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Abstract

We characterized the body size (as snout-vent length), age, sexual size dimorphism, and growth rate in a population of one of the
larger riparian frog from Madagascar (Mantidactylus grandidieri) from a rainforest patch close to Vevembe, SE Madagascar. We
identified a significant female-biased sexual size dimorphism. Age was estimated using phalangeal skeletochronology and was signi-
ficantly higher in females than in males. Modal age class turned out to be 4 years in both sexes but a large percentage of adult females
(75%) fell in the 5-6 years-old classes, while no male exceeded 4 years. We here report M. grandidieri as a medium-long-lived anu-
ran species. Von Bertalanfty’s model showed similar growth trajectories between the sexes although the growth coefficient in females
(k= 0.335) was slightly but not significantly higher than in males (k = 0.329).
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Introduction possibly described (Glaw and Vences 2007; Vieites et al.

2009; Perl et al. 2014), making this large island one of

Madagascar is renowned for being one of the most im-
portant spots in the world for amphibian diversity (Vie-
ites et al. 2009; Perl et al. 2014; Brown et al. 2016) and
a model region to study biological evolution and spatial
ecology at different taxonomic levels (Mezzasalma et
al. 2016; 2017a, b). More than 350 endemic species are
known from there (AmphibiaWeb 2018), and another 200
candidate species still need to be thoroughly assessed and

the priority places for amphibian conservation (Andreone
et al. 2005; 2008; Andreone and Randriamahazo 2008a).
Unfortunately, a large portion of Madagascan pristine
habitats were (and continue to be) subject to increasing
environmental alterations which include deforestation,
habitat fragmentation, landgrabbing, and human land use
intensification (Harper et al. 2007; Allnutt et al. 2008).
The majority of Malagasy amphibians live along the east-
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ern and northeastern rainforest belt (Brown et al. 2016;
Andreone et al. 2018), although comparatively many spe-
cies occur also in the most arid areas of the west and south
of the island (Andreone et al. 2013; Cocca et al. 2018).

Among the endemic frog species of Madagascar only a
few are subject to foraging for food and may offer a use-
ful protein income for Malagasy people, especially those
living in rural areas. These consist of some large mantel-
lid species of the genus Mantidactylus (subgenus Man-
tidactylus), Boehmantis microtympanum, and Boophis
goudoti, and the introduced dicroglossid species Hoplo-
batrachus tigerinus. In particular, some riparian Manti-
dactylus species are regularly hunted by local people for
bush-meat purposes (Andreone 2003). Frogs are usual-
ly collected overnight when local people also search for
other supplementary food, such as crabs, crayfish, eels,
tenrecs, frugivore bats, and lemurs. Frogs are generally
directly consumed by the collectors and their families,
although they are sometimes sold to restaurants where
they are cooked and offered under the name of “cuisses
de nymphes” (Andreone et al. 2007). As a consequence of
this, Mantidactylus grandidieri, M. guttulatus and a few
other closely related lineages of the Mantidactylus subge-
nus which still need to be taxonomically assessed (Glaw
and Vences 2007; Vieites et al. 2009; Perl et al. 2014)
are among the few Malagasy species bearing a Malagasy
common name (“radaka” or “radakabe’).

Frogs belonging to the subgenus Mantidactylus are
crepuscular or nocturnal, riparian and semi-aquatic frogs,
with little-known breeding habits. Indeed, the ecology
of most amphibian species of Madagascar is still largely
under-reported (Andreone and Randriamahazo 2008a, b;
Andreone et al. 2012; 2016). So far, skeletochronology
has been used to infer some ecological data and formu-
late hypotheses on age and growth in some Malagasy am-
phibian species (e.g.: Guarino et al. 1998, 2010; Tessa et
al. 2007, 2011, 2017; Andreone et al. 2011). This method
represents one of the most reliable tools to estimate de-
mographic life-history traits of amphibians and other ver-
tebrates in the wild (Castanet et al. 1993; Smirina 1994,
Sinsch 2015; Sinsch and Dehling 2017), which can pro-
vide valuable information for conservation management
purposes. The current study aims to use this method to
investigate the age structure, body size, sexual size di-
morphism and growth rate in a population of Mantidac-
tylus grandidieri.

