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Latent effect of larval rearing environment on post-metamorphic brain 
growth in an anuran amphibian 
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A B S T R A C T   

Early development is highly susceptible to environmental influence. We evaluated the role of larval visual 
environment on brain morphology plasticity in late larval and juvenile stages of Bombina orientalis, an anuran 
amphibian changing from an aquatic to a terrestrial habitat after metamorphosis. Manipulation of the visual 
environment was achieved by rearing larvae in normal and darkened water. The juveniles were exposed to 
normal lighting conditions after metamorphosis, allowing to assess if plastic effects persisted or emerged after 
metamorphosis. The darkness treatment accelerated development before slowing it down substantially, allowing 
controls to metamorphose earlier. Although larvae reared in darkened water had the same relative brain size as 
controls by the end of the larval period, juveniles that had been reared in darkened water as larvae had brains 
that were 14.4% smaller than juveniles that had been reared under control conditions. Conversely, relative 
telencephalon size was 6.7% larger in juveniles previously reared in darkened water compared with controls, 
again with no effect of darkened water seen by the end of the larval period. Unlike the latent effects seen on 
whole brain and telencephalon size, relative size of the optic tectum was significantly smaller in both larvae and 
juveniles exposed to the darkened water treatment. Therefore, the effects of visual restriction on juvenile brain 
form were a combination of latent (whole brain and telencephalon) and carry-over (optic tectum) developmental 
effects.   

1. Introduction 

Conditions experienced during development can impact the pheno-
type of organisms in later stages of life, with variable effects on fitness. 
For example, chemical exposure during development can interfere with 
adult behavior and reproduction in aquatic wildlife, e.g. (invertebrates: 
Lewis and Ford, 2012), (fish: Frank et al., 2019; Porseryd et al., 2019), 
(amphibians: Rohr and Palmer, 2005; Hayes et al., 2011), and a variety 
of perinatal stressors are believed capable of altering human develop-
mental trajectories, resulting in adult pathologies (Padmanabhan et al., 
2016). Conversely, developmental programming of offspring to antici-
pate future conditions can result in fitness benefits in variable envi-
ronments (Strathmann et al., 1993; Hart and Strathmann, 1994; Miner 
and Vonesh, 2004; Dantzer et al., 2013; Sheriff and Love, 2013). 

In addition to the negative or positive aspects of developmental ef-
fects, variation in the onset and offset of phenotypic effects following 
controlled exposure has been noted. Many invertebrate phyla and am-
phibians undergo an indirect developmental trajectory characterized by 
a drastic metamorphosis between the larval and juvenile stages (Moran, 

1994; Hall and Wake, 1999; Bishop et al., 2006; Heyland and Moroz, 
2006). How larval experience translates into phenotypic and molecular 
changes post-metamorphosis has received some attention. Specifically, 
physiological, morphological or developmental changes during the 
larval stage brought about by experimental manipulations may have 
little impact on the juvenile or adult form, presumably due to the 
drastically different environments of these life history stages and asso-
ciated divergent selection pressures (e.g. Moran, 1994; Campero et al., 
2008; Marshall and Morgan, 2011; Woodley et al., 2015). Still, larval 
changes have been shown to persist after metamorphosis as develop-
mental carry-over effects; a type of effect that has been well documented 
and can have major consequences for post-metamorphic performance (e. 
g. Pechenik et al., 1998; Relya, 2007; Crean et al., 2011; Fadl et al., 
2019; Bredeweg et al., 2019). Alternatively, there are examples of latent 
effects, where changes do not manifest during the larval period, but 
emerge at a later stage after metamorphosis (Pechenik, 2006). Clear 
linkages between experimental manipulations and phenotype are not 
limited to events separated by metamorphosis, as the effects of embry-
onic exposure can already manifest after hatching in anuran larvae 
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(Garcia et al., 2017). In the context of developmental plasticity, devel-
opmental effects of environmental change are not only critical to un-
derstand physiological responses but also to assess the fitness 
consequences of exposures. Terrestrial anuran amphibians transitioning 
between aquatic and terrestrial environments in larval and adult stages 
are an excellent group of organisms to study the timing, mechanisms and 
consequences of developmentally induced phenotypes and their 
carry-over and latent effects on post-metamorphic stages. 

