related to Raman spectroscopy
that affected only some samples (Fig. 4a), the pattern of
correlation between pheomelanin feather content and sulfur
soil content (Fig. 4b) can be considered to be the result of
natural interspecific variability. It must be noted, however,
that the pattern of covariation between pheomelanin feather
and sulfur soil contents is dependent on the inclusion of the
Golden Plover in the analysis (Fig. 4b).

The value of SSC for the pheomelanin content of feathers
was> 1 (SSC=1.89), but not statistically different from 1
(P=0.395). This is indicative of a strong phylogenetic sig-
nal, but still expected under Brownian motion, i.e., changes
in the pheomelanin content of feathers along the phylogeny
are proportional to the degree of relatedness among spe-
cies. The expression of pheomelanin-based pigmentation

Table 1 Results of phylogenetic linear regression models testing for
covariation between the pheomelanin content of feathers in 35 bird
specimens from 13 species, and the sulfur content of soil samples
taken near the bird collection sites

Evolutionary model AIC b F df P

Brownian motion 7.59 6.21 5.18 1,11 0.044
Early burst 1509 650 5.68 1,11 0.036
No phylogenetic effects ~ 41.12  2.68 4.46 1,33 0.042
Ornstein—Uhlenbeck 80.88  6.21 5.18 1,11 0.044

The models were conducted assuming three modes of evolution
(Brownian motion, early burst and Ornstein—Uhlenbeck) and one
model assumed that species were independent (no phylogenetic
effects). The Akaike Information Criterion (AIC) for each model
is given, together with the parameter estimate (b), the F-statistic
(df =degrees of freedom) and the P value for the sulfur content covar-
iate effect
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Fig.4 a Raw Raman spectra of pheomelanin obtained from feath-
ers of 35 bird specimens from 13 species collected during breeding
in Iceland. The feathers were taken from the reddish/chestnut plum-
age patches observed in Fig. 1. Each spectrum represents the aver-
age spectrum from two feathers (laser beam focused on four barbs
and four barbules) of a single specimen. b Relationship between
the pheomelanin content of feathers and the total content of sulfur
in the soil of the sites where bird specimens were collected in Ice-
land. Pheomelanin content values were obtained by deconvoluting
the Raman spectra in (a) and calculating the area of the main band at
about 1500 cm™! from the deconvolution function. Sulfur content val-
ues were obtained by dispersive X-ray irradiation of soil samples in
an environmental scanning electron microscope (ESEM) at vacuum.
The line is the best fit line

phenotypes in birds that breed in Iceland is thus an evolu-
tionarily conserved trait.

Discussion

Environmental exposure to sulfur can affect intracel-
lular thiol levels in organisms (Kukliniska et al. 2013).
Pheomelanin synthesis in melanocytes is promoted by
high thiol levels (Ito and Wakamatsu 2008). Accordingly,
our results show that birds with phenotypes profusely pig-
mented by pheomelanin breeding in Iceland develop their
plumage in sites with soils with higher sulfur contents

@ Springer

than sites of birds with phenotypes produced by lower
amounts of pheomelanin. This is observed considering
both intraspecific and interspecific covariation between
pheomelanin content of feathers and soil sulfur content, at
least across the 13 species of birds included in this study.

This covariation is dependent on the inclusion of samples
from the European Golden Plover, but there are no reasons
that may justify their exclusion. First, the physiological
mechanism hypothesized here (i.e., the sulfur content of soil
in a given area affects the pheomelanin content of feath-
ers of birds inhabiting that area) is not species-specific, but
bird-specific. This means that a given sulfur content of soil
should be expected to lead to a given pheomelanin content of
feathers in a bird exposed to the soil, regardless of the spe-
cies this bird belongs to. Thus, although birds are necessarily
related through a phylogeny and this requires controlling for
phylogenetic effects in the analyses, the nature of the physio-
logical effect of soil exposure on pigmentation should not be
expected to differ between species. Furthermore, the species
included in this study are those with the highest pheomela-
nin concentrations inhabiting Iceland (color categories 4—6
in Galvan and Wakamatsu 2016), meaning that the exclusion
of any of the species may lead to wrong subset of data for the
tested hypothesis. Therefore, the association pattern between
sulfur soil and feather pheomelanin contents should be con-
sidered by including data from the European Golden Plover.

