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Chapter 8
Adaptive Pelage Coloration in Ctenomys

Gislene Lopes Goncalves

8.1 Introduction

In rodents, pelage color tends to resemble background habitat coloration, suggest-
ing an adaptive significance (Sumner 1934; Dice and Blossom 1937; Cott 1940;
Endler 1978; Krupa and Geluso 2000). But how does it work in subterranean lin-
eages, in which individuals expend most of their lifetime in burrowing systems
(Lacey et al. 2000)? Surprisingly, long stand studies in pocket gophers (Thomomys
bottae and Geomys bursarius) and the Israeli subterranean mole rat (Spalax ehren-
bergi) have demonstrated similar patterns to aboveground rodents, i.e., a strong cor-
relation between dorsal pelage and soil coloration (Ingles 1950; Kennerly 1954,
1959; Krupa and Geluso 2000; Heth et al. 1988), presumably reflecting an influence
of selective pressure when they are active on the surface. This concealment color-
ation is also substantiated in Ctenomys (Langguth and Abella 1970; Vassalo et al.
1994), in which pelage color varies continuously, both inter- and intraspecies
(Langguth and Abella 1970; Freitas and Lessa 1984; Wlasiuk et al. 2003; Gongalves
and Freitas 2009; Gongalves et al. 2012). Overall, coat coloration ranges from light
to dark brown in tuco-tucos (Fig. 8.1). However, brown with white patterns, grayish,
and melanic phenotypes are also present. Similarly, variation is found in the back-
ground environment, as species are spread throughout South America, including a
variety— and vast areas — of habitats, e.g., pampas of Puna (above 4000 m), high
mountain steppes, low valleys of the west, dunes of the Atlantic coast of the east,
mesic and humid plains, desert or semi-deserts, open areas among subtropical
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Fig. 8.1 Inter- and intraspecific variation in pelage color of Ctenomys. (a) general view of a speci-
mens’ drawer of tuco-tucos from the Museum of Vertebrate Zoology (MVZ), revealing the typical
brown pattern found. (b) C. torquatus; (¢) C. yolandae; (d) C. haigi; (e) C. bonettoi; (f) C. roigi;
(g) C. dorbigny; (h) C. magellanicus; (i) C. maulinus; (j) C. sociabilis; (K) C. argentinus; (1)
C. perrensi; (m) C. mendocinus; (n) C. fulvus; (0) C. peruanus; (p) C. opimus. (Photographs
(except b [from G. L. Gongalves]) by T. R. O. Freitas — courtesy of mammal collection from the
Museum of Vertebrate Zoology, UC Berkeley)

forests, and steppes of Terra del Fuego (Reig et al. 1990; Lacey et al. 2000; Bidau
2015; Freitas 2016).

In particular, two pairs of species that live in the Atlantic coast catches not only
evolutionary biologists but anyone’s eyes for its marked differences in pelage
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associated with habitat background. The first is Ctenomys australis Rusconi, 1934
and Ctenomys talarum Thomas, 1989, occurring in a coastal dune region in south-
ern Buenos Aires province of Argentina (Contreras and Reig 1965; Reig et al. 1990),
and the second is Ctenomys flamarioni Travi, 1981 and Ctenomys minutus Nehring,
1887 (Freitas 1995a, b), which inhabit the southern Brazil coastal plain (Fig. 8.2a).
C. australis and C. flamarioni have blonde coat color (light phenotype) and inhabit
the sandy dunes, whereas C. talarum and C. minutus have brown pelage (dark phe-
notype) and inhabit sandy fields (Fig. 8.2b) that correspond to a continuum of
coastal dunes toward the continent (Freitas 1995a, b; Busch et al. 2000) (Fig. 8.3a);
these two habitats can be distinguished by soil color (Fig. 8.3b) and hardness, and
plant cover (Malizia et al. 1991; Cutrera et al. 2010; Kubiak et al. 2015; Lopes et al.
2015; Kubiak et al. 2018). Phylogenetic relatedness between and within these pair
of species also vary. C. australis, C. talarum, and C. flamarioni belong to the men-
docinus species group, whereas C. minutus are placed in the torquatus species group
(Parada et al. 2011; Chap. 2, this volume). In this context, the repeated phenotypes
might represent convergence to similar habitats, in which ecological function is
potentially cryptic anti-predation behavior (Langguth and Abella 1970; Vassalo
et al. 1994), which has never been explored.

