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Abstract 
Animals are increasingly challenged to respond to novel or rapidly changing habitats due to urbanization and/or displacement 
outside their native range by humans. Behavioral differences, such as increased boldness (i.e., propensity for risk-taking), 
are often observed in animals persisting in novel environments; however, in many cases, it is unclear how these differences 
arise (e.g., through developmental plasticity or evolution) or when they arise (i.e., at what age or developmental stage). In 
the Guttural Toad (Sclerophrys gutturalis), adult urban toads from both native and invasive ranges are bolder than conspe-
cifics in natural habitats. Here, we reared Guttural Toad tadpoles in a common garden experiment, and tested for innate 
differences in boldness across their development and between individuals whose parents and lineage came from rural-native, 
urban-native, and urban-invasive localities (i.e., origin populations). Tadpoles did not differ in their boldness or in how their 
boldness changed over ontogeny based on their origin populations. In general, tadpoles typically became less bold as they 
aged, irrespective of origin population. Our findings indicate that differences in boldness in free-living adult Guttural Toads 
are not innate in the tadpole stage and we discuss three possible mechanisms driving phenotypic divergence in adult boldness 
for the focus of future research: habitat-dependent developmental effects on tadpole behavior, decoupled evolution between 
the tadpole and adult stage, and/or behavioral flexibility, learning, or acclimatization during the adult stage.

Significance statement
To determine if animals can persist in urban areas or become invasive outside their native ranges, it is important to understand 
how they adapt to life in the city. Our study investigates if differences in boldness that have been found in adult Guttural 
Toads (Sclerophrys gutturalis) represent heritable differences that can also be found in early life stages by rearing tadpoles 
from eggs in a common garden experiment. We did not find any differences in boldness among tadpoles from rural-native, 
urban-native, and urban-invasive origin populations. Our findings suggest that differences in boldness are not innate and/or 
that boldness is a behavioral trait that is decoupled between the tadpole and the adult stage.
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Introduction

Anthropogenic global change poses a host of novel chal-
lenges to species worldwide (Grimm et al. 2008; Martin 
et al. 2010; Pautasso et al. 2010). Two important compo-
nents of direct or indirect human impact on animals are the 
urbanization of natural environments and the displacement 
of animals into non-native ranges (Vitousek et al. 1997; 
Lambin and Meyfroidt 2011). Interestingly, invasive spe-
cies distributions are often centered around cities and other 
anthropogenically modified habitats (Pyšek et al. 2020). 
This might simply be a result of the more frequent trans-
portation to, and release within, human-modified habitats 
due to human activity and global inter-connectedness that 
is inherent to the concept of invasive populations (Hulme 
2009; Gaertner et al. 2017; Padayachee et al. 2017). How-
ever, recent evidence suggests that the invasiveness of spe-
cies may be enhanced by prior adaptation to urban envi-
ronments before they are subsequently released into novel 
urban ranges, bolstering a population’s ability to establish 
and spread (Hufbauer et al. 2012; Borden and Flory 2021).

Behavioral flexibility is a key mechanism that can 
enable animals to cope with rapid human-induced envi-
ronmental changes and can even allow them to thrive in 
heavily modified habitats like cities (Candolin and Wong 
2012; Sol et al. 2013; van Baaren and Candolin 2018). 
Commonly reported behavioral shifts in response to novel 
anthropogenically driven conditions, such as urban land-
scapes or extra-limital introductions, include increases in 
activity (e.g., Pintor et al. 2008; Pintor and Sih 2009; Phil-
pott et al. 2019), aggression (e.g., Pintor et al. 2008; Evans 
et al. 2010; Kralj-Fišer and Schneider 2012), boldness 
(e.g., Atwell et al. 2012; Batabyal et al. 2017; Hewes and 
Chaves-Campos 2018; Damas-Moreira et al. 2020; Mazza 
et al. 2020), and tendency to explore (e.g., Thompson et al. 
2018; Damas-Moreira et al. 2019; Oliveira et al. 2020), 
but can vary between taxa and locations. Research on why 
these behavioral shifts occur indicates that urban-adapted 
and/or invasive populations can achieve higher growth 
rates and reproductive output in anthropogenically modi-
fied habitats (Peach et al. 2008; Pintor and Sih 2009; Sar-
gent and Lodge 2014; Putman and Tippie 2020; Thawley 
and Kolbe 2020) by using novel ecological opportunities 
(e.g., González-Bernal et al. 2012; González-Bernal et al. 
2016; Thawley and Kolbe 2020) and outcompeting native 
species (e.g., Pintor and Sih 2009; Damas-Moreira et al. 
2020) while benefitting from reduced predation pressure 
(Brownscombe and Fox 2013; Eötvös et al. 2018; Westrick 
et al. 2019) and higher resource availability (Lowry et al. 
2013; Tryjanowski et al. 2015; Hradsky et al. 2017); how-
ever, many questions remain regarding how these behav-
ioral adaptations arise.