This suggests that exposure to high sulfur soil levels in
Iceland has favored the expression of pheomelanin-based
plumage phenotypes, likely through an increase in thiol
levels during development. Selection may have favored
the maintenance of such phenotypes due to the benefits of
pheomelanin production to avoid sulfur/thiol toxicity (Rod-
riguez-Martinez et al. 2019), thus explaining the spatial pat-
tern presently observed in birds inhabiting Iceland. This is
also supported by our results, as we found that the plumage
pigmentation phenotype of Icelandic birds is a phylogeneti-
cally conserved trait, suggesting that it has strongly been
favored by natural selection. It is then likely that the sus-
ceptibility of the pigmentary system of birds to be affected
by sulfur exposure leads to phenotypic plasticity, producing
intense pheomelanin-based pigmentation phenotypes when
the degree of exposure to sulfur in soil is high, and natural
selection benefits such phenotypes due to their adaptive ben-
efits under high sulfur exposure.

None of the species studied here have a breeding distri-
bution range restricted to Iceland. It is thus expected that
the association between the expression of pheomelanin-
based pigmentation and soil sulfur content has arisen as a
consequence of chemical and selective pressures acting on
the phenotype of birds along their whole breeding ranges,
and can be observed outside Iceland. Future studies should
test this hypothesis in other regions to determine its capac-
ity to explain bird phenotypic diversity globally, but the
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association may be particularly likely to arise in Iceland
due to the high levels of environmental sulfur to which
organisms might be exposed (see “Introduction” section).
The effect of soil characteristics on the expression of pig-
mentation phenotypes in birds is thus likely to be specially
strong in places with high volcanic activity such as Ice-
land. Indeed, 5 out of the 13 species studied here present
subspecies whose breeding distribution is restricted to Ice-
land or nearby islands and Scandinavia (Calidris alpina
schinzii, Gallinago gallinago faeroeensis, Limosa limosa
islandica, Turdus iliacus coburni and Troglodytes troglo-
dytes islandicus) and whose plumage pigmentation is more
intensely reddish/chestnut, which is indicative of higher
pheomelanin production (Galvan and Wakamatsu 2016)
than that of other subspecies (Cramp et al. 1983, 1988).

Although some studies have related bird species dis-
tribution with some characteristics of soils (e.g., Kalas
et al. 1997; Gunnarsson et al. 2015; Wilson et al. 2005),
the implications of developing in certain soil types on the
external phenotype remained unexplored in birds and any
other vertebrates. Our study therefore unveils an effect
that soil sulfur content can exert on the pigmentation
phenotype of animals, likely by affecting the amount of
pheomelanin produced by melanocytes of feather follicles
during development.

The activity of wild vertebrates has a known influence
on soil formation and chemistry (Bancroft et al. 2005;
Eldridge and James 2009; Platt et al. 2016), but this is the
first study showing an opposite effect, i.e., an influence of
soil chemistry on phenotypic characteristics of vertebrates.
The expression of the pigmentation phenotype, in particu-
lar that generated by melanins which are the most common
pigments in birds and mammals, can be influenced by envi-
ronmental factors such as food availability (Galvan et al.
2019), solar and terrestrial radiations (Galvan et al. 2018),
predation risk (Galvéan 2018), social interactions (McGraw
et al. 2003), parasites (Jacquin et al. 2011) and several condi-
tions during development that can potentially affect melanin
synthesis (Hubbard et al. 2015). Our study shows that soil
characteristics represent an additional environmental factor
affecting the expression of melanin-based pigmentation in
birds, likely by influencing exposure to sulfur and intracel-
lular thiol levels, meaning that soil arises as a novel source
of vertebrate phenotypic diversity. This is particularly rel-
evant for regions with high volcanic activity such as Iceland,
which may thus exert a significant contribution to animal
pigmentation diversity by enhancing phenotypic plasticity
through effects on sulfur exposure.

Acknowledgements We thank Marta Furié and Manuel Linares for
their help with Raman analyses of feathers and ESEM analyses of soil,
and Alicia Martinez for help with processing Raman spectra. Sindri
Skilason, Rafael Palomo Santana and Greg Barsh kindly allowed us
to use their photographs shown in Fig. 1.

Funding Open Access funding provided thanks to the CRUE-CSIC
agreement with Springer Nature. Consejo Superior de Investigaciones
Cientificas (Grant no. 2020301023); Ministerio de Economia y Com-
petitividad (Grant no. BES-2016-077112).

Data availability The datasets generated during and analysed during
the current study are available from the corresponding author on rea-
sonable request.

