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Abstract

Melanin is the basis of coloration in many animals, and although it is often used in
communication, thermoregualtion or camouflage, melanin has many other physiological
functions. For example, in polluted habitats, melanin can have a detoxifying function.
Melanic coloration would help to sequester in the skin the heavy metals contaminants from
inside the body, which will be expulsed to the exterior when the skin is sloughed. Moreover,
animals should have evolved more melanic colorations in more polluted habitats ("industrial
melanism" hypothesis). We examined whether the fossorial amphisbaenian reptile,
Trogonophis wiegmanni, is able to eliminate heavy metals, derived from soil pollution by
seagulls depositions, through sloughing its skin. Our results suggest a covariation between
levels of soil pollution by heavy metals and the concentration of heavy metals in the sloughed
skins of amphisbaenians. This suggests that amphisbaenians may expel heavy metals from
their bodies when they slough the skins. We also tested whether amphisbaenians inhabiting
soils with higher levels of heavy metal pollution had darker (melanin-dependent) body
colorations. However, contrary to predictions from the "industrial melanization” hypothesis,
we found a negative relationship between soil pollution and proportions of melanic
coloration. This contradictory result could, however, be explained because heavy metals have
endocrine disruption effects that increase physiological stress, and higher stress levels could
result in decreased melanogenesis. We suggest that although amphisbaenians might have
some detoxifying mechanism linked to melanin in the skin, this process might be negatively

affected by stress and result ineffective under conditions of high soil pollution.
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INTRODUCTION

Soil pollution is one of the major environmental threats with negative consequences
for biodiversity (Osman 2013; Larramendy 2016; Tibbett et al. 2020). Contamination may be
directly produced by humans through the dump of pollutants to the soil or water (Larramendy
2016; Duarte et al. 2017), but dissemination of pollutants may also be mediated by animals.
For example, some seabirds can act as vectors that move heavy metals from anthropogenic
contaminated food sources to the soil of their nesting colonies in natural areas (Headley 1996;
Otero 1998; Garcia et al. 2002a, b; Blais et al. 2005). Irrespective of the pollution
mechanisms, heavy metals can be transferred from the soil to plants and invertebrates, and go
up the food chain (Walker et al. 2012), reaching high toxicological concentrations in tissues
of vertebrates such as birds (Manjula et al. 2015; Ortowski et al. 2015) or lizards and snakes
(Loumbourdis 1997; Campbell et al. 2001; Marquez-Ferrando et al. 2009; reviewed in
Grillitsch & Schiesari 2010).

Nevertheless, some animals seem able to "fight" against the toxicological effects of
heavy metals. For example, in polluted habitats, some reptiles and birds are able to
accumulate in the skin or in the feathers trace elements from the body that are later expelled
when the skin is sloughed or the feathers are molted (Hopkins et al. 2001; Jones & Holladay
2006; Chatelain et al. 2014; Goiran et al. 2017). This process would help to detoxify the body
of heavy metals. The mechanism is enhanced by increasing melanin concentration in the skin,
because melanin can bind and sequester heavy metals (Liu et al. 2004; Bridelli et al. 2008).
Melanic areas of the skin accumulate larger concentrations of heavy metals (Niecke et al.
1999, 2003; Goiran et al. 2017), which would be expelled with the sloughed skins or shed
feathers. As a consequence, it has been suggested, and found in some animals, that

proportions of melanin-dependent coloration of the body should increase in populations



inhabiting areas highly polluted by heavy metals ("industrial melanism™ hypothesis)
(Chatelain et al. 2014; Goiran et al. 2017).

Soil pollution may particularly affect fossorial animals that spend all or most of their
life underground (Tibbett et al. 2020), such as some rodents or reptiles, but the difficulty of
studying these animals (Measey 2006; Henderson et al. 2016), may result in that the potential
threats for their health state were going unnoticed (How & Shine 1999; Measey et al. 2009;
Bohm et al. 2013). Amphisbaenians are one notorious, but little conspicuous and
understudied, group of fossorial reptiles (Gans, 1978, 2005). They have evolved very
specialized morphological and functional adaptations to a fossorial life, such as elongated
body, narrow head, loss of limbs and reduced vision (Gans 1974, 1978; Navas et al. 2004;
Baeckens et al. 2017). These adaptations, however, constraint many aspects of their little
known ecology (e.g., Papenfuss 1982; Martin et al. 1991; Colli & Zamboni 1999; Webb et al.
2000; Andrade et al. 2006).

