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Summary

1.

 

Sensory modalities that allow tadpoles to assess their environment, and subsequently
mediate their development, are not well understood.

 

2.

 

By putting clay model tadpoles into the tanks with live tadpoles we have enhanced
tactile and visual stimuli for tadpoles of three species (

 

Rana sylvatica

 

, 

 

Bufo americanus

 

and 

 

Xenopus laevis

 

) in a controlled fashion. The goal was to determine whether visual and
tactile cues in the absence of chemical signals influenced tadpole growth and development.

 

3.

 

The response to enhanced visual and tactile stimuli was strong in 

 

Rana

 

, intermediate
in 

 

Xenopus

 

, but absent in 

 

Bufo

 

 tadpoles. 

 

Rana

 

 tadpoles that experienced both stimuli
enhanced developed the fastest and metamorphosed at the smallest body size.
Development was slower in the treatments with only one stimulus enhanced, and slowest
in the controls.

 

4.

 

Our results suggest that tadpoles use both vision and mechanoreception for envi-
ronment assessment, and that they are able to modify their growth and developmental
rates in response to sensory enrichment.

 

5.

 

Tadpoles exposed to the combination of visual and tactile stimulation showed the
highest whole-body content of the stress hormone corticosterone, suggesting that the
enhanced stimuli were experienced as stressful. Corticosterone is known to synergize
with thyroid hormone to promote metamorphosis.
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Introduction

 

Amphibian larvae exhibit extreme plasticity in life-
history traits in response to their environment. Two of
the most plastic traits of amphibians, the timing and
size at metamorphosis, are both influenced by various
abiotic and biotic factors (Smith-Gill & Berven 1979;
Berven & Chadra 1988; Newman 1989; Scott 1990;
Hayes, Chan & Licht 1993; McCollum & Van Buskirk
1996). Unpredictable or deleterious (i.e. stressful) changes
in habitat, such as pond desiccation, limited food
resources, presence of predators or competition, can all
affect the duration of the larval stage and metamorphosis
(Newman 1994; Denver, Boorse & Glennemeier 2002).
Plasticity in the timing of metamorphosis can be adap-
tive as it allows larval amphibians to respond to changes
in the quality of their aquatic habitat (Stearns 1989;
Newman 1992).

For anurans even tadpoles from the same clutch can
show a wide range of body sizes and ages at transfor-
mation. The biological basis for this variation has been
studied by molecular biologists (Shi 1994; Wang &
Brown 1993; Denver, Pavgi & Shi 1997), who have
identified many genes and genetic programmes act-
ivated at metamorphosis (Shi 2000). At the same time
many ecologists have studied social and environmental
factors that affect metamorphosis (Newman 1989;
Hayes 

 

et al

 

. 1993; Denver 1997, 1998). In amphibian
species, for example, crowding of the larvae has been
shown to slow growth and development (Wilbur &
Collins 1973; Smith-Gill & Berven 1979; Berven &
Chadra 1988; Scott 1990), and this effect is mediated by
an increase in corticosterone (Glennemeier & Denver
2002a). Tadpoles of several anuran species accelerate
metamorphosis in response to habitat desiccation
(Newman 1989, 1992; Denver, Mirhadi & Phillips 1998).
Denver (1998) showed that tadpoles of  Western
Spadefoot Toads (

 

Scaphiopus hammondii

 

) exposed
to declining water levels accelerated metamorphosis
compared with tadpoles raised in a constant high water
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environment. What remains least investigated is the link
between the two approaches, i.e. the mechanisms that
allow tadpoles to sense (‘read’) their environment and
subsequently mediate their developmental response to
extrinsic factors, such as density or water depth.

Tadpoles are capable of  using mechanoreception
through the lateral line system, chemoreception (taste)
and vision (see Lannoo 1999) to assess features of their
habitat. Of these three sensory pathways (chemical,
visual, mechanical) for environmental assessment, the
reaction of tadpoles to chemical stimuli has been analysed
the most. In response to chemical cues from predators
tadpoles alter their phenotype; they become less active
and develop a relatively small body and deep tail fin
(Van Buskirk 2002; Van Buskirk, McCollum & Werner
1997; Relyea & Werner 1999, 2000; Relyea 2001).
Isolated chemical cues from predators, e.g. fish, elicit a
similar response in tadpoles as does the presence of the
fish itself  (Petranka, Kats & Sih 1987; Kats, Petranka
& Sih 1988; Semlitsch & Reyer 1992; Kats & Dill 1998).
Conversely in response to competitors, tadpoles become
more active, and develop relatively smaller tails and
larger bodies (Relyea 2002).