Similar behaviors appear to be beneficial for animals 
in urbanized or invasive populations (e.g., increased 
boldness; Atwell et al. 2012; Damas-Moreira et al. 2020; 
Mazza et  al. 2020), yet the mechanism driving these 
behavioral tendencies is often unclear. Anthropogenically 
derived phenotypic change may be driven by prior adap-
tation in the donor habitat (Hufbauer et al. 2012; Borden 
and Flory 2021), rapid evolution in the novel environment 
(Whitney and Gabler 2008; Baxter-Gilbert et al. 2019), or 
realization through developmental plasticity and behavio-
ral flexibility (e.g., Hudson et al. 2017; Hewes and Chaves-
Campos 2018; Mazza et al. 2020). Furthermore, exactly 
when trait divergence occurs during ontogeny is largely 
unknown (e.g., Brodin et al. 2013; Gruber et al. 2017). 
This question is especially relevant when different ontoge-
netic stages of an animal exhibit different morphologies 
and use diverse ecological niches and habitats (Werner 
1988; Kelleher et al. 2018). This is more commonplace 
than one may expect—approximately 80% of all animals, 
including insects and amphibians, have these types of 
complex life cycles (Werner 1988).

We aimed to study evolutionary and ontogenetic diver-
gence of a behavioral trait (i.e., boldness; herein defined 
as an animal’s propensity to exhibit risk-taking behavior) 
known to differ among populations of an urban-invasive 
amphibian, the Guttural Toad (Sclerophrys gutturalis). A 
recent study by Baxter-Gilbert et al. (2021) found that adult 
toads are bolder in urban habitats than they are in natural 
areas across native and invasive ranges. This study gives 
rise to the questions of how (i.e., through evolution or plas-
ticity) and when (i.e., at what age or developmental stage) 
these differences arise. In a common garden experiment, we 
raised tadpoles produced from wild adults captured from 
rural-native, urban-native, and urban-invasive populations 
(i.e., origin populations). We then quantified the tadpoles’ 
boldness (i.e., latency to leave a hide after a standardized 
simulated predator attack; Baxter-Gilbert et al. 2021) every 
10 days across development to investigate whether differ-
ences in boldness between habitat types are genetically fixed, 
and if so, when do these differences arise ontogenetically. 
We expected that (1) all tadpoles increase in boldness as they 
age, due to an increased energy requirement with larger body 
size, as well as the well-established link between boldness 
and foraging activity (Wilson and Krause 2012b; Urszán 
et al. 2015a, b; Kelleher et al. 2018), and (2) urban-invasive 
tadpoles will be consistently bolder across ontogeny than 
rural-native tadpoles, with urban-native tadpoles being 
intermediary, given the reported coupling of boldness across 
life stages in anurans (Wilson and Krause 2012b; Kelleher 
et al. 2018). If prediction (2) is supported, then this would 
also suggest that prior adaptation to invade urban habitats is 
already present in the tadpole stage of this species (Hufbauer 
et al. 2012; Borden and Flory 2021).
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Methods

Study species, sampling sites, and collection 
of adults

The Guttural Toad is a large bufonid with a maximum 
reported snout-vent length (SVL) of 140 mm, that has a 
wide distribution across much of sub-Saharan Africa (du 
Preez et al. 2004; Telford et al. 2019). Tadpoles are aquatic 
and develop over the course of 6 to 10 weeks, after which 
metamorphosis is complete and they leave the water with a 
terrestrial body form (du Preez et al. 2004; Channing et al. 
2012). This toad is a habitat generalist that is encountered 
across a range of grassland and forest ecosystems com-
monly associated with natural wetlands and waterbodies 
(du Preez et al. 2004; Channing et al. 2012). Yet, it also 
has a proclivity for synanthropic behavior and can be 
found in anthropogenic landscapes (e.g., urban/suburban) 
where they will exploit anthropogenic water bodies such 
as garden ponds for breeding habitat (du Preez et al. 2004; 
Vimercati et al. 2017).

The species has successfully established invasive 
populations on the islands of Mauritius and Réunion and 
near the city of Cape Town, South Africa (Telford et al. 
2019; Baxter-Gilbert et al. 2020). A study by Telford et al. 
(2019) showed that all invasive populations came from 
the port city of Durban, South Africa. In the case of the 
invasive population near Cape Town, eggs and tadpoles 
are presumed to have been unintentionally introduced via 
a consignment of aquatic ornamental plants in 1998 (De 
Villiers 2006; Measey et al. 2017). This urban-invasive 
Cape Town population has since shown rapid adaptation 
to the drier climate in the Cape region in the adult stage, 
altering their behavior, physiology, and reproductive strat-
egy (Vimercati et al. 2018, 2019; Madelaire et al. 2020; 
Barsotti et al. 2021).