The checkerboard worm lizard (Trogonophis wiegmanni Kaup, 1830) is an
amphisbaenian found in the Mediterranean region of NW Africa (Bons & Geniez 1996). This
species bases its microhabitat selection patterns on soil characteristics (Civantos et al. 2003;
Martin et al. 2013a). Because it is a strictly fossorial species, its health state seems to be
mainly affected by natural and anthropogenic soil alterations (Martin et al. 2015, 2017).
However, the processes involved in these negative effects and the potential existence of
compensatory mechanisms are unknown. In contrast to most amphisbaenian species that are
uniformly colored and frequently show loss of pigmentation (Gans 2005), T. wiegmanni
shows a characteristic 'checkerboard' pattern of coloration, alternating some scattered
melanin-dependent black scales with yellow or whitish scales (Fig. 1). Being an underground,
almost blind species, it is not plausible that this pattern of coloration could have any function

in social interactions, thermoregulation or protection from UV radiation, as occurs in other



reptiles (Clusella-Trullas et al. 2009; Vroonen et al. 2009; Bury et al. 2020), although it might
have a camouflage function if a predator dug or lifted-off a rock and the amphisbaenian
became unintentionally exposed onto the surface. However, melanin can have many other
physiological functions linked to its redox, metal chelating, or free radical scavenging
properties (Solano 2014). We hypothesized that, as it has been described for other animals
(Chatelain et al. 2014; Goiran et al. 2017), one of the potential roles of melanin coloration of
this amphisbaenian might also be using it as a heavy metal detoxifying mechanism.
Moreover, because melanic coloration of this amphisbaenian must not have a social signaling
or thermoregulatory function underground, we are able to avoid these possible confounding
effects when exploring the potential use of melanin to eliminate heavy metals from the body.
Here, to test the "industrial melanism™ hypothesis (Chatelain et al. 2014; Goiran et al.
2017), we designed a field study in island populations of T. wiegmanni amphisbaenians. In
some areas of the study populations, nesting seagull colonies are known to increase heavy
metal concentration in the soil (Garcia et al. 2002a, b; Martin et al. 2015), and it is plausible
that metals could reach amphisbaenians through their soil invertebrate prey (Martin et al.
2013Db). We specifically examined 1) whether this amphisbaenian is able to eliminate the
heavy metals contaminants of its body through sloughing its skin, and 2) whether increased
melanin-dependent dark coloration may facilitate this detoxifying mechanism. For this, we
analyzed concentration of heavy metals in the soil and in sloughed skins of amphisbaenians.
We also measured the proportions of melanin-dependent dark coloration of live individuals
and related them to the levels of soil pollution at the capture sites. We predicted that
populations of amphisbaenians inhabiting soils with high levels of heavy metal pollution
should have higher concentrations of these trace elements in the sloughed skin and also darker

body colorations.



MATERIALS AND METHODS

Study area

We carried out the field study from 4th to 18th October 2018 at the small archipelago
of Chafarinas Islands (SW Mediterranean Sea, Spain; 35°11' N, 02° 25' W). These are three
small islands (Congreso, Isabel Il and Rey Francisco) located 2.5 nautical miles (/ 4.6 km) off
the northern Moroccan coast (Ras el Ma). Climate is of a dry and warm Mediterranean type
and vegetation consists of sclerophyll and halophilic bushes (Salsola, Suaeda, Lycium and
Atriplex) (Garcia et al. 2002a, b; Martin et al. 2013a). In general, the soils are immature and
poorly developed with only a thin layer, rich in organic matter, over the volcanic rocks
(Garcia 2005; Garcia et al. 2007).