In contrast to chemical signalling, the relative impor-
tance of mechanoreception and vision in environment
assessment has not been studied. Here we ask whether
tadpoles can rely on visual cues to assess their habitat
(such as the presence of tadpole-like objects) in a way
that will alter their growth and development. Similarly,
we asked whether tactile cues alone alter larval growth
and development. We hypothesized that tactile cues may
be of lesser importance than other cues in species that
tend to school densely, such as 

 

Bufo americanus

 

, since
they are normally exposed to abundant tactile cues.
Species that normally form schools with larger distances
between neighbouring conspecifics, such as 

 

Rana
sylvatica

 

 and 

 

Xenopus laevis

 

, may be more responsive
to both visual and tactile cues. In a similar way one can
hypothesize that tadpoles living in small ponds with
dense vegetation may rely less on visual cues.

After registering information from the habitat, no
matter what sensory modalities used, anuran larvae
need to transform the perceived sensory information
into a developmental and/or behavioural response that
increases their fitness in a given environment. Denver
(1997) suggested that the tadpole’s neuroendocrine
system functions as a monitoring system, transducing
environmental information into a physiological response,
thus modifying the rate of development. The tadpoles
of Western Spadefoot Toad (

 

Spea hammondii

 

) subjected
to habitat desiccation exhibited elevated hypothalamic
corticotropin-releasing hormone (CRH) content at
the time when they responded developmentally to the
declining water level (Denver 1996). Also, CRH injection
elevated whole-body thyroxine, triiodothyronine and
corticosterone content, the primary hormonal regula-
tors of metamorphosis, while blockade of endogenous
CRH action reduced hormone content and slowed
pond drying-induced metamorphosis. These data sup-

port a central role for CRH as a neurohormonal trans-
ducer of  environmental stimuli into the endocrine
response, which modulates the rate of metamorphosis
(Denver 1997; Boorse & Denver 2004).

The objectives of the current study were to elucidate
sensory pathways that tadpoles can use in environment
assessment and physiological response mechanisms
regulating metamorphosis in anuran larvae. We ask here:
How do tadpoles ‘recognize’ and sense environmental
factors that may influence their rate of development?
In a controlled laboratory setting we analysed the
relative importance of tactile and visual stimuli, alone
and in combination, on growth rates and time to
metamorphosis in tadpoles of three species.

 

Materials and methods

 



 

The experiment was performed with three species,
Wood Frog (

 

Rana sylvatica

 

, LeConte), American Toad
(

 

Bufo americanus

 

, Holbrook) and African Clawed Frog
(

 

Xenopus laevis

 

, Daudin) to test whether potential
differences in developmental responses are species-
specific. These species show different schooling behav-
iours and differ in their population densities in the
wild. American Toad tadpoles school very densely,
compared with Wood Frog tadpoles, which school, but
to a much lesser extent (Wassersug 1973; O’Hara &
Blaustein 1982; Waldman 1984). 

 

Bufo

 

 schools are usu-
ally near or on the bottom and tadpoles are commonly
in physical contact with each other. Schools formed by
African Clawed Frog tadpoles are clusters of strongly
polarized individuals suspended in midwater. 

 

Xenopus

 

avoid contact with each other and maintain a spatial
distance of at least a full body’s width (Wassersug 1973).
Their schools are often static. In contrast 

 

Rana sylvatica

 

tadpoles primarily school when moving as an aggregate,
but like 

 

Xenopus

 

 individuals 

 

Rana

 

 do not contact each
other (Wassersug 1973).

In each experiment we raised 20 premetamorphic
tadpoles per 10-l plastic tank (45 cm 

 

× 

 

24 cm 

 

×

 

 12 cm).
We considered 20 tadpoles per 10 l as our low-density
treatment; e.g. Glennemeier & Denver (2002a) used
8 tadpoles per 4 l as low density in 

 

Rana pipiens

 

, and
40 tadpoles per 4 l as high density. Each treatment
had three replicates (3 tanks = 60 tadpoles total).
The experiment conducted in 2001 with 

 

R. sylvatica

 

 and

 

B. americanus

 

 started when tadpoles reached Gosner
developmental stage 29–31 (Gosner 1960), and with

 

X. laevis

 

 at Nieuwkoop–Faber stage 50–52 (Nieuwkoop
& Faber 1956), which corresponds to Gosner stage 28–
30. Tadpoles were randomly assigned to experimental
tanks. The experiment with 

 

R. sylvatica

 

 conducted in
2002 started when tadpoles reached Gosner develop-
mental stage 27–28. Denver 

 

et al

 

. (1998) showed that
the minimum developmental stage to respond to habitat
desiccation for 

 

Scaphiopus hammondii

 

 is Gosner stage
30–32.
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Rana sylvatica

 

 eggs were collected on 26 April 2001,
at Harrietsfield’s Pond, Halifax County, Nova Scotia.
Eggs from three medium size clutches hatched on 30
April in our laboratory. Four weeks later, when most of
the larvae reached Gosner developmental stage 30,
they were measured and randomly assigned to tanks
for treatments. 