For the purposes of our study, we collected reproduc-
tively sized adult toads from November 2019 to Febru-
ary 2020. We chose two locations to collect toads from 
natural-native origin populations, hereafter referred to as 
“Durban Rural” (from sites at 29° 51′ 31″ S, 30° 43′ 18″ 
E and 29° 28′ 17″ S, 31° 13′ 25″ E), which were areas 
with little human modification that are 20–60 km from the 
city of Durban. We also collected toads from two urban-
native origin populations, hereafter referred to as “Durban 
Urban” (29° 50′ 55″ S, 31° 00′ 30″ E and 29° 49′ 08″ S, 
30° 56′ 37″ E), which were from suburban areas within 
Durban. Lastly, we collected toads from a single urban-
invasive origin population, hereafter referred to as “Cape 
Town” (34° 01′ 29″ S, 18° 26′ 03″ E) from the suburb of 
Constantia, located near Cape Town, where an invasive 
population of Guttural Toads had become established. The 

Durban Rural sites consisted of wetlands with a lake or 
a series of ponds that showed little anthropogenic mod-
ification or signs of low levels of use by humans (e.g., 
nature reserves and infrequent recreational fishing) and 
had mostly native plant communities. The Durban Urban 
sites had artificial water bodies (e.g., ornamental ponds 
with non-native fish species, ditches, or fountains), fre-
quent anthropogenic structures (e.g., buildings and roads), 
and high levels of human presence. Similarly, the Cape 
Town site also had many garden ponds, buildings, roads, 
and high levels of human presence.

Husbandry of adults and breeding protocols

After collection, adults were brought to a greenhouse located 
at the University of KwaZulu-Natal Westville Campus. In 
this facility, toads were housed by sampling location and sex 
in large plastic tubs (1.1 m [L] × 1.3 m [W] × 0.50 m [H]; 
n = 10) filled with ~50 mm of soil and another ~50 mm of 
leaf litter over the soil. Water was provided in plastic bowls 
ad libitum. We ensured the soil was moist, but not saturated, 
and fed toads 2–5 adult crickets (Acheta domesticus) every 
other day.

Toad breeding was carried out from December 2019 to 
March 2020 using individuals that were available in the 
greenhouse at the time. Thus, clutches were not deposited 
synchronously, but rather in clumped batches over the course 
of this ~3-month period. Every toad was used only once 
for breeding. To initiate mating behavior, and subsequent 
oviposition and fertilization, we used a 1:20 solution of the 
synthetic gonadotrophin leuroprorelin acetate—“Lucrin” 
(Lucrin Depot, Abbott) and Ringer’s solution. We injected 
females with 0.666 mL and males with 0.333 mL (Hamil-
ton et al. 2005) at ~17:00 h. After injection, pairs of males 
and females were placed inside separate plastic containers 
(260 × 410 mm) filled with 40 mm of aged tap water and 
left undisturbed overnight. The next morning at ~9:00 h, we 
checked the containers for fertilized clutches, removed the 
adults from the containers, and replaced the water inside 
these containers with clean, aged tap water to a height of 
approximately 150 mm. We regularly replaced the water 
inside these containers and made sure clutches were well 
aerated. Over the next few days, we followed embryonic 
development closely. Typically, 1 day after the clutch was 
laid, most embryos had already hatched (i.e., Gosner stage 
20; Gosner 1960). At this point, individuals were assigned 
a tadpole age of 0 days, allowing us to track age in days for 
the entirety of our common garden experiment.

Common garden experiment

We housed tadpoles in large mesocosms (large plastic tubs; 
1.1 m [L] × 1.3 m [W] × 0.5 m [H]; n = 30) filled with 600 
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L of tap water placed halfway below workbenches inside 
the facility, so that one half of a mesocosm was shaded and 
the other half received sunlight through the roof panels. We 
let the water inside the mesocosms age for a week, before 
adding ~1 L of water from a standing water tank to each 
mesocosm to induce zoo- and phyto-plankton establishment. 
This water tank was located inside the facility (i.e., prevent-
ing access from toads and fish) and had a well-established 
community of aquatic vegetation and algae within it. After 
another week, we added 50 g of rabbit chow (Rabbit Pellets, 
Westerman’s Premium) to supply the plankton with addi-
tional nutrients (Semlitsch and Boone 2009). At an age of 
3 days, we separated 1000 enumerated tadpoles from one 
clutch (i.e., full siblings) and translocated them to a meso-
cosm that had been prepared for their arrival approximately 
1 month before and contained a well-established and abun-
dant zoo- and phyto-plankton community.