Environmentally induced plasticity of brain morphology has been 
reported in larval anurans (Woodley et al., 2015; Gonda et al., 2010; 
Trokovic et al., 2011) and this form of plasticity can have consequences 
on behavior. For example, larvae of the common frog Rana temporaria 
grown at high density for 24 days developed a larger optic tectum than 
larvae grown at low density (Gonda et al., 2010), and this enlargement 
of the tectum was maintained until shortly before the completion of 
metamorphosis (Gosner stages 43–44, Trokovic et al., 2011). The 
enlarged tectum grown at high larval density could be used by larvae to 
assess the increased complexity of the visual social environment, but it is 
unclear if this change would persist beyond metamorphosis and influ-
ence behavior in older juveniles. Such changes in brain form are thought 
to be adaptive because observed patterns of brain morphology variation 
among species reflect ecological specializations (Taylor et al., 1995; Liao 
et al., 2015; Manzano et al., 2017) and investment in brain tissue comes 
at a high energetic cost (Niven and Laughlin, 2008). 

We were inspired to evaluate the role of the larval visual environ-
ment on anuran brain morphology plasticity by the recent study of Pike 
et al. (2018) who housed wild-caught juvenile nine-spined sticklebacks 
in darkened water for about 6 months to obtain fish grown in a visually 
restricted environment. These fish, along with controls grown in normal 
water, were then tested for their ability to estimate conspecific shoal size 
using visual or chemical information. Nine-spined sticklebacks show a 
clear preference for larger shoals of their conspecifics (Coolen et al., 
2005). Following testing, fish brains were measured and showed that the 
visual restriction treatment resulted in plastic changes in brain 
morphology reducing size of the main visual center and increasing size 
of the main olfactory center compared to fish reared in normal water 
(Pike et al., 2018). Notably, behavioral testing showed that brain 
morphology determined the preferred sensory modality (visual or che-
mosensory) used by fish to estimate shoal size. Since vertebrates share a 
basic plan of brain organization and developmental plasticity, we ex-
pected that the anuran brain would show changes in sensory brain re-
gions equivalent to those seen in sticklebacks after rearing aquatic 
larvae in darkened water, with a decrease in optic tectum size (main 
visual center) and an increase in telencephalon size (main chemosensory 
brain region). We conducted an experiment using the fire-bellied toad 
Bombina orientalis, an anuran that transitions between aquatic larval and 
terrestrial post-metamorphic stages, which allowed control of visual 
restriction until metamorphosis. By assessing brain morphology both at 
a late larval stage and in juveniles exposed to a normal light environ-
ment after metamorphosis, we also assessed if the predicted changes in 
larval brain morphology would vanish or persist after metamorphosis. 
Additionally, in the absence of predicted changes in sensory brain 
morphology by the end of the larval period, the possibility of latent ef-
fects on juvenile brain growth could also be investigated. 

2. Materials and methods 

2.1. Animals 

Two groups of six adult Bombina orientalis were bred in the Hagen 
Aqualab facility at the University of Guelph. They were maintained on a 
diurnal 12:12 h light:dark cycle at a constant temperature of 21 ◦C. 
Mating behavior was induced with an initial intra-lymphatic injection of 
0.05 µg luteinizing hormone-releasing hormone analog (LHRHa; 
Millipore-Sigma L4513) dissolved in 100 µl of amphibian saline in each 
toad, followed within 3 days by a similar injection of 0.5 µg LHRHa. Eggs 

were usually laid in the morning after the second injection, when they 
were collected, counted and transferred to plastic tubs containing two 
liters of aged well water maintained at a constant temperature of 25 ◦C. 
The use of group breeding did not allow the assessment of individual 
contributions to the embryos that were harvested. Larvae hatched about 
4–5 days after the eggs were laid. Well water used to raise larvae was 
replaced at least every third day until they reached stage 25, at which 
point containers required daily cleaning and water changes. Every sec-
ond day, larval toads were provided with an amount of boiled lettuce 
proportional to their size for food. The amount of food was in excess of 
what the larvae could consume in two days. All procedures were 
approved by the University of Guelph animal care committee (AUPs 
#3538 and 3597) under the guidelines of the Canadian Council on 
Animal Care. 

2.2. Developmental atlas 

Although B. orientalis has previously been used to study environ-
mental effects on development (e.g. Park et al., 2014), no developmental 
atlas documenting all stages from fertilization to metamorphosis exists 
for this species. The early developmental stages (up to stage 25) were 
described by Sussman and Betz (1978). Therefore, we produced an atlas 
covering all stages from embryogenesis to metamorphosis in B. orientalis 
to provide us with the framework necessary to evaluate potential dif-
ferences in the rate of development following manipulation of the larval 
visual environment (Table 1). To aid with staging, the Gosner (1960) 
simplified staging scheme for anurans was used with additional refer-
ences to the developmental atlases of Abraham et al. (2018), Nieuwkoop 
and Faber (1956), Shumway (1940), and Sussman and Betz (1978). 