 

Bufo americanus

 

 tadpoles (approximately
1 week old) were collected at Crystal Crescent Beach,
Halifax County, Nova Scotia, on 13 June 2001. The
treatments started on 29 June 2001. 

 

Xenopus laevis

 

 eggs
were obtained from our in-house breeding colony. Eggs
from one clutch hatched on 19 August 2001 and the
experiment started on 10 September 2001.

 

 

 

To visually and mechanically stimulate tadpoles in a
controlled fashion, a specially designed array of clay
models of tadpoles on the tips of the plastic rods was
used (Fig. 1). The frame rested on top of the tank
above water with the plastic rods immersed in the
water. At the end of each rod was a clay tadpole. The
clay models were made for each species individually to
mimic in size, shape and colour the tadpoles of the spe-
cies being tested (Fig. 2). The array of model tadpoles
was drawn through the water to produce the enhanced
tactile stimulus effect. The artificial tadpoles were able
to rotate on the rods. By manually sliding the frame
from one end of the tank to the other the tadpole mod-
els approached and were free to contact live tadpoles.
Each tool carried 20 artificial tadpoles. Rods differed
in length so that the artificial tadpoles could be at
different distances from the tank bottom, reflecting
where the tadpoles of the species being studied are
found in the water column in nature. The models were
mostly on the bottom for 

 

B. americanus

 

 and at various
depths for 

 

X. laevis

 

 and 

 

R. sylvatica

 

 (see vS Hoff 

 

et al

 

.
1999, and references therein).

All tanks were kept in the same animal room, out of
direct sunlight and under overhead lights. Photoperiod
was kept constant 12:12 h light : dark for all tadpoles,

with lights switching on and off  at 9.30 a.m. and 9.30
p.m., respectively. Water temperature ranged from 20
to 22 

 

°

 

C. 

 

Rana sylvatica

 

 and 

 

B. americanus

 

 tadpoles
were fed 

 

ad libitum

 

 boiled lettuce and spinach leaves,
and 

 

X. laevis

 

 tadpoles were fed alfalfa powder and yeast
mixture. One-third of the water was gently syphoned
and replaced with standing tap water every 3–4 days.
Feeding and tank cleaning took the same amount of
time for each tank, with as little disturbance as possible.
Water in all tanks was aerated constantly.

By sliding the array of model tadpoles during the
light and/or dark cycle, the live tadpoles were exposed
to enhanced mechanical (i.e. tactile) stimulus alone
(treatment ‘T’), or enhanced visual (treatment ‘V’)
stimulus alone, or a combination of both enhanced
tactile and visual stimulation (treatment ‘T + V’) (see
Table 1). Stimulation was repeated four times a day for
each treatment, every day, until forelimbs had emerged
(FLE) in 50% of all the tadpoles in one treatment, which
corresponds to Gosner stage 42, and Nieuwkoop–Faber
stage 58. Manipulations took place just before or after
the lights were turned on or off  (at 9.30 a.m./9.30 p.m.).
For example, when the lights came on at 9.30 a.m., the
treatment T + V was performed. It was repeated once,
20 min after the first stimulation. The array of model

Fig. 2. Clay model of Rana sylvatica tadpole. The clay models
were made for each species individually in an effort to mimic
in size, shape and colour the tadpoles of the species being
tested.

Table 1. Explanation of the experimental treatments
 

 

During 
dark phase

During 
light phase

Model tadpoles Moved Treatment no. 1 
Tactile stimulus

Treatment no. 3
Tactile + Visual
Treatment no. 2 
Visual stimulus 

Still

Fig. 1. A specially designed array of tadpole clay models on tips of the plastic rods. The
artificial tadpoles were able to rotate on rods. By manually sliding the tool from one
end of the tank to the other, the tadpole models approached and were free to contact
live tadpoles. Each frame carried 20 artificial tadpoles, thus mimicking a doubling of
the conspecific density in each tank. Rods were of different lengths so that the artificial
tadpoles could be at different distances from the tank bottom.
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tadpoles was left in the tanks (providing constant visual
stimulus). At 9.00 p.m., before the lights went off, the
treatment T + V was performed again, and then was
repeated once 20 min after the first stimulation (9.20 p.m.).

For the treatment V the arrays of model tadpoles
were constantly present in the tanks during the light
phase without sliding movements, thus providing vis-
ual stimulus only. The focus was on creating a dynamic

 

vs

 

 static environment in ‘tactile only’ 

 

vs

 

 ‘visual only’
treatments. Although model tadpoles were physically
present in both the visual only and tactile only treat-
ments, the mechanical stimulation from static objects
clearly differed from the mechanical cues produced by
moving tadpole models, thus distinguishing the tactile
(i.e. the enhanced mechanical) stimulus in the ‘tactile
only’ from the tactile stimulus in the ‘visual only’ treat-
ment. When testing the effects of tactile cues we prima-
rily studied the effects of enhanced water movements.
However, the clay models resembled real tadpoles in
their size and velocity and we expected that this pro-
duced tactile cues similar to those that would normally
be elicited from real conspecifics.