Boldness assay

At the age of 10 days, and then every subsequent 10 days 
(Table 1), we haphazardly selected 20 tadpoles from each 
mesocosm for testing. If we were not able to conduct the 
assay on the specific day the tadpoles were scheduled 
for, we conducted the assay on the next possible day (see 
Table 1). We did not assess Gosner stage (Gosner 1960) of 
each tadpole as this would have required additional han-
dling. Generally, developmental stages of individual tad-
poles varied greatly within a clutch (e.g., between Gosner 
stages 25 and 30 for younger clutches and Gosner stages 
30 and 41 for older clutches; Gosner 1960). However, for 
older tadpoles, we ensured that only tadpoles that had not 

developed past Gosner stage 41 (Gosner 1960) were used, 
as strong morphological and physiological changes might 
affect behavior in subsequent developmental stages (Dodd 
and Dodd 1976). We used 190 [L] × 300 [W] mm plastic 
containers filled with 20 mm of aged tap water as boldness 
arenas. Above the boldness arenas, we installed digital 
video cameras (recording at a frame rate of 25 fps and 
a resolution of 101.38 kP), that allowed us to remotely 
record the tadpole behavior (i.e., without a researcher pre-
sent). Before the start of each boldness assay, tadpoles 
were tested for swimming performance (Mühlenhaupt 
et al. 2021) and were introduced to the boldness arenas 
immediately afterwards. Before starting the simulated 
predator attack, we documented the water temperature in 
the boldness arenas using a digital thermometer (Control 
Company, product code: 4052; ± 0.1°C). Using the tip 
of a red silicon spatula, a single researcher (MM) chased 
the tadpoles for 10 s before placing a circular hide (i.e., a 
white opaque plastic cup with a diameter of 116 mm with a 
50 [W] × 30 [H] mm exit hole cut into the side) over them. 
The hide, while it was surrounding the tadpole, was then 
centered within the arena and the exit hole aligned to be 
visible by the camera. For the next 20 min, we recorded 
tadpole behavior. From these video recordings, we scored 
whether tadpoles left the hide during the duration of 
recording (binary variable) and documented the time (s) 
it took the tadpoles to leave the hide (i.e., latency to leave 
the hide). For the latter behavior, we considered a tadpole 
had left the hide when it had passed through the exit hole 
with the vent exposed and the tip of the snout facing per-
pendicular to the hide. Video scoring was carried out by 
one observer (MM) who was blind to the origin popula-
tions of tadpoles. Tadpoles that did not leave the hide were 
assigned the maximum assay time (1200 s; as per Riley 
et al. 2017; Damas-Moreira et al. 2019; Baxter-Gilbert 
et al. 2021). This protocol closely followed the boldness 
assay used by Baxter-Gilbert et al. (2021). We measured 
the same variables and began each boldness assay with a 
standardized “mock predation” event (i.e., chasing the tad-
poles for 10 s with a rubber spatula) to ensure comparabil-
ity of our results with those of Baxter-Gilbert et al. (2021). 
Furthermore, we ensured that boldness, as quantified here, 
was not conflated with general activity by simulating a 
risky situation through the “mock predation” event at the 
beginning of each assay (see Réale et al. 2007; Kelleher 
et al. 2018).

After the boldness assay, we returned the tadpoles to their 
respective mesocosms. Thus, we cannot rule out the pos-
sibility that any individual tadpole was also sampled for a 
boldness assay at a different age, and we acknowledge that 
recurrent behavioral testing can influence tadpole behavior 
in later trials (Urszán et al. 2015a). However, given the high 
initial number of tadpoles per mesocosm (n = 1000), there is 

Table 1  The number of tadpoles whose boldness was assayed in our 
study, separated by age and origin population. Numbers in parenthe-
ses denote the total number of clutches the tadpoles belonged to. For 
Durban Rural, 3 and 7 clutches were produced from toads collected in 
sampling location 1 or 2, respectively, and for Durban Urban, 6 and 6 
clutches from sampling location 1 or 2, respectively (see “Methods”). 
Please note that due to the staggered breeding of adults over a period 
of 3 months, as well as the onset of COVID-19 pandemic restrictions 
in South Africa in March 2020, sample sizes are lower for higher ages 
as we were not able to continue the data collection after this time

Age Durban Rural Durban Urban Cape Town

10 180 (9) 220 (11) 160 (8)
12 20 (1) 20 (1) -
20 200 (10) 179 (9) 159 (8)
30 200 (10) 180 (9) 80 (4)
40 119 (6) 179 (9) 80 (4)
41 40 (2) - -
50 60 (3) 180 (9) 60 (3)
60 59 (3) 100 (5) 40 (2)
Σ 878 1058 579
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a low likelihood that many tadpoles were repeatedly used for 
testing and thus, we conducted statistical analysis assuming 
non-repeated measures.