In two of the islands (Congreso and Rey), there are large nesting colonies and resting
areas of two seagull species; the endangered protected Audouin's gull (Larus audouinii
Payraudeau, 1826) (221 nests in Rey in the year 2018), and the widespread yellow-legged gull
(Larus cachinnans Pallas, 1811) (6074 nests in Congreso and 2380 nests in Rey in 2018)
(unpubl. data from census made by the technicians of the Spanish National Parks authority),
The yellow-legged gull population is increasing considerably since some years ago. Nests are
widespread ober all the islands surface, without forming specific nesting patches, and the
gulls also use the islands for resting all the year outside of the reproductive season. The other
island (Isabel) has lower seabird influence because it is the only one inhabited by man,
although some resting groups of gulls can be always found along the island. Depositions of
gulls have a negative influence on the chemical properties of the soil, increasing concentration
of organic matter and heavy metals, such as Cd, Ni, Cr, Fe and Zn (Garcia et al. 2002a, b;

Martin et al. 2015). These soil alterations are known to increase physiological stress of



amphisbaenians (i.e. increased levels of corticosterone metabolites in faeces) (Martin et al.
unpubl. data), although do not decrease their body conditions, which are mainly negatively
affected by increased salinization and soil compaction (Martin et al. 2015, 2017).

Captures and observations of amphisbaenians were performed under license by the
Organismo Autonomo de Parques Nacionales (Spain). All the procedures were approved by
the Ethical Committee ("Comision Etica de Experimentacion Animal”, CEEA) of the Museo

Nacional de Ciencias Naturales, CSIC.

Soil pollution

To characterize the level of pollution of the soil by heavy metals, we made random
transects in the three islands covering all the areas used by amphisbaenians (excluding bare
rocky areas without soil) (Martin et al. 2011a ) and selected a total of 79 random points,
geolocalized with a GPS. At each sampling point, we took a bulked soil sample (around 300
g) under a rock like those used by amphisbaenians (Civantos et al. 2003), digging between the
surface and until 10 cm depth (or less if the soil was less deep), which coincided with the soil
layers used by amphisbaenians (Martin et al. unpubl. data). In the laboratory, soil samples
were air-dried, crushed and sieved (< 2 mm) and then ground to < 60 um. Approximately 0.5
g of dry soil was disaggregated in a START D microwave digestion system (Milestone Srl,
Sorisole, Bergamo, Italy) with a mixture 12 ml of HNO3:HCI (3:1 ratio) at 150 °C for 20 min.
Subsequently, the resulting solution was filtered with a 0.45 pum filter and diluted to 25 ml
with deionized water. We used acid digestion because with this method only metals present in
the organic fraction, where bioavailable metals were concentrated, were recovered (Cox &
Preda 2003). We then determined the soil quasitotal concentration of eight 'heavy-metals' (Cd,
Cr, Cu, Fe, Mn, Ni, Pb and Zn) using inductively coupled plasma optical emission

spectrometry (ICP-OES; Varian ICP 720-ES; Varian, Palo Alto, California, USA) (for details



of analyses see Sparks 1996). Quality assurance was obtained by analyzing the soil reference
material CRM 141R (calcareous loam soil, European Community Bureau of Reference).

Recoveries rates from CRM 141R values ranged from 82% to 95%, according to the element.

Heavy metals in sloughed skins of amphisbaenians

Measuring the concentrations of heavy metals found in shed skins of reptiles is
considered as a reliable non-destructive method of evaluation of contaminant exposure in the
field (Hopkins et al. 2001; Jones & Holladay 2006; Goiran et al. 2017). Thus, we looked in
the field for sloughed skin of amphisbaenians. We haphazardly followed different routes on
the three islands between 07:00 and 18:00 (GMT) covering all the locations inhabited by
amphisbaenians (Martin et al. 2011a; Garcia-Roa et al. 2014). We lifted almost all rocks and
stones found, where amphisbaenians were abundant and easy to find (Martin et al. 2011a,
2013a). We collected fresh sloughed skins of amphisbaenians that were found under these
rocks. Sloughed skins were usually found complete in a single piece (i.e., the entire body of
the animal), such as it occurs in snakes. This allowed an unambiguous assignation of the skins
to amphisbaenians, avoiding confusion with species of geckos, snakes, skinks and lizards that
could also been found there (Garcia-Roa et al. 2014). The location point of each skin was
measured with a GPS (GPSmap 60CSx, Garmin). Skins were kept in eppendorf tubes and
later conserved in a freezer until further analyses.