At 9.30 p.m., when the lights went off, the treatment
T was performed by moving the model tadpoles in the
dark, i.e. providing tactile stimulus only. It was repeated
once, 20 min after the first stimulation. The tool was left
in the tank during the night, and at 9.00 a.m., before the
lights went on, the treatment was performed again and
then repeated 20 min after the first stimulation. The tool
was removed from the tank before the lights went on.

The sliding movement was performed a fixed number
of times to standardize treatments in each trial. The
tool was moved the length of the tank 300 times during
each stimulation, and each stimulation lasted 5 min
(i.e. one sliding movement every second). To standardize
the speed in all treatments every sliding movement was
made to last 1 s. This corresponded to the speed of
approximately 10 body lengths per second; i.e. fast swim-
ming for tadpoles (see Wassersug & vS Hoff 1985; vS
Hoff & Wassersug 1986). To avoid possible differences
in the speed at which the tool is moved, the three rep-
licates of each treatment were kept next to each other,
and the frames of the tools connected. Thus they were
being pulled together, at the same time and speed. Tanks
were on a shelf  ‘hidden’ behind a curtain, and it was
possible to slide the tools while reaching inside the curtain
with a single hand. This shielding was undertaken to
minimize other visual stimuli, i.e. the experimenter’s
presence, that could be stressful to the tadpoles.

Two controls were used with each species. Control
no. 1 (C1) consisted of three tanks without any model
tadpoles or rods, in order to analyse the effects of the
treatments. Control no. 2 (C2) was used to test for the
possible effects of chemicals introduced into the water
from the rods and model tadpoles. It consisted of three
tanks with plastic rods left on the tank bottom, and
clay tadpoles left in as a pile in the tank corner, covered
(hidden) by cheesecloth. Cheesecloth was also placed
in all the tanks with experimental treatments.

The treatments in the experiment with 

 

R. sylvatica

 

lasted until 50% of tadpoles in all three experimental
treatments reached FLE which occurred after 25 days.
The 

 

B. americanus

 

 experiment was stopped when 50%
of the tadpoles in at least one treatment reached FLE
(28–32 days depending on the tank). The experiment
with 

 

X. laevis

 

 tadpoles was terminated 50 days after it
started, when only four tadpoles had reached FLE,
because differences in developmental stages among
tadpoles in the same tank were too large, and when the
first larvae metamorphosed the other ones in the same
treatment were still very far from FLE.

The experiment with 

 

R. sylvatica

 

 was repeated in the
following year, 2002. In this year the experiment started
with younger tadpoles, Gosner stage 27–28, and the
treatments were run only until the first metamorphosed
individual appeared in any of the treatments. In the
previous year the individuals that metamorphosed first
could not leave the tanks and drowned, thus they were
lost for experimental purposes.

At the end of experiments all tadpoles were killed by
adding MS 222 to the rearing water to a final concen-
tration of 300 mg l

 

−

 

1

 

. They were staged, weighed and
measured. In metamorphosed froglets the time to
metamorphosis was determined as the number of days
between the Day 1 (when the treatments started) and
the day when the tadpole reached FLE.

Total body length, tail length, maximum tail fin height
and tail muscle height were measured at the beginning
of the experiment. The same set of body measurements,
plus mass, were taken following the treatments. By
comparing these data among tadpoles from different
treatments we hoped to determine whether tadpoles
respond to increased competition and crowding by
altering their shape (as previously shown by McCollum
& Van Buskirk 1996; Relyea 2000, 2001).

 

 

 

Twenty 

 

R. sylvatica

 

 tadpoles per treatment that had
reached FLE were kept on dry ice, staged, measured,
individually wrapped in aluminium foil and stored at

 

−

 

80 

 

°

 

C for later extraction and analysis of whole-body
corticosterone (CORT) content by radioimmunoassay
(RIA). The extraction procedure is described by Hayes
& Wu (1995) with modifications by Denver (1998), and
the RIA for CORT was performed as described by Licht

 

et al

 

. (1983). Data on a possible increase in whole-body
stress hormone content should clarify whether tadpoles
assessed their environment as a stressful one, and whether
a stressor was the initiator of the changes in time and size
at metamorphosis, as has been shown in other species
(see Denver 

 

et al

 

. 2002 and references therein).

