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DOES TESTOSTERONE CORRELATE WITH THE APOSEMATIC SYNDROME
IN AMAZONIAN POISON FROGS?
ABSTRACT
Aposematic syndrome describes a complex phenotypic integration, which involves an antipredator strategy (aposematism) and concomitant variation in phenotypic, behavioural and
physiological traits like body size, diet specialization and metabolic rate. However, a
functional base must connect the behavioural and phenotypic traits related with the
aposematic syndrome with the genes of each individual. Here we propose that testosterone
could be this functional connection, keeping in mind that it is the product of environmental
and genes interaction, and it targets over cells and tissues of structures related with
phenotypic and behavioural traits related to aposematic syndrome. In this study we aimed
to test the correlation between phenotypic traits related with aposematic syndrome and
testosterone concentration in four syntopic species of Amazonian dendrobatids. We did not
find any relationship between phenotypic and behavioural traits defining an aposematic
syndrome namely, locomotor performance, wariness, toxicity and colour conspicuousness
in these four species, suggesting that there is no evidence of aposematic syndrome.
However, differences exist at least in colour conspicuousness, toxicity and wariness,
between these species. Additionally, the testosterone concentration does not seem to affect
the phenotypic and behavioural traits related to the aposematic syndrome. These results
indicate that, neuroendocrine basis are not given by testosterone and suggest a complex
integration of many hormones. Moreover, our results do not show evidence of aposematic
syndrome in a minor scale (4 species). Finally, we report the existence of toxicity in nonconspicuous species and support of a case of Müllerian mimicry rather than Batesian
mimicry.

INTRODUCTION
Recently, evolutionary ecologist described a behavioural syndrome as a group of correlated
behaviours, which reveal consistency in individual behaviour across multiple situations
(Sih et al., 2004). Specifically, the aposematic syndrome describes both an anti-predator
strategy that combines warning signals and secondary defences (Poulton, 1890; Ruxton et
al., 2004), and concomitant variations in other physiological and ecological traits, such as
locomotor performance, foraging behaviour and diet specialization. In particular, the
aposematic syndrome enables animals to be more exposed and thereby to adopt more active
foraging strategies (Speed et al., 2010). This has been described in many invertebrates (e.g.
hymenopterans, spiders, lepidopterans, coleopterans), fishes and in at least four families of
anuran amphibians (Przeczek et al., 2008; Santos, 2012, Komárek, 1998).
In dart-poison frogs (Dendrobatidae family), aposematism evolved multiple times across
different lineages and combines conspicuous coloration as a warning signal and the
presence of skin toxins related to diet specialization (Santos et al., 2003; Saporito et al.,
2009). However, other species of the same family have cryptic colorations, which reduces
the risk of been detected, and high escape speed which decreases the probability of being
attacked by predators, by being more wary (Lüddecke, 1999). Other traits like alkaloid
sequestration ability, body size, locomotor performance and metabolic rate are allegedly
related to aposematism and this suggests a complex network of phenotypic integration
(Santos & Cannatella, 2011).
A functional base must connect those behavioural and phenotypic traits with the genes of
each individual, being inheritable and moulded by natural selection. Possible, this
functional connection is a neuroendocrine mechanism for behavioural syndromes, keeping

in mind that hormones are product of the interaction between genes and environment, and
usually acts over tissues and structures of the correlated phenotypic traits (Sih et al., 2004).
Here we propose that androgens such as testosterone could be this functional connection
involved in this complex network of phenotypes, which defines the aposematic syndrome,
for the reasons mentioned below.
In amphibians, some morphological, ecological and physiological traits related to
aposematism like body size, locomotor performance and metabolic rate are modulated by
neuropeptides and hormones (Woodley, 2010). For instance, high levels of androgens in the
blood have a positive effect on the dopaminergic activity, which induces diurnal changes in
the locomotor activity of males (Koyama et al., 2009; Wilczynski et al., 2003).
Testosterone is the principal androgen in males and it is involved in the development of
primary and secondary sexual structures such as spermatogenesis, vocal sack, nuptial pad,
muscle mass and adult coloration (Girgenrath & Marsh, 2003; Miles et al., 2007). Many
studies have found that high testosterone levels increase muscle size in fishes (Thorarensen
et al., 1996) and amphibians (Dorlöchter, et al., 2004; Regnier & Herrera, 1993). In the
same way, several studies have found positive effects of testosterone concentration over the
increasing of locomotor performance in lizards (Klukowski et al., 1998; Sinervo et al.,
2000), birds (Wada, 1982; 1986) and mammals (Perrot-Sinal et al., 1998). Moreover, it is
well known that high testosterone levels incur in an energetic cost by increasing the
metabolic rate (Buchanan et al., 2001), because testosterone elicits complex behaviours in
courtship and aggressiveness (e.g. calling behaviour) that demand energetic costs (Taigen
& Wells, 1985; Wells, 2001). As mentioned above, metabolic rate is positively related with
aposematism in poison frogs, as aposematic species have higher active metabolic rates and