Two studies have investigated pelage variation in Ctenomys from an evolutionary
genetics perspective. First, Wlasiuk et al. (2003) demonstrated that genetic drift
underlies pelage forms in different populations of Ctenomys rionegrensis Langguth
and Abella (1970) that include brown, dark-backed, and melanic phenotypes.
Second, Gongalves et al. (2012) performed a molecular approach targeting a key
gene-driven of coatcolor — the Melanocortin 1 receptor (MC1R) —, including a wide
range of species with distinct color pelages.

A)

)

MIN

FLA

South
Atlantic
Ocean

200 km

L

Fig. 8.2 (a) Geographic distribution of Ctenomys flamarioni (FLA), Ctenomys minutus (MIN),
Ctenomys australis (AUS), and Ctenomys talarum (TAL) in the coastal plain of Argentina and
southern Brazil with schematic shades of its pelage. (b) Convergence pattern of light-dark pheno-
types (FLA-MIN and AUS-TAL) inhabiting contiguous habitats of sandy dunes and sandy fields
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Fig. 8.3 (a) Habitats of Ctenomys in the coastal system: sandy dunes and sandy fields. (b) Soil
coloration of each species’ habitat. TAL, C. talarum; MIN, C. minutus; AUS, C. australis; FLA,
C. flamarioni

Hair and skin color in rodents are largely determined by the amount, type, and
distribution of melanin packaged in the melanosomes of epidermal cells and hair
follicles (Jackson 1997). Mclr acts as a pigmentary switch in the production of
melanin: when activated by a-melanocyte stimulating hormone (a-MSH)), it signals
the production of black/brown pigment (eumelanin) and in the absence (or inhibi-
tion) of a-MSH, red/yellow pigment (pheomelanin) is synthesized (Jackson 1997).
In mice, Mclr dominant mutations are often associated with a hyperactive or con-
stitutively active receptor resulting in predominantly black coat color (Jackson et al.
1994), whereas recessive loss-of-function mutations tend to trigger the production
of pheomelanin, which leads to predominantly yellow or red coat color (Robbins
et al. 1993). Similarly, in wild rodents several mutations were identified in Mclr,
and associated with the adaptive variation, e.g., the rock pocket mice (Chaetodipus
intermedius; Nachman et al. 2003) and the beach mice (Peromyscus maniculatus;
Hoekstra et al. 2006); also, melanism in British gray squirrel (Sciurus carolinensis)
was linked to a 24-bp deletion in Mc1r (McRobie et al. 2009). In tuco-tucos, several
coding substitutions were detected in Mclr (Gongalves et al. 2012), but none of
them with plausible link to the phenotypes examined, especially the light pelage of
C. australis and C. flamarioni, or melanic forms of C. rionegrensis and C. for-
quatus. Additionally, patterns of Mclr expression were described for dorsal, flank,
and ventral regions, but differences were not found between light and dark pheno-
types; even though, the distinction among body regions was clear (Goncalves
et al. 2012).
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8.2 Pelage Variation: From Genotype to Phenotype

Simple Mclr mutations of large effect have not contributed to adaptive differences
among species of tuco-tucos, thus the variation in coat-color among Ctenomys sug-
gests that this trait might have a more complex or even polygenic basis. Finding the
genes underlying this variation is probably a daunting task, which will require map-
ping and association studies involving more markers and defined populations. A
suitable candidate gene is the Agouti signaling protein (Agouti), an antagonist of
Mclr; in mice, a local expression that varies both spatially and temporarily (Bultman
et al. 1992; Siracusa 1994) results in suppression of synthesis of eumelanin and
increased production of phacomelanin. Agouti is the second most important gene
linked with adaptive pelage color variation in rodents (e.g., beach mice (Steiner
et al. 2007)), which remains to be explored, particularly in the blonde pelages of
tuco-tucos, such as in C. australis, C. flamarioni, and C. mendocinus that also pres-
ent an intraspecific variation of lighter pelage (see Fig. 8.1).