 

 

 

All analyses were run in STATISTICA (Statistica for
Windows 1997) and SAS/Stat (2001). Body measurements
were log-transformed to improve the linearity of
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pairwise relationships between measured traits. After
log-transformations the distribution was checked
visually by assessing quantile–quantile plots, and the
assumptions of  normality were met. To analyse the
differences between treatments the linear mixed effects
model was used. The model has two components –
fixed effects (treatment and stage) and random effects
(tank). The treatment effect was tested over the effect
of tank nested within the treatment, and tank was used
as a random factor. The random effects in the mixed
model allow for the correlation between tadpoles within
a tank. Differences between treatments in morphological
traits were tested using analyses of covariance (

 



 

)
with stage as covariate. To control for the curved rela-
tionship between stage and total body length we used
the quadratic effect of stage in addition to the linear
effect. Where significant differences were found with the

 



 

 a Tukey–Kramer test was used to compare
treatments’ means. Differences between treatments in
developmental stages were tested using analyses of
variance (

 



 

). All statistical results were considered
significant as an alpha of 0·05.

 

Results

 

R A N A

 

 

 

S Y L V A T I C A

 

 

 

(2001)

 

The first metamorphosed individual appeared in the
T + V treatment and the largest number of tadpoles
(44) with FLE at the termination of the experiment
was found in this treatment. In the T and the V treat-
ments the number of metamorphosed animals was 35
and 34, respectively, but the differences in stage (see
Table 2) between the three treatments were not signi-
ficant (

 



 

, df  (1, 10), T 

 

vs

 

 V: 

 

F

 

 = 1·66, 

 

P

 

 = 0·23;
T 

 

vs

 

 T + V: 

 

F

 

 = 0·05, 

 

P

 

 = 0·83; V 

 

vs

 

 T + V: 

 

F

 

 = 2·25,

 

P

 

 = 0·16). The control treatments had the smallest
number of metamorphosed individuals, 26 in C1 and
28 in C2. The average developmental stage was signi-
ficantly greater in the three experimental treatments
compared to the controls (e.g. 

 



 

, df  (1, 10), T + V

 

vs

 

 C1: 

 

F

 

 = 5·76, 

 

P

 

 = 0·04; T + V 

 

vs

 

 C2: 

 

F

 

 = 5·62,

 

P

 

 = 0·04).

In contrast, body size was the smallest in tadpoles in
the T + V treatment. They had the smallest total body
length, tail length and body mass compared with all
the other experimental groups (see Table 2); 

 



 

:

 

Total body length

 

, T + V 

 

vs

 

 T and T + V 

 

vs

 

 V: df (1,
251), 

 

F

 

 > 2·89, 

 

P

 

 < 0·04; T + V 

 

vs

 

 controls: F > 11·56,
P < 0·001. Tail length: T + V vs T, and T + V vs V: df
(1, 242), F > 5·47, P < 0·03; T + V vs controls: F > 9·99,
P < 0·002. Body mass: df (1, 251), T + V vs T: F = 3·06,
P = 0·04; T + V vs V: F = 11·49, P < 0·001; T + V vs C1:
F = 5·90, P = 0·02; T + V vs C2, F = 18·15, P < 0·001.

Tadpoles in the T treatment had shorter total body
length than tadpoles in the V treatment (, df
(1, 251), F = 15·37, P < 0·001), shorter tail length (df
(1, 242), F = 17·39, P < 0·001), but similar body mass
(df (1, 251), F = 2·99, P = 0·08).

Across all five experimental groups tadpoles did not
show significant differences in either tail fin height
(, df (1, 228), F = 0·44, P = 0·78) nor tail muscle
height (, df (1, 215), F = 1·14, P = 0·26).

-  

The whole-body CORT content in R. sylvatica tad-
poles was significantly greater in tadpoles exposed to a
combination of enhanced tactile and visual stimuli than
in tadpoles in any other experimental group (Table 3)

Table 2. Morphological traits in Rana sylvatica tadpoles following the treatments. Values are means ± SE (range) (N = sample
size)
 

 

Stage
Body length 
(mm)

Tail length 
(mm)

Tail fin 
height (mm)

Tail muscle 
height (mm)

Body 
mass (g)

T1 (Tactile) 42·4 ± 0·3 40·1 ± 1·4 26·0 ± 1·2 6·4 ± 0·2 3·6 ± 0·1 0·66 ± 0·03
N = 57  (39–46) (13·8–51·9)   (3·7–35·8) (2·5–8·5) (2·2–4·7) (0·23–1·05)
T2 (Visual) 41·5 ± 0·3 41·1 ± 1·0 26·3 ± 0·9 5·4 ± 0·2 3·4 ± 0·1 0·57 ± 0·02
N = 59  (36–45) (14·6–51·2)   (4·6–35·3) (2·0–7·9) (2·1–4·4) (0·26–0·87)
T3 (Tactile + Visual) 42·6 ± 0·2 39·4 ± 1·0 25·9 ± 0·9 5·1 ± 0·2 3·4 ± 0·1 0·54 ± 0·01
N = 55  (38–45) (17·8–51·2)  (6·4–34·2) (2·7–6·7) (2·52–4·3) (0·39–0·86)
C1 (Treatments) 41·3 ± 0·2 46·8 ± 1·0 30·3 ± 0·9 6·8 ± 0·2 4·0 ± 0·1 0·78 ± 0·02
N = 58   (37–45) (18·4–55·7) (5·0–37·2) (2·2–8·8) (2·6–4·9) (0·55–1·19)
C2 (Material) 41·5 ± 0·3 43·3 ± 1·2 29·5 ± 1·0 6·7 ± 0·3 4·0 ± 0·1 0·71 ± 0·02
N = 55  (36–46) (15·8–55·5)   (4·1–36·5) (2·72–8·5) (1·6–5·4) (0·30–1·11)