non–aposematic species have lower active metabolic rates (Pough & Taigen, 1990; Santos
& Cannatella, 2011; Toft, 1981).
If testosterone is related with locomotor performance, muscle size and metabolic rate,
which in turn are related with other aposematic traits, then we expect that testosterone is
related as well with phenotypic and behavioural traits defining an aposematic syndrome
namely, leg size, locomotor performance, wariness, toxicity and colour conspicuousness.
We thus aimed to test the following two hypotheses: 1) phenotypic traits related to
aposematic syndrome exist in four species of syntopic species, two putatively toxic species
and two non-putative species; and, 2) testosterone concentration in males is related to the
aposematic syndrome. Our specific predictions are: 1) toxicity should be negatively
correlated with locomotor performance in aposematic species. Toxicity provides enough
protection to frogs against predators and high sprint speed is not necessary (Ruxton el al.,
2004). In the same way, 2) toxicity should be positively correlated with colour
conspicuousness. Colours of poison frogs are honest signals of toxicity (Maan &
Cummings, 2012). Additionally, 3) Toxicity and colour conspicuousness should be
negatively related with testosterone concentration. Testosterone concentration is thought to
increase the muscle size and locomotor performance (Dorlöchter, et al., 2004; Lutz &
Rome, 1994; Regnier & Herrera, 1993) and aposematic species frequently have short limbs
and move by walking or hopping (Pough & Taigen, 1990). Moreover, 4) testosterone
concentration should be positively related with leg size and locomotor performance in
aposematic species; and finally, 5) testosterone should be positively related with wariness;
escaping behaviour from a potential predator can be divided in wariness and locomotor
performance (Snell et al., 1988). Because locomotor performance depends on leg size, we
introduced this phenotypic trait as a co-variable in the whole model.

To test these predictions we conducted the research with four model species of dendrobatid
frogs: Allobates femoralis (Alf), Allobates trilineatus (Alt), Ameerega trivittata (Amt) and
Ameerega hahneli (Amh). These species are good models because 1) two of these frog
species are allegedly non – toxic (Alf and Alt) and the other two are toxic (Amt and Amh)
(Daly et al., 1987; Darst, 2006; Grant et al., 2006), and 2) although these frog species cooccur spatially and temporarily, previous observations and similar studies with similar
models suggested remarkable diversity between them in terms of coloration, toxicity and
behaviour. These differences allow us to test the role of testosterone in the aposematic
syndrome in both aposematic and cryptic species.

METHODS
Study system
In this study, we used four frog species belonging to the Dendrobatidae family (see above).
They are predominantly terrestrial and diurnal frogs. Males are strongly territorial and
defend their territories against intruders with advertisement calls and physical attacks. The
reproductive behaviour consists in prolonged courtships involving auditory, visual and
tactile signals. Males usually transport tadpoles to small water bodies on fallen leaves or
fruits (Grant & Rodríguez, 2001; Jaeger & Hailman, 1981; Roithmair, 1992; 1994). As we
mentioned above, Allobates femoralis and Allobates trilineatus are considered allegedly
non-toxic species and Ameerega hahneli and Ameerega trivittata are considered toxic
species (Daly et al., 1987; Grant et al., 2006). These species are in a conspicuousness
gradient: Allobates trilineatus have no conspicuous patterning (Grant & Rodríguez, 2001).
Allobates femoralis and Ammerega trivittata have brilliant yellow patches on the femoral
and inguinal areas and white to yellowish dorsolateral lines, as conspicuous components