Material and methods

Frogs were searched overnight and collected during a
survey carried out in October 2007 in a rainforest patch
close to Vevembe (South East of Madagascar, Vondro-
zo District, Atsimo—Atsinanana Region; coordinates:
22°47'53"S, 47°11'89"E). After capture, each individu-
al was sexed by observation of secondary sexual char-
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acters (SSC): females are larger and fatter, while males
present much more developed femoral glands. Juveniles
were recognised by their smaller size and reduced devel-
opment of their femoral glands. Our sampling coincided
with the beginning of the wet season; this corresponds to
the reproductive period when the species is more easily
encountered in the field and when SSC are more evident.
However, we further confirmed our field sex determi-
nation upon the analysis of a few preserved individuals
housed in Museo Regionale di Scienze Naturali (MRSN,
Torino, Italy). Individuals were measured for their snout-
vent length (SVL) using a vernier caliper with an accu-
racy of 0.1 mm. For this study, we analysed 15 males
(SVL range: 63—78 mm), 15 females (SVL range: 74—88
mm) and 4 juveniles (SVL range: 52-58 cm). From each
individual the 3% toe of the left/right foot was clipped at
the level of the second phalanx and stored in 75 % eth-
anol. Standard laboratory procedures of paraffin embed-
ding and sectioning by means of rotary microtome were
performed to prepare phalanges for the skeletochrono-
logical analysis (Guarino and Erismis 2008; Liu et al.
2012; Sinsch 2015). We removed from each finger the
skin and muscle to isolate the second phalanx, which was
subsequently decalcified in 5% nitric acid for 1.5-2 h ac-
cording to the size of the sample. Phalanges were subse-
quently washed in running tap water for 12 h, dehydrated
through a series of graded ethanol baths, cleared with a
terpene of natural origin (Bioclear, Bio Optica, Milan, It-
aly) and embedded with molten paraffin (60 °C). Phalan-
geal cross-sections (12 pm thick) were obtained using a
standard rotative microtome (Reichert—Jung/Leica 2045,
Germany) and were stained with Mayer’s Hematoxylin
for 30 min. Stained sections were examined using a Mot-
ic BA340 compound light microscope, equipped with a
digital camera.

The count of the lines of arrested growth (LAGs) was
performed independently by two of us (FMG and FA)
on at least ten sections per individual and without pri-
or knowledge of the SVL and sex of the analysed indi-
vidual. Based on the microclimatic features of the sam-
pling area, we assumed that one LAG is formed per year
during the cooler and dry period (April-October) when
temperature, rainfall and food availability decrease. In
case of discrepancies between independent LAG counts,
the sections were read again until a final consensus was
reached. We selected sections with the smallest medullar
cavity and widest periosteal bone to reduce the effects
of endosteal resorption, which sometimes leads to the
total resorption of the innermost LAGs (Castanet et al.
1993). The rate of endosteal resorption was estimated by
a back calculation method, comparing the perimeter of
the bone outer margin of the smallest (and presumably
also youngest) frogs with that of the reversal line (the
resorption line between endosteal and periosteal bone)
of large-sized frogs (Guarino et al. 2008, 2014). Growth
trajectories were estimated using non-linear regression
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according to Von Bertalanffy’s model, as generally used
in demographic studies on amphibians (e.g., Hemelaar
1988; Miaud et al. 1999; Guarino et al. 2011). We used
the following general equation: SVL = SVL (1 — 1)
where SVL, is the body length at age #; SVL is the es-
timated maximum body length; e the base of the natu-
ral logarithm; £ is the growth coefficient that defines the
shape of the curve; 7, is age at metamorphosis (0.3 years),
which in amphibians represents the starting point of the
growth interval. We considered 16 mm as the mean size
at metamorphosis, which was calculated based on direct
observations and by analysing preserved specimens (n =
5) currently stored in the MRSN herpetological collec-
tion. SVL , k, and their asymptotic confidence intervals
(CI) were calculated using Growth II software (Hender-
son and Seaby 20006).