Typically, wild rodents have a pelage pattern of light ventral, which results from
constitutive Agouti expression and associated production of phaecomelanin. In con-
trast, dorsal hairs have a banded pattern (commonly referred to as agouti hair): ter-
minal and subterminal bands and a base. This banding derives from a pulse of
Agouti expression during the intermediary phase of the hair cycle, resulting in the
deposition of phacomelanin during the middle of hair growth and deposition of
eumelanin at the beginning and end of hair growth (Hoekstra and Nachman 2006).
In the agouti-type pelage distinct variables may be target by the selection, as the
distribution of pigment, i.e., bandwidth, and the density of pigment deposited in it,
resulting in lighter or darker phenotypes. A few studies have dissected the pigment
structure in the hair (e.g., Peromyscus (Linnen et al. 2009); Spalax (Singaravelan
etal. 2010, 2013)) and ultimately inferred its contribution to overall appearance and
convergence as well.

In this chapter, an original study on the pigmentation of Ctenomys is reported
from a morphological perspective, hypothesizing an association of pelage and soil
coloration. The hair pattern and pigment density are characterized in species of
tuco-tucos from the Atlantic Coastal dune system that present repeated adaptive
phenotypes, to test the existence of convergence.

8.3 Quantifying Hair, Pelage, and Soil Coloration

In vertebrates, the visible color spectrum typically ranges from 400 to 700 nm (blue
to red) (Krupa and Geluso 2000). Therefore, it was used to measure the pelage and
soil coloration. A total of 123 specimens of C. talarum (TAL = 20), C. minutus
(MIN = 40), C. australis (AUS = 28), C. flamarioni (FLA = 35) from both field-
caught and taxidermized specimens from scientific collections of the following
institutions were used: Universidade Federal do Rio Grande do Sul (UFRGS),
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Universidad Nacional de Mar del Plata (UNMDP), and Museo Municipal de
Ciencias Naturales Lorenzo Scaglia (MCNLS) (Appendix). For each specimen,
three body regions were analyzed: dorsal, flank, and ventral, determined to infer
distinct selective pressures, since there are a differential influence on the individu-
al’s overall coloration (i.e., dorsal and flank are considered more relevant for evolu-
tion (see Linnen et al. 2009; Manceau et al. 2010)).

Quantification was obtained by the pixel densitometry method; the unit is defined
as Gray for the RGB (red, green, and blue) system. Samples (pelage and soil) were
photographed with the Munsell (X-Rite Inc.) universal color card to correct the
value obtained in relation to the standardized black and white estimates, using the
following formula:

Obtained Value — Black
White —Black

Calculated Color =

The photographs were analyzed using the software AxioVision version 4.8 (Carl
Zeiss Microimaging System Inc.); the central area was delimited using the outline
spline tool, and the densitometry values were individually generated for red, green,
and blue pixels. For each sample, three measurements were performed and averaged
for each pixel. Then, the global average of RGB pixels was calculated.

Microscopic slides were prepared for the dorsal, flank, and ventral regions of
each specimen, plucking 10 guard hairs per individual per region. Hairs were rinsed
in 50% ethanol and immersed in colorless enamel under the coverslip. Each slide
was photographed with a Sony® Cybershot DS20 camera attached to the Leica®
M125 stereoscopic microscope using the 0.8X magnification for the whole hair, and
10X for the terminal and subterminal band images. The photographs were analyzed
using the AxioVision, measuring hair width, and terminal and subterminal band-
width. Also, the densitometry values of the pigment deposited in the terminal and
subterminal bands were analyzed, zooming the same region analyzed (largest diam-
eter) for all species.

For habitat characterization, soil samples were collected along an 80 m-transect,
randomly delineated in each habitat. For C. flamarioni and C. minutus sampling was
placed in Xangri-ld (29°47'S; 50°01'W) and Osério (29°31'S; 50°32'W)
Municipalities, in southern Brazil. For C. australis and C. talarum, sampling sites
were located in Necochea Municipality (38°03'S; 57°49'W and 38°02'S; 57°56'W,
respectively), in Argentina. Soil samples were taken from the surface in every 10 m
of transects and stored in 15 ml tubes. Additionally, eight samples were randomly
taken from the burrowing system of each species for sampling comparison of under-
ground vs aboveground. A total of 64 samples were individually placed in Petri
dishes and dehydrated at 58 °C for 24 h. For plant coverage analysis, a specific area
was photographed in each sampling stations of C. minutus and C. flamarioni, using
a 1 m tape measure at the center of the image as a reference, in order to standardize
the area (I m?). The percentage of plant coverage was estimated using the Braun-
Blanquet method (1932). Previously published data from C. australis and C. tala-
rum were taken from Cutrera et al. (2010).
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Normal distribution of variables was tested using the Kolmogorov-Smirnov test,
which is suitable for small sample sizes (Steinskog et al. 2007). Also, the heteroge-
neity of variance was tested with Bartlets test. Most of the data fit in a normal curve;
however, significant heterogeneity variance was found. Thus, the data were treated
as nonparametric. For comparisons in dorsal, flank, and ventral regions for differ-
ences in the distribution (bandwidth) and density (color) of pigment deposited in
hair and pelage, the Kruskal-Wallis nonparametric test was used, followed by
Dunn’s multiple paired comparisons; the p-value (<0.05) was adjusted for multiple
comparisons using the Bonferroni. Also, this test was used to compare microhabitat
characteristics (soil coloration and plant cover) among species. To test the existence
of an association between soil and pelage (dorsal, flank, and ventral) color, a simple
linear regression analysis was used. Statistical analyzes were performed using the
software XLSTAT (Addinsoft). Results of bandwidth/hair width, densitometry anal-
ysis, and substrate color are presented using the box-plots graphical method, includ-
ing minimum and maximum values, mean, first, and third quartiles; other values are
presented as mean () + standard error (SE).