The first batch of eggs obtained from breeding a group of six adults 
was used for observation of embryonic and larval developmental stages. 
Protective jelly membranes were removed for a better view of selected 
embryos. Because amphibian embryos at early stages of development 
may require the protection offered by jelly membranes (Salthe, 1963; 
Sive et al., 2007), the embryos selected for observations prior to 
neurulation were housed in filtered well water until hatching for addi-
tional safety. Embryos and larvae were photographed using a camera 
(model 18MP, AmScope, Irvine, CA) attached to an AZ100 microscope 
(Nikon). Every 1.5 weeks and at major developmental stages between 
this interval, 4–5 randomly selected larvae were sacrificed with an 
overdose of MS-222 and preserved in 10% buffered formalin for char-
acterization of larval stages. 

2.3. Manipulation of larval visual environment 

A second batch of eggs obtained from breeding the second group of 
six adults was used to run an experiment. About 130 eggs were put into a 
control container of well water and an equivalent number of eggs into a 
container of darkened well water. Darkened water was produced using 
0.16 g/L of black food dye (Brilliant Black BN, Millipore-Sigma), 
following the method of Pike et al. (2018). During the experiment, all 
manipulations and cleaning were done in darkness with the aid of 
red-light illumination to minimize light exposure of dark-reared larvae. 
To reduce density and mitigate potential density-dependent growth in-
hibition observed in larval amphibians (Girish and Saidapur, 2003), 
larvae were separated based on size into two different containers for 
each treatment around stage 25–30 of development. Larval size was 
equalized one more time around stage 40 by redistribution of larvae 
between the two tanks of each treatment. We consider potential tank 
effects unrelated to size differences in later stages of development un-
likely because all tanks were submitted to the same conditions, with 
water changed daily from a common source of aged water and all tanks 
sharing a common location on a lab bench in the same room. 

Larval growth was assessed during nightly water changes at 12, 16 
and 25 days of life by measuring snout-vent length (SVL) with a ruler 
and scoring developmental stage of each individual. In addition, 
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Table 1 
Select stages in embryonic and larval development in the fire-bellied toad, Bombina orientalis. Each table row has Gosner stage number on the left, a representative 
illustration of embryonic/larval morphology and approximate age since fertilization to the right. Additionally, the title column names a stage or a range of stages and a 
short description of important developmental features and events is provided in the rightmost column. Scale bar represents 1 mm for stages 3–20 and 1 cm for stages 
25–46. Illustrations for embryonic stages (stages 3–13) show embryos without their jelly layers where only the perivitelline membrane remains visible.  

Stage Stage Illustration ~Age Title Description 

3 5–10 hrs First Cleavage: 2 cell Embryonic and pre-feeding stages. 
Embryo undergoes cleavage, gastrulation and neurulation within a 
protective perivitelline membrane and several jelly layers. 
The embryo including the capsule is typically 3.5–4 mm in diameter. 

4 4 cell 

6 10–24 
hrs 

16 cell 

7 32 cell 

13 Neurula 

20 70–96 
hrs 

Gill Circulation Muscular responses have begun, external gills form from gill buds. Adhesive 
glands are present ventrally. 

25 7 days Spiracle Appearance Mouthparts obvious. 
External gills atrophied. 
Single medial ventral spiracle forms. 

26 8–9 days Hind Limb Bud Initiation The limb bud grows until stage 31 followed by incremental indentation to 
differentiate the toes until stage 42. 
Pigmentary patterns become increasingly defined. 

31 22–25 
days 

Toe Differentiation and Foot 
Paddle Development 

41 25–30 
days 

Forelimb Growth and Emergence Forelimbs develop within the branchial chamber enclosed laterally by the 
operculum, often emerging asynchronously at stage 42. 

42 

43 30–36 
days 

Tail Atrophy Mouth opening ends between nostrils and eyes. 
Tail atrophies and larva begins resting on terrestrial surfaces. 

46 38–42 
days 

Meta-morphosis Mouth opening ends posterior to the eyes. 
Tail is resorbed. 
Forelimbs increase in strength and juvenile begins predatory terrestrial 
feeding. 
Pigmentary patterns are mostly defined. Skin colours are brown, gray and 
black. 