Statistical analysis

All statistical analyses were carried out using R (Version 
4.0.1; R Core Team 2020). Before analyzing our data, we 
explored the data set following Zuur et al. (2010) and did 
not find any unexplainable outliers. We verified the assump-
tions of normality and homoscedasticity of residuals for all 
models prior to interpretation and present data as predicted 
means ± standard error (SE) in the text. The significance 
level (α) was set at 0.05 for all models. The water tempera-
ture during the boldness trials and the age of tadpoles were 
significantly correlated (confirmed by using the “lm” and 
“Anova” function in the R “stats” package; R Core Team 
2020: F1, 2493 = 11.12, p < 0.01). Therefore, we decided to 
exclude temperature from our models because these two fac-
tors are confounded. However, due to our staggered breed-
ing protocol (see “Husbandry of adults and breeding proto-
cols”), younger and older tadpoles were tested at the end of 
the experiment, so seasonal variation in temperature likely 
did not affect our results strongly.

First, we investigated the proportion of tadpoles that did 
not leave the hide during the 20-min trial. The variability 
in this behavioral trait was very low (overall less than 1% 
of tadpoles did not exit the hide; Table 2). Thus, we present 
a summary of this behavioral trait, but it was not analyzed 
statistically. Instead, we used the tadpole’s latency to leave 
the hide (s) as our boldness metric and, before analyses, we 
rank-transformed these values because they were strongly 
positively skewed (Riley et al. 2017; Damas-Moreira et al. 
2019). We used a linear mixed effect model (LMM; using 

the “lmer” function in the R package “lme4”; Bates et al. 
2015) with our boldness metric as the response variable that 
included the fixed effects of tadpole origin population (cat-
egorical: Cape Town, Durban Rural, Durban Urban), age 
(continuous), and initially included the interaction between 
origin population and age. This LMM also included a ran-
dom intercept and slope of mesocosm number to control for 
dependency in our data due to relatedness and shared hous-
ing for individuals from the same tub, and a random inter-
cept of parentage location to control for dependency in our 
data due to similarities between specific study sites where 
the parents were collected. Post hoc, we tested for an interac-
tion effect using “emtrends” in the R package “emmeans” 
(Lenth et al. 2018) and did not find any significant effects 
(all pcorr > 0.16; p-values were corrected using a “Tukey” 
adjustment). Thus, we removed the interaction term and 
reran the LMM to allow interpretation of main effects.

We also ran a separate LMM investigating differences 
in the boldness of tadpoles that were 40/41 days old among 
the different origin populations. This LMM had our bold-
ness metric as the response variable, included tadpole origin 
population (categorical: Cape Town, Durban Rural, Durban 
Urban) as a fixed factor, and a random intercept of meso-
cosm number and parentage site. We chose this age because 
tadpoles had sufficient time to develop and possibly diverge 
in boldness, sample size was still reasonably high (Table 1), 
and, around this age, Guttural Toad tadpoles are known to 
begin emergence as toadlets (du Preez et al. 2004; Channing 
et al. 2012). Furthermore, our previous work has indicated 
that tadpoles from different origin populations show dif-
ferences in developmental rate (Mühlenhaupt et al. 2021). 
Thus, with higher age (e.g., 50 or 60 days), our results might 
be biased towards slow-developing Durban Urban tadpoles 
because fast-developing Durban Urban tadpoles might have 
already exceeded Gosner stage 41 (Gosner 1960).

Following analysis of both LMMs, we conducted post hoc 
multiple comparisons between tadpole origin populations 
using the R package “emmeans” and p-values generated for 
these comparisons were “Tukey” adjustment-corrected using 
a Monte Carlo method to produce “exact” Tukey corrections 
(Lenth et al. 2018).

Results

The proportion of tadpoles that did not leave the hide dur-
ing our boldness assay was very low, with less than 1% of 
tadpoles remaining in the hide during the trials (Table 2). 
Tadpoles became less bold (i.e., shyer) as they aged, but 
boldness did not differ between origin populations (Table 3, 
Fig. 1). Similarly, at the age of 40/41 days, tadpole boldness 
did not differ among origin populations (Table 4, Fig. 2).

Table 2  A summary of the number of tadpoles that did not leave the 
hide during the 20-min boldness assays separated by age and origin 
population. Numbers in parentheses denote the specific percent-
age (%) of tadpoles that did not leave the hide as calculated from the 
number of tadpoles that did not leave the hide divided by the total 
number of tadpoles assayed at that age and specific origin population 
(see Table 1)

Age Durban Rural Durban Urban Cape Town

10 0 2 (1%) 0
12 0 0 0
20 0 0 1 (0.63%)
30 3 (1.5%) 2 (1%) 1 (1.25%)
40 2 (1.68%) 1 (0.56%) 1 (1.25%)
41 0 0 0
50 0 3 (1.67%) 1 (1.67%)
60 2 (3.39%) 0 1 (2.5%)
Σ 7 (0.8%) 8 (0.76%) 5 (0.86%)
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Discussion