In the laboratory, skins were carefully cleaned with distilled water to remove dirt and
adsorbed trace elements, cut into pieces and dried. Then, skins were ground using a manual
agate mortar. Because a minimum weight of sample (200 mg) was required for these analyses
and individual skin samples were much more lighter (< 15 mg), we had to pool skins of

different individuals from nearby locations in single samples. Therefore, we only obtained



average measures for the population of amphisbaenians of each site. Samples were digested
by wet oxidation with concentrated HNO3 under pressure in a microwave digester. Analyses
of heavy metal concentrations in the skin were made with a Varian ICP 720-ES device, as for
the soil samples (see above). The accuracy and precision of the analytical methods were
assessed by routine analyses of the ERM® certified reference material (mussel tissue ERM-
CEZ278; from Sigma-Aldrich). Recovery rates for reference samples ranged from 90 to 100%

depending of the element.

Melanin-dependent coloration of amphisbaenians

During the field surveys (see above), we also captured by hand live amphisbaenians
that were found under rocks. Location of capture points were determined with a GPS
(GPSmap 60CSx, Garmin). We used a metallic rule to measure snout-to-vent length (SVL)
and tail length of amphisbaenians and determined sexes by examining the presence of
hemipenis in the cloacae (Martin et al. 2011b).

In the field, we took photographs of the captured adult amphisbaenians (N = 104; 36
males and 68 females). We used a white plastic board as a background and included an
individual numeric code and a small metallic rule in the picture for reference.
Amphisbaenians were gently held against the board in a straight position and we took pictures
using a digital camera (Nikon D3000; 3872 x 2592 pixels of resolution and 4096 colors per
channel), with a Nikkor AF-S DX 18-55 mm f/3,5-5,6 lens, placed at about 10 cm over the
amphisbaenian. We used natural sunlight in the shade (with a filling flash light) for taking
pictures of three zones (‘anterior', just after the head, 'medium’, at the middle of the body, and
‘posterior’, before the cloaca) in the dorsal area and the equivalent three zones in the ventral

area of the body of amphisbaenians.
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After being measured and photographed, amphisbaenians were marked individually
with PIT-tags as a part of a population study (Recio et al. 2019), which allowed to avoid
sampling twice the same individual in different surveys, and released them within a few
minutes under the same rock where they were found.

Pictures of amphisbaenians were processed using Adobe Photoshop CS4 software. We
first cut and enlarged one part of the picture representing approximately a body area of 8 x 3
mm?, which included about 70 scales on average. In the cropped area, we estimated the
proportion of dark coloration by counting the number of dark-black scales in relation to the
total number of scales (approx. 40 % overall), which also included yellow (40%) and white
scales (20%) (Fig. 1). The color of each scale was easily determined. Because all dorsal and
ventral scales were rectangular and of similar size (approx. 0.25 x 0.75 mm?) and were
regularly distributed in columns and rows, this counting method provided a highly reliable
estimation of the surface area with black coloration. We followed this method for each of the
six different photographs of the different body areas and zones of each individual. We
calculated the 'proportion of melanin-dependent dark coloration' in the entire body as the
average of the relative proportions of black scales in the three zones of the dorsal area and the

three zones of the ventral area.

Data analyses

We first used a General Lineal Model (GLM) to estimate variation in individual
proportions (square root transformed) of melanin-dependent dark coloration of adult
amphisbaenians as the response variable, depending of the body area (dorsal vs. ventral) and

zone (anterior vs. medium vs. posterior), both as repeated measures factors, and including sex
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(male vs. female) as a fixed factor. As there were no differences between sexes (see results),
we pooled data of males and females for subsequent analyses.

Then, we referred the GPS location of each amphisbaenian to the nearest soil sampling
point. As amphisbaenians show high site fidelity and moved over very small areas (Martin et
al. 2021), we could confidently relate their locations to a given soil point. We designated each
of these soil sampling points as a block, and since these points were selected randomly, we
considered that we had a randomized complete block design. Thus, each of the samples of
amphisbaenians could be considered as replicates, capturing all the variance of the response
variable (melanin proportion). Because amphisbaenians were unequally distributed in the
islands (Martin et al. 2011a), we collected valid information related to 25 of the soil sampling
points (number of amphisbaenian samples per point, mean + SE =4 + 1 indiv., range = 1-18).

We then explored the relationship between heavy metals and melanin coloration.
Because there was a high correlation between the concentrations of the eight heavy metals
measured in the soil, we used a principal component analysis (PCA) that, after a varimax
rotation, produced a PC-1 (eigenvalue = 5.03, proportion of variation explained = 63.8%),
with strong positive loadings with most of all heavy metals (Cd = 0.91, Cr =0.83, Cu=0.72,
Fe =0.94, Mn = 0.90, Ni = 0.71, Zn = 0.90) except Pb (= 0.02), The PCA also produced a
PC-2 (eigenvalue = 1.50, variation explained = 18.7%) with only a positive significant
loading with Pb (= 0.89) and much lower values for the rest of metals (= 0.04 to 0.38 in
absolute values).