(continued on next page) 
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developmental stage was scored at 22 days of life. Stages of limb bud 
development (26− 30) could not be accurately scored on live larvae, so 
individuals at this stage of development were recorded as having 
reached at least stage 26. Survival was assessed during recording periods 
and container cleaning. As the larvae reached stage 42 (emergence of 
front limbs), half of these individuals in each container were sacrificed 
by an overdose of MS-222 and preserved in 10% buffered formalin for 
later brain measurements (see below). Remaining stage 42 larvae were 
moved to slightly slanted 2-L plastic boxes with covered lids set up as 
semi-terrestrial environments by adding gravel at one end and a pool of 
well water at the other. Air-breathing juveniles moved to the terrestrial 
side of the box after metamorphosis. To maintain darkness until meta-
morphosis of the late stage larvae, newspaper was used to cover the 
semi-terrestrial containers from the darkened water treatment until 
complete larval tail regression. Thereafter, juvenile toads were exposed 
to normal light and were kept for an additional 7–10 days after meta-
morphosis before being sacrificed as described above to study post- 
metamorphic brain morphology. During this period, juveniles were 
fed daily with recently hatched pinhead crickets. 

2.4. Data analysis 

2.4.1. Developmental rate and survival 
Larval survival was assessed by comparing survival probabilities 

between the darkened water treatment and control using a log-rank 
analysis (Mantel-Cox). We also analyzed age (days post-fertilization) 
and body size (SVL) in response to the darkened water treatment. 
Based on our developmental atlas we chose three critical developmental 
periods for this analysis: stages 30–31, 40–41 and 42–43 (see Table 1 for 
stage details). We used separate general linear models (GLM) with age or 
size as dependent variables. Each model had treatment and develop-
mental stage as factors. First, GLM was used to assess the effects of 
treatment and stage including all developmental stages. Upon statistical 
significance of the treatment effect, this was followed by separate 
models of the effect of treatment at each developmental stage to 
establish patterns of divergence in developmental trajectories. A similar 
GLM was used to analyze body size including juveniles to assess the 
potential latent effect of the darkened water treatment on body growth. 
In this model, SVL of stage 42 larvae and stage 46 juveniles was obtained 
from the fixed specimens used for brain measurements (see below). 

2.4.2. Brain size 
Fixed pre-metamorphic larval (stages 42 or 43) and post- 

metamorphic juvenile (stage 46) specimens were dissected to expose 
the dorsal surface of the brain. Brains were photographed using the same 

setup used to photograph embryos and larvae. Three measurements 
were made from each brain picture (Fig. 1): 1) total dorsal surface area 
of the brain excluding the medulla oblongata, 2) surface area of both 
halves of the optic tectum, and 3) surface area of both halves of the 
telencephalon, including the olfactory bulbs. The polygon selection tool 
in ImageJ (v1.51j8) was used to obtain area measurements. Measure-
ments were calibrated using photographs of a stage micrometer slide at 
each magnification used to take brain photographs. Measurement reli-
ability was assessed using intra-class correlation coefficients (ICC) based 
on repeated measurements of the same set of brain photographs by two 
lab members (HP and FL). FL was blinded to animal identity before 
measurements using dummy codes for micrographs. Average ICC and 
95% confidence intervals for total brain area (0.99 [0.986–0.995]), 
optic tectum area (0.92 [0.87–0.95]) and telencephalon area (0.96 
[0.86–0.98]) indicated good to excellent reliability (McGraw and Wong, 
1996). All brains were subsequently dissected out of the head to obtain 
measurements of brain, tectum and telencephalon height based on 
photographs in a lateral orientation. Volume estimates were obtained by 
multiplying surface area and height. Pearson correlation tests showed 
very strong correlations between surface area and volume measure-
ments (Brain: r(43) = 0.94, p < 0.001; Optic Tectum: r(45) = 0.92, 
p < 0.001; Telencephalon: r(44) = 0.96, p < 0.001). We chose to use 
dorsal surface area to estimate brain and region sizes because the shape 
of larval toad brains makes height measurements less reliable and 
specimens with dissection damage to the ventral part of the brain could 
not be included in volumetric analyses. 

The brain size data did not meet parametric statistic assumptions, so 
generalized linear models (GLMM) were used for the analyses. Size of 
the whole brain was estimated from its dorsal surface area. Relative 
brain size was analyzed by using body size (SVL measured in fixed 
specimens before dissection) as a covariate. Similarly, the size of the 
optic tectum and telencephalon were estimated by their dorsal surface 
areas. Relative brain region sizes were analyzed in separate models 
using whole brain surface area as a covariate because we were interested 
in how visual manipulation of the larval environment might influence 
the proportional size of these regions. In addition to the covariates used 
for size correction, each model included developmental stage (late larval 
stage 42–43 and post-metamorphic stage 46) and experimental treat-
ment during the larval period (control and darkened water) as fixed 
factors as well as the stage*treatment interaction. Tests of model effects 
used the Wald Chi-square statistic (α = 0.05) and the results were 
explored by assessing estimated marginal means (EMM) of the models. 
Additionally, least significant difference (LSD) pairwise contrasts were 
used to explore the significant stage*treatment interaction results. All 
statistics were computed in SPSS 26 (IBM, Armonk, NY). 