Declarations

Conflict of interest The authors have no competing interests to declare
that are relevant to the content of this article.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Anderson PJ, Rogers QR, Morris JG (2002) Cats require more dietary
phenylalanine or tyrosine for melanin deposition in hair than for
maximal growth. J Nutr 132:2037-2042

Ando H, Niki Y, Ito M, Akiyama K, Matsui MS, Yarosh DB, Ichi-
hashi M (2012) Melanosomes are transferred from melanocytes to
keratinocytes through the processes of packaging, release, uptake,
and dispersion. J Inv Dermatol 132:1222-1229

Arnalds O (2015) The soils of Iceland. Springer, Dordrecht

Bancroft WJ, Garkaklis MJ, Roberts JD (2005) Burrow building in
seabird colonies: a soil-forming process in island ecosystems.
Pedobiologia 49:149-165

Bengtson SA (1972) Breeding ecology of the Harlequin Duck Histri-
onicus histrionicus (L.) in Iceland. Orn Scan 3:1-19

Cramp S, Brooks DJ (eds) (1988) Handbook of the birds of Europe,
the Middle East and North Africa, vol V. Oxford University Press,
Oxford

Cramp S, Simmons KLE (eds) (1978) Handbook of the birds of
Europe, the Middle East and North Africa, vol I. Oxford Univer-
sity Press, Oxford

Cramp S, Simmons KLE (eds) (1983) Handbook of the birds of
Europe, the Middle East and North Africa, vol III. Oxford Uni-
versity Press, Oxford

Delmelle P, Stix J, Bourque CPA, Baxter PJ, Garcia-Alvarez J,
Barquero J (2001) Dry deposition and heavy acid loading in the
vicinity of Masaya Volcano, a major sulfur and chlorine source in
Nicaragua. Environ Sci Technol 35:1289-1293

Dilger RN, Baker DH (2008) Excess dietary L-cysteine causes lethal
metabolic acidosis in chicks. J Nutr 138:1628-1633

Eldridge DJ, James Al (2009) Soil-disturbance by native animals plays
a critical role in maintaining healthy Australian landscapes. Ecol
Manag Restor 10:527-S34

Fargallo JA, Laaksonen T, Korpiméki E, Wakamatsu K (2007) A
melanin-based trait reflects environmental growth conditions of
nestling male Eurasian kestrels. Evol Ecol 21:157-171

@ Springer


http://creativecommons.org/licenses/by/4.0/

648

Journal of Ornithology (2023) 164:639-649

Felsenstein J (1985) Confidence limits on phylogenies: an approach
using the bootstrap. Evolution 39:783-791

Galvan I (2018) Predation risk determines pigmentation phenotype
in nuthatches by melanin-related gene expression effects. J Evol
Biol 31:1760-1771

Galvan I, Alonso-Alvarez C (2017) Individual quality via sensitivity to
cysteine availability in a melanin-based honest signaling system.
J Exp Biol 220:2825-2833

Galvan I, Jorge A (2015) Dispersive Raman spectroscopy allows the
identification and quantification of melanin types. Ecol Evol
5:1425-1431

Galvan I, Rodriguez-Martinez S (2018) Females mate with males
with diminished pheomelanin-based coloration in the Eurasian
nuthatch Sitta europaea. J Avian Biol 49:e01854

Galvan I, Wakamatsu K (2016) Color measurement of the animal
integument predicts the content of specific melanin forms. RSC
Adv 6:79135-79142

Galvan I, Ghanem G, Mgller AP (2012) Has removal of excess
cysteine led to the evolution of pheomelanin? BioEssays
3:565-568

Galvan I, Jorge A, Ito K, Tabuchi K, Solano F, Wakamatsu K (2013a)
Raman spectroscopy as a non-invasive technique for the quan-
tification of melanins in feathers and hairs. Pigment Cell Mela-
noma Res 26:917-923

Galvén I, Jorge A, Solano F, Wakamatsu K (2013b) Vibrational
characterization of pheomelanin and trichochrome F by Raman
spectroscopy. Spectrochim Acta A 110:55-59

Galvan I, Jorge A, Pacheco C, Spencer D, Halley DJ, Itty C, Kornan
J, Nielsen JT, Ollila T, Sein G, Stdj M, Negro JJ (2018) Solar
and terrestrial radiations explain continental-scale variation in
bird pigmentation. Oecologia 188:683-693

Galvan I, Jorge A, Nielsen JT, Mgller AP (2019) Pheomelanin syn-
thesis varies with protein food abundance in developing gos-
hawks. J Comp Physiol B 189:441-450

Garcia-Borrén JC, Olivares Sanchez MC (2011) Biosynthesis of mel-
anins. In: Borovansky J, Riley PA (eds) Melanins and melano-
somes: biosynthesis, biogenesis, physiological, and pathological
functions. Wiley-Blackwell, Weinheim, pp 87-116

Garland JA (1977) The dry deposition of sulphur dioxide to land and
water surfaces. Proc R Soc Lond A 1678:245-268