8.4 Phenotypic Variation: Pigment Distribution and Density

In the dorsal pelage, tuco-tucos have the agouti hair type, presenting the banding
pattern with black and yellow pigments alternately deposited (Fig. 8.4). In the flank
and ventral hairs, the terminal band is absent. FLA has almost no pigment in ventral
hairs; when present, it is composed only by pheomelanin. In the other three species,
hairs from the flank and ventral regions have two-band patterns (subterminal and
base), with pheomelanin in a lower density. Differences in the width of the terminal
and subterminal bands were observed between light and dark phenotypes (Figs. 8.4,
8.5, and 8.6). TAL and MIN have the proportional widest terminal band and the
shortest subterminal band in dorsal hairs; conversely, AUS and FLA present propor-
tionally shortest terminal width and widest subterminal band in such region
(Fig. 8.6). Contrary, the subterminal band in flank and ventral hairs did not vary
significantly (also in proportion) between light and dark phenotypes (Fig. 8.6).

Differences in dorsal pelage coloration were identified among species of tuco-
tucos, also within the light and dark phenotypes (Fig. 8.7): TAL and MIN presented
significantly higher pigment density compared to AUS and FLA. Thus, TAL repre-
sents the darkest phenotype, whereas FLA the lightest. In the flank, the dark pheno-
types significantly differ to the light ones; within phenotypes, differences were
found only for light pelages (Fig. 8.7). In the ventral region, there were no signifi-
cant differences between light and dark phenotypes (TAL, MIN, AUS). However,
FLA showed marked distinction to all other species (Figs. 8.4 and 8.7). Significant
differences in the pigment density within the terminal band were found between
phenotypes (Fig. 8.7): dark species presented lower values compared to light ones.
Similarly, dark phenotypes had distinct values for the subterminal band compared
to the light ones.
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Fig. 8.4 Schematic representation of Ctenomys dorsal, flank, and ventral hairs, in scale. TAL,
C. talarum; MIN, C. minutus; AUS, C. australis; FLA, C. flamarioni

These results suggest a remarkable influence of the density deposited in the ter-
minal and subterminal bands on the overall coloration of an individual. Accordingly,
the greatest functionality is supposed for the dorsal region in comparison to the
flank (that is less intense) reinforced by the small variation. Results of pigment
density in the ventral hairs corroborated this hypothesis, since no significant differ-
ences were found for the subterminal band and overall coloration between light and
dark phenotypes (Fig. 8.7). Since the ventral region is relatively less exposed, the
widest range of variation found might result from selective pressure relaxation. To
test this assumption, the variances were estimated in several parameters analyzed
(e.g., terminal and subterminal bandwidth, total hair width, pigment density within
the terminal and subterminal bands in dorsal, flank, and ventral regions); eight of
them presented heterogeneity among species. Not surprisingly, most occurred in
parameters taken from the flank and ventral regions. In the dorsal, the terminal
bandwidth shown the lowest values in light phenotypes. The dark phenotypes
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Fig. 8.5 Box-plots representing variability found in the terminal band (a), the subterminal band
(b), and total hair (¢) width in the four Ctenomys species: TAL, C. talarum; MIN, C. minutus; AUS,
C. australis; FLA, C. flamarioni, showing the mean and first and third quartiles. Different letters
over the box-plot indicate statistical significance between species, within each body region ana-
lyzed (dorsal, flank, and ventral). The colors indicate the phenotypes (see Fig. 8.2 and inlet sche-
matic legend)
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Fig. 8.6 Box-plots
representing variability
found in the proportional
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(b) in the species of
Ctenomys: TAL,