Thereafter, we made a Generalized Linear Models (GLZ), with a normal distributional
and a log link function, with proportions (square root transformed) of melanin-dependent
coloration of amphisbaenians as the response variable, and the two PC scores describing soil

heavy metal concentrations as continuous fixed variables. We conducted Chi-square Wald’s
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tests to estimate the significance of the soil variables. Statistical analyses were made with the

Statistica 8.0 software (StatSoft Inc. Tulsa, OK).

RESULTS

Heavy metals in the soil and in sloughed skins of amphisbaenians

We found appreciable amounts of heavy metals in both the samples of soil (the
average of 25 soil samples/site) and, although in a much lower magnitude, in the sloughed
skins of amphisbaenians (single pools of skins of around 15 individuals/site). The average
concentrations varied clearly among four distinct study sites of the islands (Fig. 2). This
variation seemed to be mainly linked to the densities of nesting, and resting, seagulls at each
site, being the concentrations of heavy metals higher in sites with more seagulls.(i.e. sites 3
and 4). The comparison of the proportions of most of the different trace elements in soil and
in sloughed skins at each site suggested that, in general, concentrations in the skin of
amphisbaenians increased when the concentrations of the same heavy metals in the soil also

increased (Fig. 2).

Relationships between soil pollution and melanin-dependent coloration of

amphisbaenians

The proportion of melanin-dependent coloration was significantly higher in the dorsal
than in the ventral body area (GLM, F1 10, =118.93, P < 0.0001) (Fig. 3), but it did not vary
significantly among the anterior, medium and posterior zones (F2 204 = 1.23, P = 0.29),

However, the interaction between body area and zone was significant (F, 204 = 10.22, P <
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0.0001), showing that, in the dorsal body area, melanin proportion was significantly higher in
the anterior than in the medium zone (Tukey's test, P = 0.022), but the rest of comparisons
were not significant (P > 0.09 for both). However, in the ventral body area, the proportion of
melanin was significantly lower in the anterior than in the posterior zone (P = 0.006), but
there were no significant differences between other zones (P > 0.28 for both comparisons). In
addition, there were no significant differences in melanin coloration between sexes (F1,102 =
0.011, P = 0.92), for any of the body areas or zones (sex x area: Fi 10, = 2.02, P = 0.16; sex X
zone: Fp204=0.47, P = 0.62; sex x area x zone: F,204 = 2.38, P = 0.095) (Fig. 3).

Proportions of melanin dark coloration in the skin of amphisbaenians were
significantly and negatively related with soil concentration of most of heavy metals, all but Pb
(GLZ, PC-1 scores: estimate + SE = -0.028 + 0.006, Wald's y°= 21.12, P < 0.0001; Intercept:
estimate + SE = -0.468 + 0.008, Wald's x’= 3613.14, P < 0.0001), but melanin dark coloration
was not significantly related to Pb concentration (PC-2 scores: estimate + SE = -0.009
0.006, Wald's ¥°= 1.76, P = 0.19). Therefore, the amphisbaenians inhabiting soils with higher
levels of soil pollution by heavy metals, all except Pb, had lower proportions of melanin-
dependent coloration on their bodies (Fig. 4a), while the pollution by Pb did not seem to

affect melanin coloration in a significant way (Fig. 4b).

DISCUSSION

The results of this study suggest that there was a relationship between the soil
pollution by heavy metals and the concentration of heavy metals in the sloughed skins of the
populations of amphisbaenians that live in those soils. This covariation suggests that
amphisbaenians may be able to expulse heavy metal contaminants from their bodies when

they slough the skins. In addition, there was a relationship between soil pollution and
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melanin-dependent coloration, but it was contrary to predictions from the "industrial
melanization” hypothesis (Chatelain et al. 2014; Goiran et al. 2017). Thus, we found a
negative relationship, such that amphisbaenians had more melanin-dependent dark coloration
when the soils had lower concentrations of heavy metals.