Gislason SR, Stefansdottir G, Pfeffer M, Barsotti S, J6hannsson
T, Galeczka IM, Bali E, Sigmarsson O, Stefansson A, Keller
NS, Sigurdsson A, Bergsson B, Galle B, Jacobo VC, Arellano
S, Aiuppa A, Jonasdéttir EB, Eiriksdoéttir ES, Jakobsson S,
Guofinnsson GH, Halldérsson SA, Gunnarsson H, Haddadi B,
Jonsdéttir I, Thordarson T, Riishuus MS, Hognadéttir T, Diirig
T, Pedersen GDM, Hoskuldsson A, Gudmundsson MT (2015)
Environmental pressure from the 2014—15 eruption of Bardar-
bunga volcano, Iceland. Geochem Perspect Lett 1:84-93

Goolsby EW, Bruggeman J, Ané C (2017) Rphylopars: fast multi-
variate phylogenetic comparative methods for missing data and
within-species variation. Methods Ecol Evol 8:22-27

Gunnarsson TG, Arnalds O, Appleton G, Méndez V, Gill JA (2015)
Ecosystem recharge by volcanic dust drives broad-scale varia-
tion in bird abundance. Ecol Evol 5:2386-2396

Hilmarsson JO (2011) Icelandic bird guide. Mal Og Menning,
Iceland

Hubbard JK, Jenkins BR, Safran RJ (2015) Quantitative genetics of
plumage color: lifetime effects of early nest environment on a
colorful sexual signal. Ecol Evol 5:3436-3449

Ito S, Wakamatsu K (2008) Chemistry of mixed melanogenesis—piv-
otal roles of dopaquinone. Photochem Photobiol 84:582-592

Jacquin L, Lenouvel P, Haussy C, Ducatez S, Gasparini J (2011) Mel-
anin-based coloration is related to parasite intensity and cellular
immune response in an urban free living bird: the feral pigeon
Columba livia.J Avian Biol 42:11-15

@ Springer

Jafari M, Ghanei M (2010) Evaluation of plasma, erythrocytes, and
brochoalveolar lavage fluid antioxidant defense system in sulfur
mustard-injured patients. Clin Toxicol 48:184-192

Janaky R, Varga V, Hermann A, Saransaari P, Oja SS (2000) Mecha-
nisms of L-cysteine neurotoxicity. Neurochem Res 25:1397-1405

Kaasalainen H, Stefansson A (2011) Sulfur speciation in natu-
ral hydrothermal waters, Iceland. Geochim Cosmochim Acta
75:2777-2791

Kalas JA, Fiske P, Hoglund J (1997) Food supply and breeding occur-
rences: the West European population of the lekking great snipe
Gallinago media (Latham, 1787) (Aves). ] Biogeogr 24:213-221

Klima J, Johnson OW (2005) Return rates of male and female monoga-
mous shorebirds to their breeding grounds. Wader Study Group
Bull 106:42-46

Klingenberg CP, Gidaszewski NA (2010) Testing and quantifying phy-
logenetic signals and homoplasy in morphometric data. Syst Biol
59:245-261

Konter A, Konter M (2006) Migration patterns and site fidelity of Euro-
pean Grebes Podicipedidae. Regulus 21:1-17

Kruk M, Noordervliet MAW, Keurs WT (1998) Natal philopatry in the
Black-tailed Godwit Limosa limosa L. and its possible implica-
tions for conservation. Ring Migr 19:13-16

Kukliniska K, Wolska L, Namiesnik J, Cieszynska M (2013) Analytical
and bioanalytical problems associated with the toxicity of elemen-
tal sulfur in the environment. Trends Anal Chem 48:14-21

Maan ME, Seehausen O (2011) Ecology, sexual selection and specia-
tion. Ecol Lett 14:591-602

Manceau M, Domingues VS, Mallarino R, Hoekstra HE (2011) The
developmental role of Agouti in color pattern evolution. Science
331:1062-1065

McGraw KIJ, Dale J, Mackillop EA (2003) Social environment during
molt and the expression of melanin-based plumage pigmentation
in male house sparrows (Passer domesticus). Behav Ecol Socio-
biol 53:116-122

Neves ACO, Galvan I, Van den Abeele D (2020) Impairment of mixed
melanin-based pigmentation in parrots. ] Exp Biol 223:jeb225912

Paradis E, Claude J, Strimmer K (2004) APE: analyses of phylo-genet-
ics and evolution in R language. Bioinformatics 20:289-290