C. talarum; MIN,

C. minutus; AUS,
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C. flamarioni, showing the
mean, and the first and
third quartiles. Different
letters over the box-plot
indicate statistical
significance between
species, within each body
region analyzed (dorsal,
flank, and ventral). The
colors indicate distinct
phenotypes (see Fig. 8.2
and inlet schematic legend)
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showed 4-10 times the greatest variance compared to light for terminal bandwidth;
therefore, the variation might be constrained in markedly cryptic light phenotypes,
suggesting greater selective pressure (Table 8.1). Contrary, in the densitometry
parameter the subterminal band showed similar variance in light and dark pheno-
types, thus indicating less influence on the overall coloration comparatively to the
terminal bandwidth. Significant differences in soil coloration were found between
the two habitats (Fig. 8.8). No significant differences were observed between sur-
face and burrow soil samples within sandy fields (TAL, P = 0.48; MIN, P = 0.35)
and dunes (AUS, P = 0.06; FLA, P = 0.06), allowing sufficient representativeness
of samples from transects. Similar to dorsal coat color, soil from TAL microhabitat
had a higher density (i.e., lower values), whereas for FLA indicated the lowest den-
sity (i.e., higher values) (Table 8.2).

Additionally, linear regression analysis indicated a strong association (R* = 0.87;
P < 0.001) of soil with dorsal and flank coat-color (R*=0.71; P < 0.001), and mod-
erate association with ventral (R*> = 0.57; P < 0.001), which is mainly influenced by
FLA pelage values in relation to other species (Fig. 8.9). For plant coverage, two
markedly distinct groups of values were recovered, one representing sandy fields
and the other sandy dunes (Table 8.2). Estimates from sandy fields were twice as
high as those in sandy dunes, and did not differ significantly (P > 0.05) between
similar microhabitats (Table 8.2).

8.5 Cryptic Coloration in Ctenomys

Tuco-tucos have a predominantly fossorial habit; though they are also active aboveg-
round, particularly foraging in close to burrows (Comparatore et al. 1991; Busch
et al. 2000). In particular, a high frequency of mobility was described for TAL
(Busch et al. 1989), AUS (Vassalo et al. 1994), and FLA (Ferndandez-Stolz et al.
2007; Stolz 2006). Contrary to Spalax, in which aboveground exposure is recog-
nized as accidental (Heth 1991), the regular activity in open areas indicates that
predation might be more common in Ctenomys than any other subterranean lineage.

Ctenomids are often preyed on by several vertebrates, for example, burrowing
owl (Athene cunicularia), pampas fox (Pseudalopex gymnocercus), lesser grison
(Galictis cuja), white-eared opossum (Didelphis albiventris), Molina’s hog-nosed
skunk (Conepatus chinga), small hairy armadillo (Chaetophractus vellerosus), and
Neuwied’s lancehead (Bothrops neuwidi) (Busch et al. 2000).

Specifically, TAL and AUS represent 16% and 2%, respectively, of owl prey
items (Athene cunicularia, Asio flammeus, and Tyto alba) (Vassalo et al. 1994), and
such difference is attributed to markedly distinct body sizes (TAL ca. 118 g and
AUS ca. 360 g). Predation in AUS occurred predominantly in subadult individuals,
likely due to constrain of the predator in carrying out the prey (Vassalo et al. 1994).
However, there is no data on the influence of cryptic behavior in these, or any other,
Ctenomys species preventing predation (i.e., differential survival), linking to micro-
habitat selection.
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Table 8.1 Analysis of significant variance among Ctenomys talarum (TAL), Ctenomys minutus
(MIN), Ctenomys australis (AUS), and Ctenomys flamarioni (FLA) for different hair and pelage
parameters