Contrary to our predictions, tadpole boldness did not differ 
among rural-native, urban-native, and urban-invasive origin 
populations, and decreased with tadpole age in our common 
garden experiment. Given the clear divergence in boldness 
among natural and urban adult Guttural Toads (Baxter-Gil-
bert et al. 2021), this study gives valuable insight in how 
urban-derived boldness in Guttural Toads may or may not 
arise. Notably, this would suggest that the increased bold-
ness observed in adult urban toads is either a result of expe-
rience or plasticity at either the tadpole or adult stage (i.e., 
requiring exposure to actual urban/rural ecosystems), or if 
it is heritable and fixed, then the phenotype is not expressed 
until after metamorphosis. Within the scope of this study, 
since bolder phenotypes are not uniquely arising in the lar-
val stage of urbanized Guttural Toads, we would assert that 
prior-adaptation is not enhancing the species’ invasion suc-
cess (Hufbauer et al. 2012; Borden and Flory 2021), with 
respect to tadpole boldness. In the context of the recent 

Table 3  (a) Output from the linear mixed effects model examining 
differences in boldness scores (i.e., rank-transformed latency to leave 
the hide) over the first 60 days of development in Guttural Toad tad-
poles. The interaction between tadpole origin population and age was 
not significant, so it was removed, and the model was re-run. Model 
estimates (β) of fixed effects are presented with their corresponding 
standard errors (SE), Satterthwaite-approximated degrees of freedom 
(df), and t-values. Variance estimates (σ2) are supplied for residuals 
and random effects, and all significant values (p < 0.05) are bolded. 
Levels for tadpole origin population are given in parentheses follow-
ing the variable name. (b) We also present post hoc multiple com-
parisons of boldness between all tadpole origin populations and, in 
this case, p-values (pcorr) were corrected using a “Tukey” adjustment 
(Lenth et al. 2018)

(a) Model output
Variable names
Fixed effects β SE df t p

  Intercept (Cape Town) −0.26 0.07 158.35 −3.71 < 0.01
  Tadpole origin (Durban 

Rural)
0.00 0.08 84.94 −0.03 0.97

  Tadpole origin (Durban 
Urban)

0.08 0.08 108.05 0.94 0.35

  Age 0.01 0.00 33.01 4.01 < 0.01
Random effects σ2

  Mesocosm ID 0.00
  Parentage site 0.00
  Residuals 0.94

(b) Post hoc multiple comparisons between tadpole origin popula-
tions

β SE df z pcorr

Cape Town – Durban Rural 0.00 0.09 1.03 0.03 0.99
Cape Town – Durban Urban −0.08 0.08 1.02 −0.92 0.63
Durban Rural – Durban 

Urban
−0.08 0.08 1.54 −0.96 0.60

Fig. 1  Guttural Toad tadpole boldness (i.e., rank-transformed latency 
to leave the hide after a standardized simulated predation attempt) 
as they aged for each origin population as predicted from our linear 
mixed effect model (Durban Rural = green with solid line, Durban 
Urban = black with dotted line, Cape Town = blue with dashed line). 
Predicted data points are shown with corresponding linear regression 
lines and 95% confidence intervals. The blue triangle on the left cor-
responds with the directionality of the trait (i.e., low values corre-
spond with bold tadpoles and vice versa)

Table 4  (a) Output from the linear mixed effects model examining 
differences in Guttural Toad tadpole boldness (i.e., rank-transformed 
latency to leave the hide) at the age of 40/41 days. For fixed effects, 
model estimates (β) are presented with their corresponding standard 
errors (SE), Satterthwaite-approximated degrees of freedom (df), and 
t-values. For residuals and random effects, variance estimates (σ2) are 
supplied. Levels for tadpole origin population are given in parenthe-
ses following the variable name. (b) We also present post hoc multi-
ple comparisons of boldness between all tadpole origin populations, 
and, in this case, p-values (pcorr) were corrected using a “Tukey” 
adjustment (Lenth et al. 2018)

(a) Model output
Variable names
Fixed effects β SE df t p

  Intercept (Cape Town) 0.04 0.22 1.88 0.15 0.90
  Tadpole origin (Durban Rural) 0.09 0.27 1.88 0.34 0.77
  Tadpole origin (Durban Urban) −0.13 0.26 1.82 −0.50 0.68

Random effects σ2

  Mesocosm ID 0.04
  Parentage Site 0.03
  Residuals 1.00

(b) Post hoc multiple comparisons between tadpole origin popula-
tions

β SE df z pcorr

Cape Town – Durban Rural −0.09 0.27 1.94 −0.33 0.94
Cape Town – Durban Urban 0.13 0.27 1.87 0.49 0.88
Durban Rural – Durban Urban 0.22 0.22 1.85 1.00 0.58
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surge in studies examining rapid evolution in urban and 
invasive populations, our study results demonstrate a break 
with many significant findings on larval stages, suggesting 
substantial gaps in our understanding of the mechanisms 
and timing by which these phenotypic differences arise, and 
support the recommendation for more robust methodologies 
(see Lambert et al. 2020).