We firstly found that the concentrations of heavy metals in the soil at a given site
seemed to be related to concentrations of heavy metals in the sloughed skin of
amphisbaenians (although with a very different, much lower magnitude). In several epigeal
species of reptiles, it has been found a relationship between heavy metals in blood, muscle or
other body tissues and metals in their food or the environment (e.g., Campbell & Campbell
2001; Marquez-Ferrando et al. 2009; Nasri et al. 2017; Doya et al. 2020), and their
toxicological effects are also known (reviewed in Grillitsch & Schiesari 2010). Also, some
studies found a similar relationship between environmental pollution and metals in sloughed
skins of reptiles (Hopkins et al. 2001; Goiran et al. 2017). For example, concentrations of 13
heavy metals are higher in skins of turtle-headed seasnakes (Emydocephalus annulatus Krefft,
1869) from polluted urban-industrial areas (Goiran et al. 2017). We do not have data on
concentrations of heavy metals in internal body tissues of amphisbaenians because, in this
study, we did not intend to measure accurately the ecotoxicological levels of heavy metal
pollution in amphisbaenians or their effects. However, the apparent covariation observed
between concentrations of heavy metals in soil and sloughed skins suggests that
amphisbaenians may detoxify their bodies, at least partly, when the skin is shed. The
importance and efficacy of such detoxifying mechanism and the potential role of melnnin,
are, however, not known and deserve further analyses that estimate the actual threat of soil
pollution for health state of amphisbaenians. Alternatively, higher concentrations of heavy
metals in the skin could potentially be simply the result of a higher integumentary direct

absorption from more polluted soils, rather than of expulsion from the body. However, studies
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of other animals and humans (Grillitsch & Schiesari 2010; Walker et al. 2012) show that most
metals are poorly permeable across the skin (except a few such as Pb), and this integumentary
route is generally not regarded to be of significance, with most metals entering the body
mainly through the gastrointestinal route (i.e., food or direct soil ingestion), Nevertheless, the
integumentary route has been little explored in reptiles (Grillitsch & Schiesari 2010) and
future studies should address the importance of the potential transfer of metals through the
reptilian skin and lungs, specially for fossorial species that live in intimate contact to soil.

We also expected to find a positive relationship between soil pollution and melanin
coloration. This would have indicated that increasing melanin in the skin might help to
sequester more metals in the skin, making easier the detoxifying mechanisms that likely
occurs when the skin is sloughed. This result would have been similar to the "industrial
melanization" effect observed in other species (Chatelain et al. 2014; Goiran et al. 2017).
Thus, for example, in some birds, there is a positive correlation between melanin-dependent
plumage coloration and concentrations of some heavy metals (e.g., Zn, Mn) (Niecke et al.
1999, 2003; Dauwe & Eens 2008; Chatelain et al. 2014, 2017; Zduniak et al. 2014), but not of
others (e.g., Pb, Cd) (Gochfeld et al. 1991; Chatelain et al. 2014, 2017). Also in turtle-headed
seasnakes, melanic morphs are more common in urban-industrial areas, while dark and light
banded or blotched morphs are more common in less heavily polluted sites (Goiran et al.
2017). Moreover, concentration of metals is higher in dark than in light skin bands of the
same individual seasnakes (Goiran et al. 2017), supporting the metal-binding role of melanin.

Surprisingly, we found the opposite relationship, with darker amphisbaenians
inhabiting soils with less pollution. In fact, in previous surveys, we even found in one of the
most polluted areas two individuals with xanthic coloration (i.e., predominantly yellow color
without black scales; Garcia-Roa & Martin 2016). There might be several explanations to this

unexpected finding. First, the mechanism of increased melanization in response to pollution
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might be physiologically impossible or too costly to produce in this amphisbaenian if there
were trade offs with other functions of melanin. Also, the melanic coloration of this species
might not show enough phenotypic plasticity to respond adequately to quick temporal
changes in environmental conditions. Because the increase of seagull populations in these
islands, and the derived soil pollution of anthopic origin, are recent phenomena in the
evolutionary time,, this mechanism might require a longer time of selection to evolve and be
observed in the population. However, in all of those cases above, we would expect a complete
lack of relationship between contamination and melanization, while we observed a clear
negative relationship.