Sexual size dimorphism (SSD) was calculated using
the size dimorphism index (SDI) (Lovich and Gibbons
1992), as follows: SDI = (mean length of the larger sex
/ mean length of the smaller sex) + 1. This index arbi-
trarily gives +1 if males are larger than females, defining
the result as negative, and —1 if females are larger than
males, defining the result as positive. Statistical anal-
ysis was performed using PAST software version 3.22
(PAST 2013) (Hammer et al. 2001). Significance was set
at level of P < 0.05.

Results

Well-defined LAGs were observed in all phalange-
al cross sections for both adults and juveniles (Fig. 1).
Marked remodelling phenomena were found only in
the larger-sized, presumably older, individuals. Howev-
er, the osteometric analysis revealed that the first LAG
was completely removed by endosteal resorption in five
adults only (all females). As a result, the age estimate in
these animals was corrected by adding one LAG to those
visible in our sections. False lines, which are incomplete
and only faintly hematoxynophilic, were not present in all
the examined phalanges and in any case they were eas-
ily differentiated from true LAGs. Double lines, which
appear as two very closely adjacent twin lines (Castanet
et al. 1993), were rarely observed and counted as single
LAG according to other studies. Table 1 shows body size
values and estimates of individual age, assuming that
each LAG corresponds to one year. Estimated age ranged
2-3 years in juveniles, 3—4 years in males and 4—6 years
in females. Both SVL and age mean were significantly
higher in females than in males (Student’s t-test, SVL: t
=-5.027, df =28, P <0.001; age: t =—-0.459, df = 28, P
<0.001). Modal age class was 4 years in both sexes but a
large percentage of adult females (75%) fell into the 5 to
6-year-old classes, while no male exceeded 4 years (Ta-
ble 2). SDI was equal to 0.14 when calculated for 4-year-
old class and 0.11 for the whole sampling, respectively.

The occurrence in the studied population of 3-year-old
males with developed SSC and of 4-year-old females
suggests that males reach sexual maturity one year earlier
than females. In both sexes the body size was positively
and significantly correlated to the age of the individual
(Spearman’s rank test: males D = 160, r = 0.66, P = 0.006;
females, D = 208, r= 0.60, P < 0.01). The ANCOVAs
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Figure 1. Representative phalangeal cross sections of two in-
dividuals of the analysed population of Mantidactylus grandi-
dieri from a rainforest close to Vevembe (South East Mada-
gascar). A) Male 63 mm of SVL. B) Female 81 mm of SVL.
Arrows indicate lines of arrested growth (LAGs) as identified
in this study. In B) the third hematoxynophilic line (empty cir-
cle) was interpreted as accessory (intermediate) line caused by
a non-annual event. Scale bar: 170 um.
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Figure 2. Von Bertalanffy growth curves for males (closed
square, black line) and females (empty circle, dotted line) in the
analysed population of Mantidactylus grandidieri from a rain-
forest patch close to Vevembe (South East Madagascar). Open
triangles were used for juveniles. The empty square represents
the frog mean SVL at metamorphosis (here set to 16 mm). On the
inset is a picture of an adult Mantidactylus grandidieri from the
studied population. Growth parameters are reported in the text.

analysis showed that the difference in body size between
sexes was not significant, (F, . =4.02. P = 0.052) using
age as a covariate.

Von Bertalanffy’s model showed that the growth tra-
jectories in males and females are identical (Fig. 2) and
there is no significant difference between the sexes for
the growth coefficient k (males, k = 0.335 = 0,024; fe-
males, k =0.329 £ 0.015). On the other hand, the estimat-
ed asymptotic body size of females (SVLasym + CI: 96.6
+ 1.1 mm) was significantly higher than that of males
(SVLasym = CI: 93.1 £ 2.3 mm).