Table 1 (continued ) 

Stage Stage Illustration ~Age Title Description 
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3. Results 

3.1. Survival 

After accounting for larvae removed for morphological measure-
ments, there was a drastic decrease in survival after the first 5 days of 
development corresponding to larval hatching (Fig. 2). Low survival 
rates of the offspring of captive-bred amphibians are common (Browne 
and Zippel, 2007). Fig. 2A shows the survival data and Fig. 2B shows the 
probabilities of survival used in the log-rank analysis. Larvae reared in 
darkened water had slightly but significantly higher survival than con-
trols (χ2(1,263) = 4.75, p = 0.03). This finding supports the notion that 
the dye used to darken water was not toxic at the concentration used. A 
tendency for development to stall after reaching stage 25 was noted in 
both treatments. Many individuals passed through this stage very slowly 
or not at all, a phenomenon that could be related to developmental stasis 
in larvae that had difficulties feeding (see McKeown et al., 2017). Since 
stage 25 of development was normally reached at 7 dpf, we considered 
larvae still showing characteristics of stage 25 at 16 dpf to be in devel-
opmental stasis. A total of 8 of the 52 larvae assessed at 16 dpf (15%) 
were in stasis (3 dark-reared and 5 controls). Some of these larvae 
remained in stasis up to 25 dpf before they died. These individuals often 

displayed notable morphological abnormalities. Note that none of the 
stages impacted by this delay were used for the developmental rate 
analysis presented next. 

3.2. Developmental rate 

We found a statistically significant interaction between develop-
mental stage and treatment on the age of larvae (Fig. 3A; Stage: F2,101 
=33.2, p < 0.01; Treatment: F1,101 =1.3, p = 0.26; Stage*Treatment: 
F2,101 =14.9, p < 0.01). Tests of the effect of treatment at each devel-
opmental stage revealed an acceleration of development at stage 30–31 
(F1,28 =13.2, p < 0.01) and a delay in development by stage 42–43 (F1,22 
=7.6, p = 0.01) in the darkened water treatment. There was no signif-
icant difference in age between darkened water and control treatments 
at stage 40–41 (F1,53 =1.3, p = 0.26). This trend suggests a complex 
effect of the darkened water treatment on developmental rate whereby it 
accelerates development at first but then slows it down substantially, 
allowing controls to reach metamorphosis earlier. 

When including only specimens at stages 30–31, 40–41 and 42–43 
measured alive during selected nightly water changes, there was no 
difference in snout-vent length between larvae from the darkened water 
and control treatments when analyzed as a function of developmental 

Fig. 1. Dorsal view of fire-bellied toads with exposed brain highlighted by gray outlines. Left: larva at stage 42. Right: post-metamorphic juvenile at stage 46. The 
exposed dorsal surface area of the brain excluding the medulla oblongata was used to estimate brain size. Brain morphology was assessed by measuring the surface 
area of both halves of the optic tectum and the telencephalon (including the olfactory bulb). The 1 mm scale bar on the top left applies to both photographs. Ab-
breviations: C: cerebellum, D: diencephalon, MO: medulla oblongata, OB: olfactory bulb, OT: optic tectum, TEL: telencephalon (excluding olfactory bulb). 

Fig. 2. Survival of fire-bellied toad larvae in darkened water and control treatments. A) Percent survival of larvae by age measured in days post-fertilization (PF). B) 
Cumulative survival probabilities by age used in the log-rank analysis. Black symbols represent darkened water treatment, while white symbols represent controls. 
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stage (Fig. 3B; Stage: F2,61 =0.3, p = 0.75; Treatment: F1,61 =0.1, 
p = 0.77; Stage*Treatment: F2,61 =1.1, p = 0.35). When fixed speci-
mens at late larval and juvenile stages were included in the analysis of 
snout-vent length, there was also no effect of treatment at any stage 
(Treatment: F1,93 =2.0, p = 0.16; Stage*Treatment: F3,93 =1.2, 
p = 0.32) and no significant difference in snout-vent length between 
developmental stages 30–31 to 46 (Stage: F3,93 =0.8, p = 0.48). 