Our common garden experimental design gives us the 
ability to demonstrate strong evidence that Guttural Toad 
tadpoles are not expressing heritable or innate differences 
in their boldness between populations (Lambert et  al. 
2020). These findings are contrary to previous research 
which showed heritable differences in tadpole boldness 
between mainland and island populations of Common Frogs 
(Rana temporaria) that were carried over to the adult stage 

(Brodin et al. 2013). In Common Frogs, the bolder pheno-
type of island populations was presumed to be the result of 
a disperser-dependent founder effect through bolder, more 
exploratory adults colonizing the new islands that rose above 
sea level approximately 350–800 years ago (Brodin et al. 
2013), which is similar to the increased levels of boldness 
seen in invasive range-front (i.e., expanding) adult Cane 
Toads (Rhinella marina) in Australia after less than 100 
years (Gruber et al. 2017). In the context of Guttural Toads, 
however, it is more likely that a population around the area 
of Durban already existed before the city was founded and 
became urbanized during the city’s founding and growth 
(Baxter-Gilbert et al. 2021). Furthermore, the Cape Town 
population of Guttural Toads was likely established through 
tadpoles or eggs, both of which are non-dispersive life stages 
(De Villiers 2006; Measey et al. 2017). Thus, a disperser-
dependent founder effect is unlikely in the urban and urban-
invasive populations of the Guttural Toad, emphasizing the 
context-dependent nature of behavioral divergence between 
populations. Similarly, a previous study showed that urban-
native and urban-invasive tadpoles do not differ in swimming 
performance and underlying morphological traits compared 
to rural-native tadpoles in the Guttural Toad (Mühlenhaupt 
et al. 2021), suggesting that predation pressure might not be 
reduced in urban and/or invasive tadpole habitats.

Although our findings suggest that urbanized or invasive 
Guttural Toad tadpoles are not exhibiting heritable increases 
in boldness, the drivers of the observed differences in adult 
boldness between urban and rural adults (Baxter-Gilbert 
et al. 2021) remain unknown. One possibility is that phe-
notypic differences could be the result of developmental 
effects experienced during the tadpole stage, which may be 
habitat-dependent for their expression in tadpoles and are 
carried over and expressed during post-metamorphic stages. 
Tadpoles are well known to show high levels of plasticity 
in many traits as a response to different ecological factors 
(Richardson 2001; Relyea 2002; Van Buskirk 2002; Relyea 
2004) and differences in stress response between urban, agri-
cultural, and rural Common Toad (Bufo bufo) tadpoles are 
seen to be a result of phenotypic plasticity (Bókony et al. 
2021). Furthermore, more active, explorative, and bolder 
phenotypes in Lake Frog (Pelophylax ridibundus) tadpoles 
are seen to be carried over to the adult stage (Wilson and 
Krause 2012b) and if these traits arise through plasticity, 
then variable environments would be required to trigger their 
expression. As such, due to the controlled nature of our com-
mon garden experimental design, if the bolder phenotypes 
are a result of plasticity, then it is not surprising that we were 
unable to detect them in this study. A reciprocal transplant 
experiment might help to elucidate what role phenotypic 
plasticity of boldness and the evolution of plasticity in this 
trait play in shaping the bolder urban phenotype of adult 
toads (Baxter-Gilbert et al. 2021). For example, plasticity in 

Fig. 2  Guttural Toad tadpole boldness (i.e., rank-transformed latency 
to leave the hide after a standardized simulated predation attempt) at 
the age of 40/41 days. Depicted are boxplots of predicted data from 
a linear mixed effect model testing for differences between Durban 
Rural (green), Durban Urban (black), and Cape Town (blue) tad-
poles. The thick horizontal line in the boxplots corresponds with the 
predicted median, the boxes represent the second and third quartile 
ranges, and the whiskers encompass the minimum and maximum 
of the data. We did not find any significant differences in boldness 
among tadpoles from different origin populations (Table 2). The blue 
triangle on the left depicts the directionality of the trait (i.e., low val-
ues correspond with bold tadpoles and vice versa)
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boldness might have evolved only in urban populations, and 
then may only be observable if the correct stimuli are present 
during development to trigger a shift in boldness (e.g., Iraeta 
et al. 2006; Kaiser et al. 2019).