Parnell RA Jr, Burke KJ (1990) Impacts of acid emissions from Nevado
del Ruiz volcano, Colombia, on selected terrestrial and aquatic
ecosystems. J Volcanol Geotherm Res 42:69-88

Platt BF, Kolb DJ, Kunhardt CG, Milo SP, New LG (2016) Burrowing
through the literature: the impact of soil-disturbing vertebrates on
physical and chemical properties of soil. Soil Sci 181:175-191

Poston JP, Hasselquist D, Stewart IR, Westneat DF (2005) Dietary
amino acids influence plumage traits and immune responses of
male house sparrows, Passer domesticus, but not as expected.
Anim Behav 70:1171-1181

Rees WD (2002) Manipulating the sulfur amino acid content of the
early diet and its implications for long-term health. Proc Nutr
Soc 61:71-77

Revell LJ (2012) phytools: an R package for phylogenetic comparative
biology (and other things). Methods Ecol Evol 3:217-223

Robinson ZP, Fairchild 1J, Spiro B (2009) The sulphur isotope and
hydrochemical characteristics of Skeidararsandur, Iceland: iden-
tification of solute sources and implications for weathering pro-
cesses. Hydrol Proc 23:2212-2224

Rodriguez-Martinez S, Galvéan I (2020) Juvenile pheomelanin-based
plumage coloration has evolved more frequently in carnivorous
species. Ibis 162:238-244

Rodriguez-Martinez S, Marquez R, Inacio A, Galvan I (2019) Changes
in melanocyte RNA and DNA methylation favour pheomelanin
synthesis and may avoid systemic oxidative stress after dietary
cysteine supplementation in birds. Mol Ecol 28:1030-1042



Journal of Ornithology (2023) 164:639-649

649

Schamel D, Tracy DM (1991) Breeding site fidelity and natal philopa-
try in the sex role-reversed red and red-necked phalaropes. J Field
Ornithol 62:390-398

Schliep KP (2011) phangorn: phylogenetic analysis in R. Bioinformat-
ics 27:592-593

Schmidt A, Witham CS, Theys N, Richards NA, Thordarson T, Szpek
K, Feng W, Hort MC, Woolley AM, Jones AR, Redington AL,
Johnson BT, Hayward CL, Carslaw KS (2014) Assessing hazards
to aviation from sulfur dioxide emitted by explosive Icelandic
eruptions. J Geophys Res Atmos 119:14-180

Schmidt A, Leadbetter S, Theys N, Carboni E, Witham CS, Stevenson
JA, Birch CE, Thordarson T, Turnock S, Barsotti S, Delaney L,
Feng W, Grainger RG, Hort MC, Hoskuldsson A, Ialongo I, Ily-
inskaya E, Johannsson T, Kenny P, Mather TA, Richards NAD,
Shepherd J (2015) Satellite detection, long-range transport, and
air quality impacts of volcanic sulfur dioxide from the 20142015
flood lava eruption at Bardarbunga (Iceland). J Geophys Res
Atmos 120:9739-9757

Seehausen O, Terai Y, Magalhaes IS, Carleton KL, Mrosso HD, Miyagi
R, van der Sluijs I, Schneider MV, Maan ME, Tachida H, Imai H,
Okada N (2008) Speciation through sensory drive in cichlid fish.
Nature 455:620-626

Starks PB, Hale WH, Garrigus US, Forbes RM, James MF (1954)
Response of lambs fed varied levels of elemental sulfur, sulfate
sulfur and methionine. J Anim Sci 13:249-257

Tabatabai MA (2005) Chemistry of sulfur in soils. In: Tabatabai MA,
Sparks DL (eds) Chemical processes in soils, vol 8. Soil Science
Society of America Book Series, Ankeny, pp 193-226

Urupina D, Lasne J, Romanias MN, Thiery V, Dagsson-Waldhauserova
P, Thevenet F (2019) Uptake and surface chemistry of SO, on
natural volcanic dusts. Atmos Environ 217:116942

Wilson AM, Fuller RJ, Day C, Smith G (2005) Nightingales Lus-
cinia megarhynchos in scrub habitats in the southern fens of East
Anglia, England: associations with soil type and vegetation struc-
ture. Ibis 147:498-511

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer



	Exposure to sulfur in soil explains pigmentation by pheomelanin in birds inhabiting Iceland
	Abstract
	Zusammenfassung
	Introduction
	Materials and methods
	Species selection and sampling of feathers
	Measurement of pheomelanin content of feathers
	Sampling of soil
	Measurement of sulfur content of soil
	Phylogenetic analyses for testing feather pheomelanin-soil sulfur covariation

	Results
	Discussion
	Acknowledgements 
	References