(de Luna et al., 2010). This similarity in colour components and the difference of toxicity
in these two species may subserve Batesian mimicry (Darst, 2006). Finally, Ameerega
trivittata has a conspicuous coloration, consisting on an alternation of bright green and
black longitudinal stripes (Silverstone, 1976).
On April and August 2015, we visited one locality in a natural reserve called Tanimboca,
near to Leticia city in the Colombian Amazon where the four species coexist. The habitat in
this reserve consists principally of a terra firme forest of Heliconia spp. Most of the calling
males were found associated to forest gaps and to the edges of the forest. The rainy season
extends between October and May, but breeding activity in the study species begins several
weeks before the rainy season. All individuals used in this study were active reproductive
males and its reproductive activity overlaps. All the experiments were conducted in the
dates mentioned above.

Locomotor performance experiments
For this experiments we used 12 individuals of Alf, 9 individuals of Alt, 8 individuals of
Amt and 6 individuals of Amh. To estimate the locomotor performance, we placed each frog
into a 160 x 80 cm rectangular arena with posterior and lateral walls of 80 cm of height. To
elicit jumping, the frogs were manually stimulated near the urostyle while they were being
recorded with a Sony (HDR-HC7108Oi) video camera. After each recording, we let every
frog rest during five minutes in small plastic boxes with leaves and trunks. To estimate the
locomotor performance we measured the maximum speed (m/s), maximum acceleration
(m/s2) and jump distance (m). All the parameters were analysed on video recordings,
without

zoom,

with

the

software

Tracker

(Open

Source

Physics,

http://www.opensourcephysics.org). Plus, to standardize the maximum number of jumps

that needed to be recorded with each frog, we previously graphed the running average of
each locomotor performance parameter of two individuals per species. We then decided to
use the number of jumps where the corresponding curve stabilized (about 12 jumps).

Leg size
For this experiments we used 12 individuals of Alf, 9 individuals of Alt, 8 individuals of
Amt and 6 individuals of Amh. To estimate the relative area of the frogs’ legs, we took
dorsal and ventral photographs of each frog with a reference scale in every photo. Then, we
used the software Image J to draw a polygon around the leg and the calf. We also measured
the body size to estimate size – independent measurements of the leg size (See results).

Testosterone concentration
For this experiments we used 12 individuals of Alf, 9 individuals of Alt, 8 individuals of
Amt and 6 individuals of Amh. Testosterone was extracted from water samples following
the protocol in Kidd et al. (2010). To reduce the stress caused in the frogs by excessive
manipulation, we put every one of them in a small plastic box, with leaves and trunks,
before hormone extraction. For the extraction, each frog was immersed into a glass with 40
mL of distilled water for one hour. Non – polar hormones were then collected by
processing each water sample through individual C18 cartridges (Phenomenex, #8B-S100SBJ), coupled to a 12-port vacuum manifold (Alltech #210351) with a flow rate of 10
mL/min. Later on, cartridges were eluted with 4 mL of 100% EtOH into 2mL Eppendorf
tubes and evaporated in a SpeedVac. The resulting samples were analysed with an
Enzymatic Immune-Assay using specific antibodies for testosterone (Enzo Life Sciences,
#900- 065). For the experimental procedure, we followed the protocol indicated by the kit

manufacturers. Finally, to estimate the testosterone concentration, the ELISA plate was
read at 405 nm using a Beckman Coulter DTX 880 Multimode Detector. The results were
interpreted as the inverse relationship between absorbance and testosterone concentration in
the sample, and were analysed fitting a 4-parameter logistic calibration curve, according to
the manufacturer instructions.