Table 3. Whole-body content of stress hormone corticosterone
(CORT) in Rana sylvatica tadpoles, following the treatments.
Values are means ± SE (range) (N = sample size). Corticosterone
content is given in ng/g body mass
 

 

Treatment N CORT

T1 (Tactile) 7 5·42 ± 1·12
(1·52–9·91)

T2 (Visual) 5 3·72 ± 1·58
(1·39–9·95)

T3 (Tactile + Visual) 6 10·82 ± 1·07
 (7·53–13·92)

C1 (Treatments) 6 1·96 ± 0·40
 (0·95–3·80)

C2 (Material) 7 5·11 ± 1·25
 (0·64–9·09)
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(, df (1, 26), T + V vs T: P = 0·02; T + V vs V:
P = 0·004; T + V vs C1: P = 0·01; T + V vs C2: P <
0·001). Tadpoles in the T + V treatment were the ones
that had the fastest developmental rate. The lowest
whole-body CORT was found in tadpoles in the control
group without any cues (C1), i.e. the group that showed
the slowest development. The remaining groups had
intermediate levels of  whole-body CORT, and the
between group differences were not statistically signifi-
cant (P = 0·20).

R A N A S Y L V A T I C A  (2002)

To avoid losing experimental animals because of
drowning of metamorphosing froglets, the experiment
with R. sylvatica in the following year (2002) was stopped
as soon as the first metamorphosed froglet appeared.
The majority of tadpoles were still at early developmental
stages. The mean developmental stage ranged from
34·16 ± 0·37 in C1, to 35·22 ± 0·26 in the T treatment and
the differences between treatments were not statistically
significant (, df (4, 10), F = 1·87, P = 0·21).

In this year the only significant difference found was
in body mass. Similar to the previous year, tadpoles in
the control group C2 were the heaviest (mean: 0·51 ±
0·02 g) followed by the control group C1 (mean: 0·48 ±
0·02 g). Tadpoles in the control groups were significantly
heavier than animals in the treatments with enhanced
stimuli (, df (1, 245), P < 0·05 in all pairwise
comparisons). Among the experimental treatments,
body mass ranged from 0·42 ± 0·02 g in the T treat-
ment, to 0·44 ± 0·02 g in the T + V treatment. The dif-
ferences were not statistically significant (, df
(1, 245), P > 0·05 in all pairwise comparisons).

B U F O A M E R I C A N U S

There were no statistically significant differences between
treatments for mean developmental stage (, df
(4, 10), F = 1·94, P = 0·18). However, a similar pattern
to the one in Rana tadpoles was observed, as the first
metamorphosed individual, and the largest number of
tadpoles (32) that reached FLE stage, were found in
the T + V treatment. In the V and the T treatments the

number of metamorphosed animals was 29 and 27,
respectively. The controls had the slowest developmen-
tal rate and the smallest number of metamorphosed
animals; i.e. 25 in C1 and 26 in the C2. Differences in
morphological traits (Table 4) were not statistically
significant either (, F < 1·23, P > 0·3 for all traits).

X E N O P U S L A E V I S

For X. laevis tadpoles treatments were stopped after
50 days. At that point only four tadpoles had reached
the FLE stage, two of which were in the T + V, and one
in each V and C1 treatments. Differences between groups
were not statistically significant (, df (4, 10), F =
3·32, P = 0·06). Body mass was significantly greater in
control groups than in all three experimental treat-
ments with enhanced stimuli (Table 5). For example,
, df (1, 220), T vs C1: F = 6·10, P = 0·01; T + V vs
C1: F = 4·94, P = 0·02. Similarly, the total body length
was greater in tadpoles from the three treatments with
enhanced cues than in the control tadpoles (i.e. ,
df (1, 220), T + V vs C1: F = 4·16, P = 0·04; T + V vs C2:
F = 8·76, P = 0·004; V vs C2, F = 10·82, P = 0·001). Tail
length, tail fin height and tail muscle height were
greater in control tadpoles than in tadpoles from tactile
stimuli (P < 0·01 for all pairwise comparisons).