Parameter Species Var. Xcale P
Terminal width — dorsal 45.72 <0.001
TAL 8.24
MIN 26.16
AUS 1.19
FLA 2.83
Total hair width — ventral 31.46 <0.001
TAL 269.22
MIN 528.77
AUS 191.98
FLA 28.29
Subterminal band width — flank 9.10 0.02
TAL 22.25
MIN 28.27
AUS 31.85
FLA 76.89
Subterminal band width — ventral 7.92 0.04
TAL 15.31
MIN 1541
AUS 4.68
FLA 8.83
Subterminal band densitometry — dorsal 9.38 0.02
TAL 16.85
MIN 57.85
AUS 55.32
FLA 25.74
Subterminal band densitometry — flank 9.10 0.02
TAL 22.25
MIN 28.27
AUS 31.85
FLA 76.89
Subterminal band densitometry — ventral 7.92 0.04
TAL 15.31
MIN 15.41
AUS 4.68
FLA 8.83
Pelage densitometry — flank 16.58 0.001
TAL 211.99
MIN 27.93
AUS 132.68
FLA 123.96
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Fig. 8.8 Association of
the color of the soil with an
appearance in the species
of Ctenomys: TAL,

C. talarum; MIN,

C. minutus; AUS,

C. australis, FLA,

C. flamarioni. (a)
Box-plots representation of
the variability found in the
color of the soil (filled
boxes) and dorsal pelage
(non-filled boxes), showing
the mean, and first and
third quartiles. Different
letters on the box-plot
indicate statistical
significance between
species, within a given
analyzed body region. The
colors indicate distinct
phenotypes (see Fig. 8.2
and inlet schematic legend)
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Table 8.2 Estimates of mean =+ standard error of soil color and plant cover in the microhabitats of
C. talarum (TAL), C. minutus (MIN), C. australis (AUS), and C. flamarioni (FLA)

Sandy fields Sandy dunes Kruskal-Wallis
TAL MIN AUS FLA Kops P
Soil coloration | 58.14 £2.00 |70.77 £ 1.78 |82.03 £ 1.37 |111.06 £0.85 | 53.37 |<0.001
Plant cover 57.18 £16.12 | 60.50 + 12.31 | 25.31 £ 17.36 | 30.50 + 10.72 | 43.56 | <0.001
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Fig. 8.9 Linear regression 150
of soil color by coat color.
The circles represent
Ctenomys talarum and
Ctenomys flamarioni, and
the triangles Ctenomys
minutus and Ctenomys
australis. The colors
indicate the phenotypes
(see Fig. 8.2)
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Soil coloration

This study characterizes, for the first time, hair, pelage, and soil coloration in
tuco-tucos. Specifically, data on distribution and density of pigment deposited in the
terminal band of dorsal hairs highlights the biological relevance of such region also
in this lineage. The smallest variances were found in the light phenotypes; therefore,
dorsal coloration of AUS and FLA might be more restricted to vary. Accordingly,
subtle changes in coat-color in these two species might contrast in pale dunes that
present low plant cover (i.e., more exposed area), making them more susceptibility
for predation capture, which remains to be tested. These species have the highest
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dispersion rates in the genus (Stolz 2006; Vassalo 1998; Garcias et al. 2018), rein-
forcing the importance of cryptic behavior, assuming intense selective pressure in
this system. In contrast, the widest range of variation was found in TAL and MIN,
which may reflect the complexity of microhabitat with the highest plant cover,
favoring camouflage despite an individual’s overall coloration. Consequently, subtle
changes in coloration of these dark phenotypes are unlikely to have an intense effect
on differential survival. Moreover, a relevant aspect in MIN is the empirical obser-
vation that young individuals (2-3 months old) are lighter in color than adults
(Fonseca 2003).

This corroborates the hypothesis of local adaptation, whose function is to protect
young specimens that, in general, are the main target of predation (Vassalo et al.
1994; Lacey 2000). Although the species pairs occur in allopatry with areas of sym-
patry (Kubiak et al. 2015), they clearly present microhabitat selection, differing in
relation to soil hardness, plant biomass, and plant cover (Vassalo 1998; Cutrera
et al. 2010; Kubiak et al. 2015). AUS has a larger body size (Busch et al. 2000) and
inhabits less resistant soils, whose primary productivity is reduced (Cutrera et al.
2010). Contrary, TAL occurs in rigid soils with dense and diverse plant cover
(Malizia et al. 1991).