Toxicity assays
For this experiments we used 15 individuals of Alf, 12 individuals of Alt, 12 individuals of
Amt and 8 individuals of Amh. To estimate the toxicity of each frog, we followed the
protocol in Amézquita et al. (2015) (unpublished manuscript). Skin alkaloids were
extracted with methanol following protocols published formerly (Daly and Myers 1967).
Each skin was cut into small pieces and liquefied with methanol with a PRO® 200
homogenizer (Pro Scientific Inc.). After filtering the extract, the methanol was evaporated
during 3 h in a JOUAN® RC1010 vacuum centrifuge calibrated at 38 C. The resulting dry
pellet was refrigerated at -20 C until its processing for the toxicity assays.
To obtain estimates of the variation in toxicity within individuals and across species, we
conducted automated behaviour analysis on experimental mice (e.g. Jašarević et al., 2011;
Cullen et al., 2012). In short, we conducted an experiment consisting on injecting the
methanolic extracts of frog skins, each resuspended in 0.2 mL of 0.9% saline solution, into
the mice of the CFW strain, each one placed in one of the four glass arenas 29x38x20 cm
(HxWxD). A 5x5 cm grid was added to the bottom glass as a scale and a cardboard was
added to the vertical walls to prevent visual contact between the mice and between them
and the researcher.

We first filmed the mice for three minutes before the intra-peritoneal injection, as a
baseline for pre-injection; this in order to have a pre-injection behaviour of each mouse
registered. Then, we recorded for 25 minutes their behaviour after the intra-peritoneal
injection of one skin extract per mouse, one out of the four mice in each recording was
injected with the same volume of saline solution to control the effect that manipulation had
manipulation on the mice behaviour. All the recordings were analysed using the software
Ethovision®. We extracted 50 behavioural variables, none of which was mathematically
derived from the other ones. The variables measured the occurrence of spasms (3 variables,
duration, frequency and total time), mobility (9 variables, e.g. moved distance and
maximum velocity), directionality of movement (12 variables, e.g. average meander and
frequency of rotation), body stretching (4 variables, e.g. duration contracted and frequency
of stretching), and space use (22 variables, e.g. time in arena border and time in arena
centre) (See Amézquita et al., 2015, unpublished data).
To estimate the frogs’ toxicity we created a toxicity score as follows: First, we subtracted
the pre-injection data from the post-injection data. Briefly, to minimize the redundancy
among the 50 behavioural variables we got out of the toxicity assays, we conducted a
Principal Component Analysis. Finally, we used a Discriminant Function Analysis, with
the PC’s scores and using treatment (skin or saline) as the grouping variable, to estimate a
toxicity score of each individual for the four species as the inverse of the LD1.

Colour analysis
For this experiments we used 15 individuals of Alf, 12 individuals of Alt, 12 individuals of
Amt and 8 individuals of Amh. To quantify body coloration in frogs, we measured the
colour reflectance of the frog’s skin with a spectrophotometer under ideal light conditions

(Ocean Optics USB4000/SpectraSuite software). Due to the similarity in the frogs’
patterns, we took measurements of the two femoral patches, the two dorsolateral lines, and
two mid dorsal spots of the dark background. In addition, we measured the reflectance of
the substratum where the frog was found (Fallen leaves and trunks) to estimate colour
conspicuousness (See below).
Reflectance spectra were then used to estimate the (blue-to-yellow, green-to-red)
coordinates of each frog component in a colour space as suggested by Endler (1990), and
implemented in PAVO (Maia et al., 2013). To estimate the colour conspicuousness we
calculated the Euclidean distance between the coordinates of each frog component in a
colour space to the coordinates of each substratum component.

Wariness
For this experiments we used 12 individuals of Alf, 9 individuals of Alt, 8 individuals of
Amt and 6 individuals of Amh. Wariness was estimated by measuring the escape start
distance of each frog to the observer, while the observer approached the frog in straight line
at a constant rhythm (one step/sec), starting from 10 meters of distance to the frog male.
Only calling males were used in this experiment due to the fact that the call was used as the
signal to find the frog and to estimate the wariness.

Statistical analysis
To obtain body size – independent estimates of leg size, we fitted a linear regression and
used the corresponding residuals as the new size – independent traits in subsequent
statistical analysis. Because all the locomotor performance traits are strongly correlated
(pairwise Pearson correlation coefficients > 0.70), we decided to use maximum acceleration

as the only locomotor performance trait, because this variable depends on the jumping
distance and the speed. Leg size-independent estimates of locomotor performance were
estimated by fitting a linear regression and retaining the residuals. This leg-size corrected
locomotor performance variable was used as a new independent variable in subsequent
statistical analysis. Simple Linear Regressions were fitted to test the relationship between
testosterone and aposematic traits within individuals. Analysis of covariance (ANCOVA)
was also performed to test differences between testosterone and aposematic traits across
species (co-variable).