Discussion

Tadpoles of all three species that had experienced
increased tactile plus visual stimuli progressed through
developmental stages the fastest. However, these dif-
ferences were statistically significant only in R. sylvatica
tadpoles. The probable explanation is that in species
that form dense schools, such as B. americanus, increased
tactile and/or visual stimulation does not have the
same effect as in the species that normally occur at lower
density and do not exhibit strong schooling behaviour,
such as R. sylvatica. The differences in timing of met-
amorphosis were not significant among the treatments
in which tadpoles were exposed to only one type of
stimulus, either visual or tactile. This suggests that Rana
tadpoles use both vision and mechanoreception to assess
features of their habitat, and they are able to accelerate

Table 4. Morphological traits in Bufo americanus tadpoles following the treatments. Values are means ± SE (range) (N = sample size)
 

 

Stage
Body length 
(mm)

Tail length 
(mm)

Tail fin 
height (mm)

Tail muscle 
height (mm)

Body 
mass (g)

T1 (Tactile) 40·6 ± 0·6 23·4 ± 0·4 12·9 ± 0·3 3·5 ± 0·1 1·8 ± 0·1 0·16 ± 0·01
N = 51 (33–46) (16·6–27·2) (6·0–15·6) (1·9–5·0) (1·1–2·3) (0·06–0·25)
T2 (Visual) 39·8 ± 0·6 22·6 ± 0·4 12·6 ± 0·4 3·5 ± 0·1 1·5 ± 0·1 0·15 ± 0·01
N = 48 (32–46) (16·8–26·0) (6·6–15·6) (2·1–4·7) (1·0–2·4) (0·09–0·21)
T3 (Tactile + Visual) 41·5 ± 0·5 22·9 ± 0·4 12·7 ± 0·3 3·6 ± 0·2 1·6 ± 0·1 0·15 ± 0·01
N = 58 (32–46) (17·3–26·5) (9·0–15·6) (2·2–4·9) (1·1–2·0) (0·07–0·20)
C1 (Treatments) 38·8 ± 0·6 23·1 ± 0·4 12·8 ± 0·2 3·8 ± 0·1 1·6 ± 0·1 0·16 ± 0·01
N = 44 (32–46) (16·3–26·4) (9·0–14·3) (2·9–4·7) (1·1–2·3) (0·07–0·21)
C2 (Material) 38·9 ± 0·5 22·5 ± 0·2 12·2 ± 0·2 3·7 ± 0·1 1·7 ± 0·0 0·15 ± 0·01
N = 43 (35–45) (19·9–26·2) (9·2–15·7) (2·5–4·9) (1·2–2·2) (0·09–0·26)
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development in response to a sensory-enriched envi-
ronment (increased density, competition).

Growth rates were also affected by the experimental
sensory enhancements in R. sylvatica and X. laevis
tadpoles. Rana tadpoles exposed to the strongest stim-
ulus, i.e. the combination of visual plus tactile, showed
the slowest growth rate. These results are consistent
with previous studies that showed that increased
competition decreases growth rate in anuran larvae
(e.g. Wilbur & Collins 1973; Smith-Gill & Berven 1979;
Berven & Chadra 1988; Scott 1990). Rana tadpoles
exposed to the visual stimulus alone were significantly
smaller then those exposed to the tactile stimulus alone.
This may suggest that Wood Frog tadpoles rely more
on their vision than mechanoreception when assessing
features of their habitat. Xenopus tadpoles probably use
both sensory systems to a similar extent, since tadpoles
in the three experimental treatments only differed in
their body measurements from the control tadpoles,
but not among themselves.

Our results reveal strong differences between species
in their susceptibility to environmental changes, and in
the way they respond to these changes. The species-
specific differences may result from differences in
schooling behaviour and densities at which species
normally occur in natural populations. It is not surpris-
ing that Bufo tadpoles are not affected by the increase
in the visual and tactile cues since these cues are redun-
dant in their natural habitats. Bufo probably primarily
relies on olfactory cues when assessing its environment.
On the other hand, Rana tadpoles that do not form tight,
high-density schools are more susceptible to tactile
cues coming from moving objects, as well as to visual
cues. It is interesting that Rana tadpoles responded to
enhanced environment by changing both their devel-
opment and growth rates. However, Xenopus tadpoles,
which also exhibited significant response to the experi-
mental treatments as well, only adjusted their growth
but not their developmental rate to changes in sensory
input. These differences imply species-specific trade-
offs between growth and developmental rates, as well as
species-specific thresholds for visual and tactile cues.

An advantage to amphibians in having a larval stage
is that it offers an opportunity to exploit temporary,
productive habitats suitable for fast growth (Wassersug
1975; Wilbur 1980; Newman 1994). When environmental
conditions deteriorate (e.g. pond desiccation, increased
competition, decreased food availability) tadpoles
escape by metamorphosing, as predicted by different
ecological models (e.g. Werner 1986; Alford & Harris
1988). The tadpoles in our treatments with enhanced
tactile plus visual stimuli which were designed to mimic
stimulatory cues characteristic of increased competi-
tion should escape the sensory ‘overload’ by increasing
their developmental rate and metamorphosing earlier
and at smaller body sizes than tadpoles in other treat-
ments. Tadpoles exposed to an enhancement of one
stimulus alone, visual or tactile, reacted less intensely
to a perceived change in their habitat. Tadpoles in the
control treatments without any enhanced stimulation
had longer larval periods, and therefore more opportunity
for growth.