Conversely, differential expression of boldness between 
adults but not tadpoles might be the result of decoupled 
evolution between life stages in Guttural Toads (Collet and 
Fellous 2019). Decoupling of traits has recently been shown 
in the invasive African Clawed Frog (Xenopus laevis; Kru-
ger et al. 2021). Adults from the periphery of the invasive 
range in France show a distinct dispersal-mediating pheno-
type compared to adults from the core (Louppe et al. 2018; 
Padilla et al. 2019). However, when reared from the egg to 
the post-metamorphic frog, those differences were not appar-
ent, indicating that differences in adult traits emerge well 
after metamorphosis (Kruger et al. 2021). Similarly, in a pre-
vious study, we presented data indicating that adult Guttural 
Toads are larger in urban areas but did not find differences 
in growth rates of tadpoles when raised in a common garden 
environment (Mühlenhaupt et al. 2021). The amphibian lar-
val stage is typically more sedentary and adapted for forag-
ing and growth, whereas the adult stage is more mobile and 
adapted for dispersal and reproduction (Wilson and Krause 
2012a). Combined with the far-reaching changes in the envi-
ronment from the aquatic to the terrestrial habitat (Dodd and 
Dodd 1976), differential selective forces are likely acting on 
both stages and decoupling of traits across metamorphosis 
could enhance phenotypic match in the environment experi-
enced by the specific ontogenetic stage (Wilbur 1980; Collet 
and Fellous 2019; Goedert and Calsbeek 2019). Therefore, if 
selection has favored increased boldness in urbanized and/or 
invasive Guttural Toad populations, then the expression of 
this trait may well be evolutionarily decoupled between the 
sedentary tadpole life stage and the active, dispersing, and 
mate-searching adult life stage.

Beyond an evolutionary mechanism (e.g., local adapta-
tion), the presence of bolder urbanized adult Guttural Toads 
(Baxter-Gilbert et al. 2021), but the absence of such a trait in 
tadpoles, may be a result of circumstance, due to behavioral 
flexibility, learning, and/or acclimatization (e.g., Levey et al. 
2009; Wright et al. 2010; Couchoux and Cresswell 2012; 
Vincze et al. 2016; Evans et al. 2019). For example, several 
phenotypic traits of adult invasive Cane Toads are strongly 
influenced by prior experience and developmental environ-
ment, such as thermal acclimation (McCann et al. 2014) or 
antipredator response (Hudson et al. 2017). Novel environ-
ments, such as cities or the extra-limital ranges of introduced 
populations, often require animals to phenotypically respond 
rapidly to novel or stressful ecological conditions (Grimm 
et al. 2008). Behavioral flexibility and learning represent 
some of the quickest mechanisms to adaptively match novel 
selective regimes (Ghalambor et al. 2007; Lande 2009; 
Fox et al. 2019). Such scenarios can be seen with Northern 

Mockingbirds (Mimus polyglottos), which are capable of 
rapidly learning and identifying individual humans and 
adjusting their flight distance based on their prior experi-
ence with a specific person (Levey et al. 2009), or experi-
ence-driven decreases in risk aversion by Burrowing Owls 
(Athene cunicularia) towards humans (Cavalli et al. 2018). 
Therefore, it follows that Guttural Toads in urban habitats 
could have their behavioral traits incrementally shaped 
through differential experiences, rather than evolutionary 
mechanisms, resulting in the expression of a bolder adult 
phenotype in these populations.

Our finding that tadpoles became less bold with increas-
ing age provides clear evidence that boldness levels can 
change across ontogeny, even within a given life stage, 
which provides important insights for future research look-
ing to disentangle where the divergence in adult boldness 
between urban and rural populations occurs (Baxter-Gilbert 
et al. 2021). This finding was contrary to our predictions 
because, as we expected that older and larger tadpoles would 
spend more time foraging, and as there often is a correlation 
between foraging activity and boldness, we expected our 
tadpoles to also be bolder as they aged (Wilson and Krause 
2012b; Urszán et al. 2015a, b; Kelleher et al. 2018). How-
ever, our results aligned with previous research on Common 
Toad tadpoles, similarly reared in a common garden envi-
ronment, which were shown to decrease their activity levels 
(which can correlate with boldness; Kelleher et al. 2018) 
across larval development (Kurali et al. 2018). Thus, it is 
likely that tadpoles early in development (after the consump-
tion of the yolk sac; Gosner 1960) show increased foraging 
activity and boldness to enhance resource acquisition, which 
then lessen over time due to consequent growth and energy 
storage (Ramamonjisoa et al. 2019; Davenport et al. 2020). 
This change in behavioral traits across ontogeny, poten-
tially related to energetics, will also play an important role 
in interpreting future research on how traits, like boldness, 
change between life stages and how this may or may not 
relate to adaptive behavioral shifts associated with urbaniza-
tion or biological invasions.

Overall, we showed that there is no innate difference in 
boldness among Guttural Toad tadpoles from rural-native, 
urban-native, and urban-invasive ranges, despite the well-
documented divergence of boldness in adults (Baxter-Gilbert 
et al. 2021). Our study highlights the importance of study-
ing the ontogenetic and environmental context of behavio-
ral shifts in novel environments. We encourage researchers, 
interested in rapid evolution in urban and novel environ-
ments, to carefully choose experimental approaches that 
identify the underlying mechanisms driving population 
divergence (see Lambert et al. 2020). Although this study 
was able to provide evidence against one potential driver of 
human-induced behavioral change (i.e., fixed, heritable traits 
that persist across life stages) within this study system, there 
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remains a number of alternative mechanisms and means 
from which phenotypes can arise that will require future 
research.
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