Previous studies have shown that the excavation energy cost is similar in these
species, even in different soil types (Luna and Antinuchi 2007). Therefore, energy
expenditure does not seem to be the main factor that might explain soil selection by
TAL and AUS. Similarly, FLA inhabits less resistant sandy soils than MIN, and
excavator activity and soil composition have non-significant differences between
phenotypes (Rebelato 2006; Kubiak et al. 2015). Thus, the association in soil color-
ation with dorsal pelage observed suggests that crypsis is a potential factor influenc-
ing habitat dependence, with coat coloration being a significant variable, prior to
selection by excavation activity and/or soil composition. Accordingly, each species
might be constrained to its corresponding micro habitat due to the disadvantage of
contrast with the background, especially given their high activity aboveground.
Therefore, the similarity of ecological niches occupied by TAL-MIN and AUS-FLA
are shreds of evidence of repeated local adaptation in dynamic habitats (e.g.,
Southern Brazil Coastal Plain; Tomazelli and Villwock 2000), in which population
ecology and demography vary in time and space. In this context, the fixed ecologi-
cal factor responsible for maintaining these local adaptations is potentially differen-
tial survival.

8.6 Convergent Evolution

AUS and FLA belong to the Mendocinus species group, defined by morphological
characteristics (e.g., asymmetric sperm), karyotype (2n = 47-48; similar G and C
band patterns), and molecular data (Castillo et al. 2005; D’Elia et al. 1999; Freitas
1994; Lessa and Cook 1998; Massarini and Freitas 2005; Parada et al. 2011; Chapter
2, this volume). Such similarity of characters has raised questions such as whether
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these two species, recognized as phylogenetically close related, share the same most
recent common ancestor (Freitas 1994, 1995a; Fernandez-Stolz 2007; Malizia et al.
1991; Mora et al. 2006). Comparative assessment of skull morphology revealed
significant morphological differences (Fornel 2009; Massarini and Freitas 1995,
2005; Travi and Freitas 1984). Then, it was suggested that FLA might have split
from an ancestral form from Argentina, by migration, isolation, and further differ-
entiation of AUS (Freitas 1994; Massarini and Freitas 2005). This migration would
have occurred in the Pleistocene when the coastal plain was under arid conditions,
approximately 100 km wider than at present; thus, the River Plate was not a relevant
geographical barrier (Corréa et al. 1992). However, current evolutionary analysis of
the Mendocinus group place AUS closer to C. mendocinus (Parada et al. 2011). In
this context, the convergence observed in AUS and FLA in terms of body size and
light coloration might represent repeated evolution in the occupation of coastal
environments instead of the strict retention of an ancestral character (Fig. 8.10).
Interestingly, a pale pelage coloration is found in museum specimens of C. men-
docinus deposited in the Museum of Vertebrate Zoology (see Fig. 8.1). The
Mendocinus species group might have a common genetic background that underlies
the quality and quantity of pigment deposited in the hair, which should be fur-
ther investigated. Since the phenotypic variation of C. mendocinus is intraspecific,
it is a candidate species to explore the hair pattern together with the Agouti gene in
populations of both forms, to understand the genetic basis of this adaptive pheno-
type in Ctenomys.

The increase in the subterminal band (and consequent reduction in the terminal
band) of the hair, as well as the lower pigment density, provide the dilution of the
overall color of the individuals, making them paler (i.e., the blond color of AUS and

-

|australis| [mendocinus| [flamarioni] [rionegrensis|

Fig. 8.10 Variation of pelage color within the mendocinus species group under a phylogenetic
context (for details see D' Elia et al. Chapter 2, this volume), including Ctenomys australis,
Ctenomys flamarioni, Ctenomys mendocinus and Ctenomys rionegrensis. Phenotypes observed
are: blond (australis and mendocinus), brown (mendocinus and rionegrensis), pale blond (flamari-
oni), dark-backed (rionegrensis) and melanic (rionegrensis)
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FLA) (Fig. 8.9). However, there are significant differences at fine-scale between
light phenotypes. AUS has a dark-blond pelage compared to FLA, whose corre-
spondence is directly reflected in its darker soil. Thus, the data generated in this
study indicate convergent mechanisms of crypsis in the same ecological context.
Similarly, the data showed parallel evolutionary trajectories in the generation of
dark phenotypes in TAL and MIN. These species are phylogenetically distant
(Parada et al. 2011), and converge in terms of body size, microhabitat, coat-color,
and soil. Interestingly, mechanisms used to generate dark phenotypes are identical:
increased eumelanin distribution at the tip of the hair (longer terminal width), and
pheomelanin density in the subterminal band. These two small changes generate
potentially advantageous phenotypes on dark soils, in which small variation is
linked to the ability to turn into cryptic in a more complex environment.