Our findings of increased whole-body corticosterone
content in tadpoles exposed to enhanced tactile plus
visual stimuli suggest that these animals experienced their
environment as stressful, and responded by elevating
stress hormone production. Hayes (1997) reported an
increase in corticosterone content in Bufo boreas tadpoles
held at high densities, and Glennemeier & Denver (2002a)
showed that increased density, separated from food
limitation, was associated with elevated corticosterone
content. Exogenous corticosterone has been shown to
slow tadpole growth (Wright et al. 1994; Hayes et al.
1993; Glennemeier & Denver 2002b) and to potentiate
the metamorphic actions of thyroid hormone (Kikuyama
et al. 1993; Hayes 1995). Our results concur with the
findings of Glennemeier & Denver (2002b) that corti-
costerone is a proximate mediator of the growth response
to competition in tadpoles.

The lesser extent of significant differences found in
R. sylvatica tadpoles in 2002 experiment is probably due
to an early developmental stages of tadpoles at the end
of experiment. We suspect that the amount of time was
insufficient for the morphological traits to develop to a

Table 5. Morphological traits in Xenopus laevis tadpoles following the treatments. Values are means ± SE (range) (N = sample
size)
 

 

Stage
Body length 
(mm)

Tail length 
(mm)

Tail fin 
height (mm)

Tail muscle 
height (mm)

Body 
mass (g)

T1 (Tactile) 52·2 ± 0·3 30·0 ± 0·6 19·5 ± 0·4 3·1 ± 0·1  2·1 ± 0·1 0·17 ± 0·01
N = 52 (48–55) (18·3–37·8) (11·7–25·1) (2·0–4·3) (1·25–2·88) (0·05–0·28)
T2 (Visual) 52·9 ± 0·4 30·0 ± 0·8 19·8 ± 0·5 3·0 ± 0·1 2·2 ± 0·1 0·16 ± 0·01
N = 53 (47–65) (10·9–41·3) (11·9–29·4) (1·7–4·2) (1·6–2·9) (0·03–0·29)
T3 (Tactile + Visual) 53·7 ± 0·3 32·1 ± 0·6 20·7 ± 0·4 3·3 ± 0·1 2·4 ± 0·1 0·18 ± 0·01
N = 53 (50–64) (17·1–41·9) (6·8–26·7) (1·8–4·5) (1·5–3·6) (0·05–0·34)
C1 (Treatments) 54·0 ± 0·4 33·7 ± 1·0 21·9 ± 0·7 3·4 ± 0·1 2·5 ± 0·1 0·22 ± 0·02
N = 31 (50–61) (22·4–44·9) (14·0–28·5) (2·3–5·1) (1·7–3·9) (0·07–0·50)
C2 (Material) 53·2 ± 0·3 33·3 ± 0·6 21·3 ± 0·4 3·5 ± 0·1 2·5 ± 0·1 0·21 ± 0·01
N = 57 (48–58) (22·3–43·0) (13·9–27·7) (2·4–5·5) (1·5–3·3) (0·08–0·38)



1015
Environment 
assessment in 
tadpoles

© 2005 British 
Ecological Society, 
Functional Ecology,
19, 1008–1016

statistically significant level. However, the developmental
trend was similar to the one observed in the previous year.

Concluding points:

1. Tadpoles use both visual and mechanical stimuli to
assess features of their environment.

2. The three species studied differ in how much they use
different sensory modalities for habitat assessment.

3. Enhanced visual and mechanical cues are interpreted
by tadpoles as stressful stimuli, and they modify the
production of stress hormones such that the timing
of metamorphosis is altered.

Our results show that habitat assessment in tadpoles
relies on both visual and tactile cues, and that tadpoles
are able to modify their growth and developmental rates
in response to the types and intensity of sensory input.
However, the extent to which tadpoles respond to en-
vironmental cues is species-specific, and may correlate
with a species’ propensity to occur at high density; i.e.
to aggregate or school. In a separate experiment we
showed that tadpoles changed their growth patterns,
developmental rate and behaviour when exposed to
mirror images of themselves (Rot-Nikcevic, Taylor &
Wassersug, in press). Although our mirror study
eliminates tactile cues, we cannot say with certainty
how well tadpoles see the mirror images. In the study
presented here we are sure that tadpoles see clay
models, and that the visual and tactile cues are strongly
present. Whether tadpoles see the models as realistic
conspecifics, or whether they can distinguish between
touch from another tadpole and a model remains
uninvestigated. More work using models, mirrors or
both is necessary to understand what the tadpole’s eye
tells the brain and how that information is transduced
into a developmental response.
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