RESULTS
Toxicity was related neither with colour conspicuousness (ANCOVA F=1.20, p = 0.33) nor
with the locomotor performance (ANCOVA F=1.71, p = 0.14) in these four species. Across
species, only A. trivittata has a higher toxicity score than the other species (p = 0.03) (Fig.
1a & b, Fig. 2, Fig. 3).
In general, we did not find evidence of the relationship between testosterone concentration
and the phenotypic traits related with aposematic syndrome. Across species, only A.
trivittata and A. hahneli were warier than the other species (p = < 0.01) (Fig. 1c to 1e, Fig.
4 to 6). We only found a tendency of the animals with higher testosterone concentration
jumping faster than the animals with lower testosterone concentration (Fig. 1f, Fig. 7). We
also we did not found a relationship between leg size and locomotor performance (Fig. 1g,
Fig. 8).

DISCUSSION
We did not find any relationship between phenotypic and behavioural traits defining an
aposematic syndrome namely, locomotor performance, wariness, toxicity and colour
conspicuousness in the four species of Amazonian dendrobatids, suggesting that there is no
evidence of aposematic syndrome. However, differences exist at least in colour
conspicuousness, toxicity and wariness, between these species. Additionally, the
testosterone concentration does not seem to affect the phenotypic and behavioural traits
related to the aposematic syndrome.
An interesting result was the nonexistence of a relationship between the traits related to
aposematic syndrome in these four species of Amazonian dendrobatids. This may have
happened because of not having enough variation of the traits mentioned above in these
species, to demonstrate the syndrome. This latter explanation is likely, because previous
studies in amphibians have found the existence of the relationship between these features of
the aposematic syndrome using many species or morphs. For example, Santos et al. (2011)
found a positive relationship between the metabolic rate, conspicuousness, alkaloid
sequestration ability, body mass and other traits related to aposematism across 84 species of
anuran amphibians. Likewise, Maann & Cummings (2012) found a positive relationship
between the colour conspicuousness and toxicity in 10 different colour morphs of Oophaga
pumilio. Including more species in our study would have possibly contributed to have more
variation in the data of the aposematic traits, therefore increasing the syndrome continuum
and revealing the relationship between those traits.
Another interesting result was the existence of toxicity in the two putative non-toxic and
cryptic species of the study (Alf and Alt). Here we show the first report of the presence of
toxicity in the cryptic frog Allobates trilineatus. This result contradicts the evolutionary

association between colour conspicuousness and toxicity (excepting Ameerega trivittata in
our study) among other species of poison frogs (Maan & Cummings, 2012; Summers &
Clough, 2001; Summers, 2003; Santos & Cannatella, 2011). Moreover, we could state that
less coloured conspicuous signals might promote the predators’ learning as it was proved in
Allobates femoralis and Ameerega hahneli (Darst et al., 2006), and supported by our
results. Due to the fact that we also demonstrated the presence of toxicity in Allobates
femoralis, the colour resemblance with Ameerega hahneli may subserve Müllerian
mimicry, more than Batesian mimicry as showed in Darst et al. (2006). Otherwise, our
results may show and support previous hypothesis (see Santos et al., 2003) on the early
origin of alkaloid sequestration in the evolution of aposematism, with the presence of
toxicity in non-conspicuous species. This latter explanation is likely, because the earliest
reported appearance of toxicity was in Colostethus inguinalis (Daly et al., 1994) and
according to the latest dendrobatidae phylogeny (see Pyron & Wiens, 2011) Allobates
species are basal regarding Colostethus inguinalis and the other toxic dendrobatid species
(Santos & Cannatella, 2011). However, to confirm the existence of aposematic syndrome
in the four species of our work, it is necessary to look at the dietary specialization and
alkaloid sequestration ability.
The unexpected higher wariness of the most toxic frogs (Amh and Amt) may be due to the
fact that possibly there was not enough learning from predators to associate colour
conspicuousness and toxicity, and this incurred in a high rate of attacks to the prey and, in
consequence, the prey had to become more wary in order to avoid the attacks. It is well
known that aposematism is effective when predators associate colour conspicuousness with
unpalatability (Gittleman & Harvey, 1980; Roper & Redston, 1987). However,
conspicuousness can be a non-advantageous trait until predator learns, since

conspicuousness increases the predation risk as the predators can detect more easily a
conspicuous prey and so the predation rate increases (Gittleman & Harvey, 1980). Perhaps
the high detectability, due to the colour conspicuousness in these two poisonous species
(Amh and Amt), is compensated with a higher locomotor performance and high wariness as
suggested in a study made with Anolis lizards (Vanhooydonck et al., 2007).