There is a more likely alternative explanation related to the toxicological effect of
heavy metals as powerful endocrine disruptors, which leads to abnormal circulating hormone
levels and increased physiological stress (Giesy et al. 2003; Ottinger et al. 2005; Meillére et
al. 2016). The expression of melanism, although is usually under genetic control (Lin &
Fisher 2007), may also be condition dependent (McGraw 2008), and increased stress may
negatively affect melanogenesis (Zhang et al. 2020). Thus, experimental manipulations
showed that increased supplemented corticosterone, which increased physiological stress,
negatively affected melanin-based coloration of nestling barn-owls, Tyto alba (Scopoli, 1769)
(Roulin et al. 2008) or common lizards, Zootoca vivipara (Lichtenstein, 1823) (San José &
Fitze 2013). Also, in mice (Mus musculus L., 1758), chronic stress suppresses the expression
of some elements of the cutaneous hypothalamic—pituitary—adrenocortical (HPA) axis and
melanogenesis, leading to decreased skin pigmentation (hair graying) through fast depletion
of melanocyte stem cells (Bin et al. 2020; Pang et al. 2014 Zhang et al. 2020). Therefore, it
seems that stressful factors may induce a rise in circulating corticosterone, which would
inhibit the secretion of melanocortins and tyrosinase and decrease melanin production (Roulin

et al. 2008; Pang et al. 2014; Zhang et al. 2020). Interestingly, in a previous study we found
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that heavy metal pollution in the soil is related to increased physiological stress (estimated
from fecal corticosterone metabolite levels) of T. wiegmanni amphisbaenians that live buried
in those soils (Martin et al. unpubl. data). Therefore, we suggest here that the lower melanin-
dependent coloration of amphisbaenians in the most polluted sites may be explained by the
presumably higher levels of physiological stress induced by the endocrine disruption effect of
heavy metals, which would result in decreased melanogenesis.

In contrast to most heavy metals measured in this study, there was an apparent lack of
effect of lead (Pb) on melanin coloration. Also, in some birds, Pb did not seem to affect
melanin coloration (Gochfeld et al. 1991; Chatelain et al. 2014). In addition to a potential
unknown lack of effect of Pb on physiology of amphisbaenians related to melanogenesis, this
result might be also explained in our study area by some confounding effects due to the
existence of multiples sources of contamination. Thus, pollution by Pb does not only come
from depositions of seagulls, but, in men inhabited areas, Pb pollution is also associated to
direct anthropogenic activities (Markus & McBratney 2000; Martin et al. 2017).However, in
these areas used by humans, other heavy metals in the soil are scarce due to a low influence of
seagulls. Also, levels of pollution by Pb in these islands do not seem to be so high (i.e., most
samples were below the limits allowed for agricultural soils; L.V. Garcia, unpubl. data) as to
have an appreciable effect on stress and melanogenesis of amphisbaenians.

Our results reveal a potential limitation of the detoxifying mechanism associated to
sloughing the skin. Higher levels of heavy metal pollution would require allocating more
melanin to the skin to increase the detoxifying effect. However, high levels of heavy metals
increase physiological stress, which would negatively affect melanogenesis. Consequently,
the efficiency of the detoxifying effect would decrease, being probably lower than required to
avoid the negative ecotoxicological effects of heavy metals. This result has implications for

conservation of populations of these animals, and also probably of other vertebrates, in
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polluted habitats. In spite of the possible existence of compensatory physiological detoxifying
mechanisms, the health state of fossorial vertebrates may be greatly affected by the soil

characteristics and its conservation state.
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Figure 1 Checkerboard worm lizard (Trogonophis wiegmanni) as it was found under a rock

(head to the right), and detail (inserted picture) of the pattern of scales in the dorsal area.




-29-

Figure 2 Heavy metals quasitotal concentrations in the soil (mg/kg soil; the average of 25 soil
samples/site) and sloughed skins of amphisbaenians (mg/kg dry weight; single pools of skins
of around 15 individuals/site) from the same study sites. Due to the different magnitudes,

concentrations in soil and skin are represented at different scales to facilitate the comparison.
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Figure 3 Proportion (mean + SE) of melanin-dependent black coloration (i.e. relative
proportion of black scales) in three different zones of the dorsal body area and three zones of

the ventral body area of male and female amphisbaenians.
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Figure 4 Relationship between principal components (PC) scores describing heavy metal
concentrations at a soil sampling point and melanin-dependent black coloration (i.e. relative

proportion of black scales) in the body of the amphisbaenians found close to that point.
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