3.3. Brain size 

In addition to the expected positive relationship between body size 
and brain size (SVL: χ2(1,43) = 14.02, P < 0.001), the interaction be-
tween developmental stage and larval visual environment was statisti-
cally significant (Fig. 4A; Stage: χ2(1,43) = 6.95, P = 0.008; Treatment: 

χ2(1,43) = 7.86, P = 0.005; Stage*Treatment: χ2(1,43) = 6.37, 
P = 0.01). The darkened water treatment produced no difference in 
relative brain size by the end of the larval period (Treatment LSD 
contrast: P = 0.94) compared with an average 14.4% reduction in brain 
size due to treatment in post-metamorphic juveniles (Treatment LSD 
contrast: P < 0.001). Relative brain size was greater in post- 
metamorphic juvenile controls despite no difference in body size be-
tween the late larval and post-metamorphic stages sampled (see above), 
which suggests increased investment in brain growth with meta-
morphosis. The darkened water treatment appears to have prevented 
this post-metamorphic surge in brain growth. 

Fig. 3. Effect of darkened water treatment on fire-bellied toad larval development and growth. A) Larval age (days post-fertilization) by developmental stage. B) 
Larval snout-vent length (cm) by developmental stage. Asterisks indicate statistically significant differences between treatments at a developmental stage. Black 
symbols and lines represent the darkened water treatment, while gray symbols and lines represent controls. Symbols are means ± 95% confidence intervals. Samples 
sizes for data presented in panel A) are as follows: Developmental Stage 30–31: Control= 8, Darkness= 21; Developmental Stage 40–41: Control= 17, Darkness= 37; 
Developmental Stage 42–43: Control= 12, Darkness= 11. Samples sizes for data presented in panel B) are as follows: Developmental Stage 30–31: Control= 7, 
Darkness= 17; Developmental Stage 40–41: Control= 9, Darkness= 20; Developmental Stage 42–43: Control= 5, Darkness= 9. 

Fig. 4. Effect of metamorphosis and larval darkened water treatment on brain form in late larval (stage 42) and juvenile (stage 46) fire-bellied toads. A) Relative 
brain size, B) Relative optic tectum size, and C) relative telencephalon size. Black symbols represent darkened water treatment, while white symbols represent 
controls. Each symbol represents the estimated marginal means of generalized linear models including snout-vent length (A) or whole brain surface area (B-C) as a 
covariate and associated 95% confidence intervals around the means. Sample sizes are as follows: control – stage 42 (11 in A-B, 10 in C), control – stage 46 (17 in A-B, 
15 in C), darkness – stage 42 (10 in all panels), and darkness – stage 46 (10 in all panels). 
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3.4. Regional brain size 

As expected, size of the optic tectum was positively associated with 
whole brain size (Brain Area: χ2(1,44) = 175.9, P < 0.001). Develop-
mental stage had no effect on relative tectum size (Stage: χ2(1,44) 
= 2.15, P = 0.14), but the darkened water treatment significantly 
reduced relative size of this brain region (Treatment: χ2(1,44) = 6.42, 
P = 0.01; Fig. 4B). Although the interaction between developmental 
stage and larval visual environment was not statistically significant 
(Stage*Treatment: χ2(1,44) = 0.93, P = 0.34), a trend for greater tectum 
size reduction due to the darkened water treatment was noted in juve-
niles (average 5.5% reduction) compared to the late larval stage (2.6% 
reduction). 

As with the optic tectum, size of the telencephalon was positively 
associated with whole brain size (Brain Area: χ2(1,41) = 319.9, 
P < 0.001). Unlike the tectum, developmental stage had an important 
effect on relative telencephalon size (Stage: χ2(1,41) = 32.47, 
P < 0.001; Fig. 4C), increasing contribution of the telencephalon to 
brain size by 9.9% in juveniles compared to the late larval stage. This 
suggests that metamorphosis in the fire-bellied toad is associated with 
enhanced growth of the telencephalon. A statistically significant inter-
action between developmental stage and larval visual environment was 
also seen (Stage*Treatment: χ2(1,41) = 7.79, P = 0.005) because the 
average 6.7% increase in relative telencephalon size due to the darkened 
water treatment was limited to juveniles (Treatment LSD contrasts: late 
larval, P = 0.37; juveniles, P = 0.003). 