The lack of a significant relationship between the traits related to the aposematic syndrome
and testosterone levels in this study may be explained by different factors. First of all, it has
been shown that hormone levels in waterborne samples are positively correlated with
circulating plasma samples (Gabor et al., 2013; Kidd et al., 2010). However, it has also
been shown that this procedure may induce stress to the organism, and one of the major
reasons is the number of times the individuals were exposed to the glass with water
procedure (Wong et al., 2008). It is well known that stress induces the release of
corticosterone and consequently this inhibits testosterone concentrations, as shown for
example in studies with male rough-skinned newts (Taricha granulosa) (Moore & Zoeller,
1985). In our study we reduced the stress caused in the animals by letting each of them
alone and without visual contact between them and with the researcher. Yet, it is possible
that the testosterone concentration from the water samples of our study species was affected
by the stress caused by the number of times they were exposed to the procedure, because
we exposed the animals one time only, and Wong et al. (2008) demonstrated that the
animals can adapt quickly after three or four exposures, and thus the corticosterone levels
decrease. Another factor to keep in mind is that the studies with testosterone waterborne
samples have only been performed in aquatic organisms, which commonly release
hormones in water, acting as chemical signals (Lafont & Mathieu, 2007; Stacey &

Sorensen, 2002). Although amphibians are generally associated to water, the species used
in this study are terrestrial and they are not associated with water bodies (Grant et al.,
2006). This could possibly influence the amount of testosterone released in the water
samples. To verify the latter explanation, a future study with blood samples might give
more reliable information about testosterone concentration. However, blood collection in
frogs results in invasive procedures and could be dangerous for the animal (see Forzán et
al., 2012).
The absence of a positive relationship between testosterone concentration and leg size in
our study may be due to the methodological reasons discussed above. However, other
possible reason is the non-specificity of testosterone for all the muscles. Some studies have
found that testosterone has a positive effect on the increase of the mass at least of forearms
and trunk muscles (Griggs et al., 1989; Marin et al., 1990; Sidor & Blackburn, 1998;
Girgenrath & Marsh, 2003). Nonetheless, Huyghe et al. (2010) found that the effect of
testosterone in the increase of the muscle mass is not the same for all the muscles. Possibly,
the lack of relationship between muscle size and testosterone concentration due to the fact
that the basal concentration of testosterone in water sample does not reflect the real amount
of testosterone linked to muscle receptors. Many of the studies mentioned above
manipulated testosterone levels using implants or injections and that could allow the
increase of the muscle fiber size and even, the density of androgen receptors (Dorlöchter et
al., 2004).
Many studies have found that locomotor performance is strongly correlated with
testosterone levels in males (see introduction). However, other studies (at least in lizards)
have not found this relationship (Husak et al., 2006). The action of other non-steroid
hormones can have a more direct effect than testosterone on the locomotor performance of