1,28
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Table 1. Body size, measured as SVL (in mm) and age (in year,
assessed by LAGs counting) of the analysed population of Man-
tidactylus grandidieri from Vevembe. For each parameter, mean
+ standard deviation (SD), and min and max value (range) are
reported; n, number of studied individuals.

n meant SD range

Juveniles 4 SvVL 55+3 52-58
Age 22+01 2-3

Males 15 SVL 72+5 63-78
Age 37+0.4 3-4

Females 15 SVL 79 £ 4 74-88
Age 4.8+ 0.7 4-6

Table 2. Number of juveniles, males and females for each age

class.
Age class (years)
n
2 3 4 5 [
Juveniles 4 3 1 0 6] 6]
Males 15 0 1 0 0
Females 15 o] o] 6 6 3
L] .
Discussion

The observed maximal longevity of M. grandidieri
turned out to be 4 years in males and 6 years in females.
This result poses this species in an intermediate position
among the Malagasy anurans studied so far (see Guarino
et al. 2014; Tessa et al. 2017), being older than the small-
size species, such as those belonging to the genus Man-
tella and of Scaphiophryne gottlebei (all reaching 1-3
years; Guarino et al. 2010; Andreone et al. 2011; Tessa
et al. 2017), but having a shorter observed life span than
other species of aproximatively equal body size, such as
the tomato frogs (Dyscophus antongilii and D. guineti)
whose males reach 6—7 years and females 11 years (Tes-
sa et al. 2007). In treefrog of Boophis tsilomaro males
can reach 11 years (females were not studied; Andreone
et al. 2002), while in Boehmantis microtympanum the
maximum observed age was of 7 years (Guarino et al.
1998). Taking into account that M. grandidieri probably
reaches sexual maturity at 3 years it is surprising that the
observed maximum longevity is only of 1-2 years more.
Although we do not have empirical data to support this,
we cannot exclude that our results might be biased by the
intense collecting activity towards larger (and, in general,
older) individuals (as observed in Jenkins et al. 2010),
thus potentially affecting the age structure of the popula-
tion that we characterised.

In amphibians, the females mostly exceed the males
in body size, with 90% of anurans and 61% of urodeles
showing a female-biased dimorphism (Shine 1979; Re-
inhard et al. 2015). Our study confirmed a sexual di-
morphism markedly shifted towards females also in M.
grandidieri. Large size is likely positively selected in
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females, being usually correlated with fecundity (larger
individuals lay a higher number of eggs), although many
amphibians exhibit a female-biased dimorphism in body
size regardless of their reproductive mode (Reinhard et
al. 2015). Unfortunately, we cannot test such a hypothesis
for M. grandidieri, since data on its fecundity is current-
ly lacking. The growth patterns exhibited by M. grandi-
dieri, with males and females attaining sexual maturity at
different ages, suggest a reduced growth after maturity,
and indicate that females have a delayed sexual maturi-
ty, reaching a larger asymptotic size. This is consistent
with the “Model 2” described by Hasumi (2010) for the
growth patterns in indeterminate growing vertebrates. In
this model, the difference between the sexes on pre-mat-
urational growth can likely result in sexual size dimor-
phism.The overestimates of the asymptotic SVL may
result from the scarcity of small-bodied sexually mature
individuals in our data set (Brown et al. 1999).

Further studies are needed to obtain a more exhaus-
tive overview of the age structure trends in Malagasy am-
phibians. As outlined by Tessa et al. (2017), this could be
easily obtained by analysing preserved specimens hosted
in museum collections, or even by using clipped toes ob-
tained during other kinds of studies. These data provide
valuable information on species life history, which are
vital components in order to develop more efficient con-
servation measures, as stressed in the New Sahonagasy
Action Plan for the conservation of the amphibians of
Madagascar (Andreone et al. 2016).
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