4. Discussion 

4.1. Developmental rate 

Our results revealed an effect of larval visual restriction on devel-
opmental rate. Larvae reared in darkened water developed faster than 
controls initially but delayed their development closer to meta-
morphosis so much that controls achieved metamorphosis significantly 
faster than larvae in the darkened water treatment. Plasticity in devel-
opmental rate is a well-established phenomenon in anuran larvae 
(Richter-Boix et al., 2011). Typically, changes in the timing of key 
developmental events have been studied in the context of desiccation 
and predation risk, with plasticity constrained by trade-offs between 
development and growth rates (Richter-Boix et al., 2011). This trade-off 
normally results in size variation at metamorphosis, which has been 
shown to affect size at reproduction, and therefore, fitness (Travis, 1984; 
Werner, 1986; Bekhet et al., 2014). Hence, developmental rate is 
inherently linked with post-metamorphic performance. A much smaller 
number of studies have looked at the effects of light and visual envi-
ronment on developmental rate plasticity. Consistently, these studies 
showed that light availability promotes faster growth and development 
(Eichler and Gray, 1976; Borah et al., 2018; Ruchin, 2021). On the other 
hand, continuous darkness has been shown to delay development and 
growth via increased melatonin levels, which inhibit the thyroid hor-
mone axis, a pivotal developmental regulatory hormone in amphibians 
(Delgado et al., 1987; Wright et al., 2000). Therefore, the developmental 
delay observed in fire-bellied toad larvae reared in darkened water could 
have been expected. Still, the developmental delay was preceded by an 
acceleration of developmental rate in earlier stages of development 
before slowing down. This finding, while unexpected, suggests that the 
relationship between the light environment and development is more 
complex than previously predicted and that some developmental pe-
riods during larval development in B. orientalis are more sensitive to 
light. The putative relationship of darkness sensitivity to thyroid hor-
mone signaling should be investigated in future studies as it could shed 
light on the mechanisms underlying this process. However, it should be 
noted that the quick transition of control larvae from stages 
30–42 limited our ability to assess them in the earlier stages of devel-
opment on measurement nights, resulting in a lower sample size for 

controls at stage 30–31. This is an important limitation to the conclusion 
of a complex effect of larval visual restriction on developmental rate that 
will require confirmation in the future. 

The developmental delay we observed in later stages was not 
accompanied by an increase in larval size. It is possible that larvae 
simply did not access sufficient nutrients to capitalize on delayed 
development with increased metamorphic size despite a regular feeding 
schedule. Alternatively, energy allocation decisions may have been 
made towards traits that were not measured in this study, such as energy 
retention for gamete production. Such carry-over effects due to selective 
energy allocation have been extensively discussed in the literature and 
are ultimately linked to the endocrine control of development in anurans 
(Travis, 1984; Werner, 1986; Beachy, 2001; Bender et al., 2018). 

4.2. Distinct mechanisms of change in brain size 

When assessing the effect of larval visual restriction on brain form, 
we found that larvae reared in darkened water showed no increase in 
relative brain size or proportional tectum size with metamorphosis, but 
an increase in proportional size of the telencephalon surpassing the one 
seen in controls followed their metamorphosis. The latter suggests 
substantial reallocation of brain tissue growth to the telencephalon after 
metamorphosis in juveniles that had been visually restricted during the 
larval period. The global latent effect of larval visual restriction on brain 
size and regional latent effect on telencephalon growth stand in contrast 
to the plastic effect on optic tectum size seen in larvae, which persisted 
after metamorphosis. Differences in the timing of effects of the larval 
visual environment on brain growth across treatments and brain regions 
suggest that brain size plasticity can be achieved through different 
mechanisms in anurans. 

Anuran metamorphosis is characterized by a reorganization of the 
nervous system involving changes in gross morphology and connectivity 
of the brain (Denver, 1998; Horowitz and Simmons, 2007; 2010). The 
latent effect of larval environment favoring telencephalon growth at the 
expense of other parts of the brain that we observed suggests regional 
priming of the ability to respond to cues of metamorphosis. Hormonal 
changes accompanying metamorphosis are good candidate mechanisms 
to mediate change in telencephalon size. Pioneer work leading to the 
discovery of thyroid-stimulating hormone led to the observation that the 
brain of thyroidectomized anurans retains its larval form and that sup-
plementation of thyroid hormones can induce metamorphic-like 
changes in brain morphology before the onset of metamorphosis 
(Allen, 1924). These effects of thyroid hormone on the relative size of 
brain parts involve modulation of cell proliferation and differentiation, 
neurite growth, and apoptosis (Denver, 1998; Coen et al., 2007; 
Thompson and Cline, 2016; Wen et al., 2019). Interestingly, such effects 
on brain growth are not limited to thyroid hormones. Circulating pro-
lactin and corticosteroid hormone levels surge at metamorphosis in 
anurans (Clemons and Nicoll, 1977; Jolivet Jaudet and Leloup Hatey, 
1984) while growth hormone levels temporarily drop at that same time 
(Buckbinder and Brown, 1993). Exposure of frog larvae to corticoste-
rone can also influence brain morphology by increasing size of the 
diencephalon (Cha et al., 2021). Additionally, frog larvae injected with 
prolactin or growth hormone show altered levels of brain cell prolifer-
ation, with distinct acute or latent effects depending on hormonal 
treatment (Hunt and Jacobson, 1970). These two hormones slow or 
accelerate development of some larval structures without influencing 
the timing of metamorphosis in anurans (Delidow, 1989; Huang and 
Brown, 2000a; 2000b). Therefore, the complexity of hormonal fluctua-
tions at metamorphosis could mediate the distinct types of latent effects 
(i.e. global and regional) of the larval visual environment manipulation 
on brain growth that we observed. 