8.7 Final Remarks

The determinants of color patterns in animals are still poorly understood, but three
main functions are suggested: intraspecific communication, predator avoidance, and
thermoregulation (Endler 1978). Tuco-tucos have a predominantly solitary habit
and rarely are in direct contact with other individuals of the same species, suggest-
ing that chemical and vocal communication rule the reproductive behavior in these
animals (Francescoli 1999; Zenuto et al. 2004). Thus, it is assumed that coloration
has little significant involvement in communication. Conversely, the results of this
study suggest that pelage phenotypes of TAL, MIN, AUS, and FLA have an evolu-
tionary significance of predator evasion, possibly also contributing to better thermo-
regulation (see Cutrera and Antinuchi 2004). The function of cripsis is reinforced by
the differences in coat color in each of the four species, converging in parallel to two
groups: light and dark phenotypes. Also, additional support comes from the strong
association between Ctenomys dorsal pelage and soil coloration. Differences in
plant cover of the four habitats corroborate this hypothesis, as they also show varia-
tion at the macroecological level, contributing to a fine-tuning of unique local adap-
tation of each species. Thus, the data allow to propose that natural selection may be
the main evolutionary factor responsible for convergence in tuco-tucos. The exis-
tence of specific areas of sympatry in the distributional range of TAL-AUS (Reig
et al. 1990; Contreras and Reig 1965) and MIN-FLA (Freitas 1995a; Kubiak et al.
2015) led to ask how the cryptic phenotypes behave when in contrasting habitat
background, i.e., when opportunistically the dark phenotype occupy the sandy
dunes, and light phenotype the sandy fields. The recent discovery of hybrids between
FLA and MIN (Kubiak et al. 2015, 2020) reinforce the existence of admixture
between phenotypes and habitats. Do the color phenotypes in contrasting soils have
disadvantage comparatively to the cryptic ones? Will the disadvantage, if it exists,
be higher in open habitats than in plant-covered fields? Quantitative studies involv-
ing controlled experiments, particularly using these natural laboratories of sym-
patry, are fundamental to evaluate rates of predation (i.e., prey capture) associated
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with cryptic behavior in these species, which will clarify the effect of coloration on
the differential survival of adaptive phenotypes.
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Appendix

Ctenomys specimens used:

C. talarum: UNMDP4; UNMDPS5; UNMDP6; UNMDP7; UNMDPS8; UNMDPO9;
UNMDP10; UNMDP11; UNMDPI12; UNMDPI13; UNMDPI14; UNMDPI5;
UNMDP16; UNMDP17; MCNLS 93-1; MCNLS 93-3; MCNLS 93-2 UNMDP;
MCNLS. C. minutus: TR579; TR639; TR640; TR641; TR642; TR643; TR644;
TR645; TR646; TR647; TR648; TR649; TR650; TR651; TR652; TR653; TR654;
TR655; TR656; TR657; TR1201; TR1202; TR1203; TR1207; TR1212; TR1219;
TR1220; TR1221; TR1222; TR1225; LAMI2; TR1125; TR1126; TR1128; TR1129;
TR1130; TR1132; TR1133; TR1137; TR1231; C. australis: UNMDP 1-1; UNMDP
1-2; UNMDP 1-3; MCNLS 81-1; MCNLS 82-22; MCNLS 82-67; MCNLS 82-68;
MCNLS 82-69; MCNLS 82-71; MCNLS 82-238; MCNLS 82-239; MCNLS
82-240; MCNLS 82-241; MCNLS 82-242; MCNLS 82-243; MCNLS 82-244;
MCNLS 82-245; MCNLS 84-20; MCNLS 84-23; MCNLS 1-737; MCNLS 1-740;
MCNLS 1-1044; MCNLS 1; MCNLS 2; MCNLS 4; UNMDP 37; UNMDP 38;
UNMDP 39, UNMDP; MCNLS; C. flamarioni: PUC278; TR449; TR473; TR474;
TR475; TR477; TR482; TR483; TR488; TR491; TR493; TR495; TR496; TR497;
TR500; TR1152; TR1153; TR1154; DZRS01; G123; PUC408; TR476; TR478;
TR479; TR480; TR484; TR485; TR489; TR490; TR494; TR498; TR499; TR1271;
TR1272; TRNI1, TRNI2.
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