frogs and in consequence on wariness as well. For instance thyrotropin-releasing hormone
increases locomotion in males of Xenopus laevis (Taylor & Boyd, 1991); and Arginine
vasotocin hormone (AVT) increases locomotion in females of Lithobates catesbeianus
(Boyd, 1991). Other non-steroid hormones (as mentioned above) are possibly acting on the
locomotor performance of our study species. Huyghe et al. (2010) found that testosterone
administration increased the muscle mass of locomotor performance related muscles (femur
retractor and knee extensor) in Gallotia galloti. But, he also found that femur reactor is not
a good predictor of locomotor performance in this lizard. This explanation could be valid in
our study, due to the fact that the testosterone in amphibians might not have an effect on the
muscles involved in the jumping performance. Moreover, it has been demonstrated that the
plantaris tendon catapults the jump in frogs, due to the fact that it stores elastic energy
(Astley & Roberts, 2012). Testosterone may be affecting the plantaris muscle or tendon,
more than the whole muscle size evaluated in our study.
Finally, we did not find a relationship between colour conspicuousness and testosterone
concentration. We only found that Amt was the most conspicuous species. It is well known
that hormones affect many sexually selected ornaments (Roberts et al., 2004). For example,
some studies have found that colour brightness was affected by testosterone in many
vertebrates (Dijkstra et al., 2007; Hill and McGraw, 2006; Setchell et al., 2008; Thompson
and Moore, 1991), except in amphibians. However, testosterone administration in larvae of
Hyperolius viridiflavus has a positive effect on the expression of adult coloration (Richards,
1982). On the other hand, Hayes and Mendez (1999) found that testosterone does not have
an effect on the coloration of the reedfrog (Hyperolius argus). Only E2 treatment induces
female-colour appearance in metamorphosis. Perhaps testosterone has an effect on the
sexual dimorphic coloration and the expression of colour along ontogeny (as shown by the

studies mentioned above), but does not have an effect on the colour reflectance of these
frogs, as proved in other vertebrates.
Summing up, our results suggest that the aposematic syndrome does not exist in these four
Amazonian dendrobatids (Alt, Alf, Amh and Amt). However, the study may show and
support the early origin of alkaloid sequestration in the evolution of aposematism, with
presence of toxicity in non-conspicuous species (Alt and Alf), but to confirm that fact, we
still need to look at dietary specialization and alkaloid sequestration ability. Furthermore,
the relationship between the traits related to aposematic syndrome and testosterone levels
was absent. Nevertheless, basal testosterone concentration extraction still needs to be done
following a better methodology than waterborne samples, such as blood or urine samples.

Figure 1. Linear model plots showing beta coefficients (x-axis and numbers over meanpoints) of ANCOVA models with Species (Alt= Allobates trilineatus; Alf= Allobates
femoralis; Amh= Ameerega hahneli; Amt= Ameerega trivittata) as a co-variable. Solid
lines represent 95% confidence intervals and asterisk indicate interaction (between
variables) and statistically significance (next to estimates). a) Toxicity vs. colour
conspicuousness (Cons); b) Toxicity score vs. locomotor performance (L.perf); c)
Testosterone concentration ([T]) vs. colour conspicuousness; d) Testosterone concentration
vs. toxicity score; e) Testosterone concentration vs. wariness; f) Testosterone concentration
vs. locomotor performance and g) Leg size vs. locomotor performance.

Figure 2. Relationships between locomotor performance and toxicity in four species of
amazonian dendrobatids.

Figure 3. Relationships between colour conspicuousness and toxicity in four species of
amazonian dendrobatids.

Figure 4. Relationships between testosterone concentration and toxicity in four species of
amazonian dendrobatids. Toxicity was estimated from the behaviour of mice injected with
skin methanolic extracts of frogs. See methods for more details on the toxicity assays and
toxicity score.

Figure 5. Relationship between testosterone concentration and colour conspicuousness in
four species of amazonian dendrobatids differing in toxicity. Line denote statistically

significant linear relationship and shaded region denote 95 % confidence intervals of the
regression.

Figure 6. Relationships between testosterone concentration and wariness in four species of
amazonian dendrobatids differing in toxicity. Line denote statistically significant linear
relationships and shaded region denote 95 % confidence intervals of the regression.

Figure 7. Relationships between testosterone concentration and locomotor performance in
four species of amazonian dendrobatids. Line denote statistically significant linear
relationships and shaded region denote 95 % confidence intervals of the regression.

Figure 8. Relationships between locomotor performance and leg size in four species of
amazonian dendrobatids. Lines denote statistically significant linear relationships and
shaded regions denote 95 % confidence intervals of the regression.

Table 1. Coefficients of ANCOVA models between testosterone concentration and
phenotypic traits related with aposematic syndrome.
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Table 1.
ANCOVA
Predictors

Colour
conspicuousness

Toxicity

Wariness

Locomotor
performance

Testosterone
concentration

F

11.21

1.04

41.9

1.00

Leg size

p
R2
F
p
R2

<0.001
0.67
-

0.42
0.008
-

<0.001
0.89
-

0.45
0.0001
1.14
0.36
0.02
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