Plasticity of optic tectum size showed a different pattern because this 
brain region was already smaller by the end of the larval period after 
treatment with darkened water and the smaller tectum size remained 
after metamorphosis in juveniles exposed to normal illumination. The 
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optic tectum could be particularly susceptible to larval environmental 
conditions, as a larval plasticity of tectum growth was also noted with 
manipulation of rearing density (Gonda et al., 2010; Trokovic et al., 
2011). Could larval tectum growth be activity-dependent? Previous 
studies of developing retinotectal pathways in anurans showed that vi-
sual stimulation is not needed for normal development of these con-
nections (Jacobson, 1971; Keating et al., 1986). Instead, visual 
experience-dependent plasticity of tectal circuits has been implicated in 
the refinement of visual behavioral responses during anuran develop-
ment (e.g. Dong et al., 2009). Interestingly, visual stimulation increases 
neuronal differentiation in the tectum of Xenopus laevis and Danio rerio 
larvae while visual deprivation appears to maintain tectal cells in the 
progenitor pool (Sharma and Cline, 2010; Hall and Tropepe, 2018). This 
suggests that growth of tectum size could be due to visually-induced 
greater differentiation of neurons, but the cellular mechanisms of 
tectum size plasticity remain to be investigated in anurans. Of further 
interest, Denver et al. (2009) showed that thyroid hormone-sensitive cell 
proliferation is highest in the developing anuran tectum until 
mid-prometamorphosis, after which it drops off precipitously. There-
after, proliferation continues in other brain areas, but it is not sensitive 
to thyroid hormone treatment. Again, this suggests high sensitivity of 
tectum growth during the larval period corresponding to the environ-
mentally induced plastic effects seen with visual restriction (current 
study) and density manipulation (Gonda et al., 2010; Trokovic et al., 
2011). The lack of tectum growth response after metamorphosis is in 
accord with a concurrent drop in brain cell proliferation (Denver et al., 
2009) and the carry-over effect of treatment observed here. 

4.3. Sensory environments and brain morphology 

What could be the functional consequences of developmental brain 
morphology plasticity in anurans? The optic tectum is involved in ori-
enting and avoidance responses triggered by various stimuli of different 
sensory modalities, with a major role of vision (Dean et al., 1989; 
Northmore, 2011). The telencephalon includes the main and accessory 
olfactory bulbs in its rostral part, which respectively receive primary 
olfactory and vomeronasal input from peripheral receptor neurons 
(Manzini and Schild, 2010). The rest of the telencephalon is heavily 
targeted by efferents from the bulbs and thus is also important for 
integration of chemosensory information (Laberge and Roth, 2007; Roth 
and Laberge, 2011). In a very general sense, Jerison’s (1973) principle of 
proper mass posits that the size of a neural structure reflects the 
complexity of behaviors that it mediates. Therefore, one could predict 
that dark-reared larvae with an enlarged telencephalon would be better 
suited to rely on chemosensory information to guide behavior, which 
also would be appropriate for life conditions unfavorable to vision. This 
prediction would be better supported by a specific enlargement of the 
olfactory bulbs, which could only be assessed using a more accurate 
stereological approach (e.g. histology) in these developing anuran 
brains. The reduction in tectum size in dark-reared larvae would 
contribute energy savings by reduced reliance on the energetically 
costly visual system (Niven and Laughlin, 2008). Visual manipulation of 
larval rearing environment with a non-toxic water dye offers an easy 
method to produce animals with variable brain morphology phenotypes 
in anurans (present study) and fish (Pike et al., 2018), which could be 
used to assess the generality of Jerison’s principle using a variety of 
behavioral and cognitive tests. Additionally, it offers the opportunity to 
study the variable mechanisms of change in brain size that happen 
during larval exposure and thereafter as latent effects in juveniles. 
Although exposure to complete darkness during the larval period is 
unlikely to happen to anurans under natural conditions, our findings 
suggest that ecologically relevant environmental conditions during 
development, such as variation in illumination due to vegetation cover, 
could induce more subtle changes in brain form with potential impacts 
on fitness when early and late life stages share predictable environ-
mental conditions. 
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