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More time for aliens? Performance shifts lead to increased
activity time budgets propelling invasion success
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Abstract In the Grinnellian niche concept, the real-
ized niche and potential distribution is characterized as
an interplay among the fundamental niche, biotic inter-
actions and geographic accessibility. Climate is one of
the main drivers for this concept and is essential to pre-
dict a taxon’s distribution. Mechanistic approaches can
be useful tools, which use fitness-related aspects like
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locomotor performance and critical thermal limits to
predict the potential distribution of an organism. These
mechanistic approaches allow the inclusion key eco-
logical processes like local adaptation and can account
for thermal performance traits of different life-history
stages. The African Clawed Frog, Xenopus laevis, is a
highly invasive species occurring on five continents.
The French population is of special interest due to an
ongoing expansion for 40 years and a broad base of
knowledge. We hypothesize that (1) the French popu-
lation exhibits increased activity time in the invasive
European range that could be devoted to fitness-rel-
evant activity and (2) tadpoles may have less activity
time available than adult frogs from the same range.
We investigate how thermal performance traits trans-
late into activity time budgets and how local adaptation
and differences in the thermal responses of life-history
stages may boost the European Xenopus invasion. We
use a mechanistic approach based on generalized addi-
tive mixed models, where thermal performance curves
were used to predict the hours of activity and to com-
pare the potential activity time budgets for two life-
history stages of native and invasive populations. Our
results show that adult French frogs have more activity
time available in Europe compared to South African
frogs, which might be an advantage in searching for
prey or escaping from predators. However, French tad-
poles do not have more activity time in Europe com-
pared to the native South African populations suggest-
ing that tadpoles do not suffer the same strong selective
pressure as adult frogs.
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Introduction

The Anthropocene is characterized by profound
environmental changes that have been suggested to
be drivers of the sixth mass extinction (Steffen et al.
2011; Ceballos et al. 2017; Maslin and Lewis 2018).
Anthropogenic activities, including the introduc-
tion of invasive species, are widely recognized to be
among the main drivers of biodiversity loss (Early
et al. 2016; IPBES 2019). The ecological impacts
of invasive species to native taxa can be various and
include mechanisms such as predation, herbivory,
poisoning, competition, disease transmission, trophic
subsidy and hybridization (Blackburn et al. 2014).
Particularly for [IUCN Critically Endangered species,
those invasive aliens constitute a major threat (Due-
nas et al. 2021). Concurrently, the global emergence
of invasive taxa represents unintended experiments
providing potentially important insights in range
dynamics under changing environmental conditions.
The concept of the Grinnellian niche has become
a key framework when assessing the impacts of cli-
mate change on species. In this concept, the niche
and resulting (potential) geographic distribution is
described as the interplay of abiotic (fundamental)
and biotic factors (interactions among taxa) and geo-
graphic climate accessibility (Soberén and Peterson
2005). The fundamental climatic niche is defined as
comprising all abiotic environmental conditions that
are essential for a species’ persistence and reproduc-
tion, irrespective of whether these conditions are
available in geographic space, while the realized
climatic niche considers those conditions that are
actually available (Grinnell 1917; Hutchinson 1978;
Soberén and Peterson 2005; Soberén 2007).

Climate is one of the main drivers of the ecologi-
cal niche and is therefore predictive of the potential
distribution of species on broad geographic scales
(Thuiller et al. 2004; Sober6én 2007). Historical range
shifts towards and from refugia (e.g. quantified in
phylogeographic studies) suggest that species tend
to track their Grinnellian niche instead of persist-
ing and adapting to novel environmental conditions
(Cordellier and Pfenninger 2009; Barros et al. 2020).
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Therefore, it is often assumed that a species’ climatic
niche is conserved across space and time (niche con-
servatism, Wiens et al. 2010; Strubbe et al. 2013;
Dorey et al. 2020).

Biological invasions, however, demonstrate numer-
ous reports of ‘niche shifts’, as shown by mismatches
between the potential distributions of native and non-
native ranges (Broennimann et al. 2007; da Mata
et al. 2010; Orsted and Orsted 2019; Christina et al.
2020). In most studies, it remains unclear if these
‘niche shifts’ are associated with shifts in the funda-
mental niche or in the realized niche only (Petitpierre
et al. 2012; Schulte et al. 2012; Strubbe et al. 2013;
Poursanidis et al. 2020). Distinguishing between
these possibilities is impossible based on correlative
models that make use of distribution patterns, since in
both native and invaded ranges, species may occupy
only a subset of their fundamental niche. Hence,
niche shifts may represent a better exploitation of the
niche due to a novel accessibility of climate space.

To overcome this limitation, a mechanistic under-
standing of the climate dependence of physiological
processes is necessary. Two different approaches are
available for the characterization of the relationship
between (potential) distributions and environmental
data: (1) the redundant correlative models, which sta-
tistically link geographic occurrence data of species
with environmental data, and (2) process-based or
mechanistic approaches, which determine mechanis-
tic interactions between aspects of the performance
as surrogates of the fitness of organisms, like perfor-
mance and critical thermal limits, and their environ-
ment (Kearney and Porter 2009; Ceia-Hasse et al.
2014; Krehenwinkel et al. 2015). Mechanistic SDMs
are constrained by availability of data and the identifi-
cation of essential key processes limiting species’ dis-
tributions (Elith et al. 2010). While correlative SDMs
can capture the realized niche of a species, mechanis-
tic models emphasize the processes involved in deter-
mining range constraints (Morin and Thuiller 2009).

Physiological performance traits, like locomotor
performance or endurance capacity, are critical to
amphibian life-history, and may provide an indicator
for potential energy use and balance (Wygoda 1984).
Additionally, performance traits that represent those
key processes can be translated into hours of activity,
the proportion of the day when temperatures allow
a specific level of performance (Taylor et al. 2021).
For ectotherms, the inclusion of both estimates of
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performance and activity times in modelling frame-
works allows for better predictions of a species’
distribution than the sole inclusion of pure environ-
mental variables (Caetano et al. 2020). As such,
mechanistic or hybrid SDMs, which combine mecha-
nistic and correlative approaches, are more robust in
terms of transferability across space and time (Elith
et al. 2010).

Mechanistic models allow the inclusion of key eco-
logical processes like hard thermo-ecological limits
[i.e. critical thermal minimum (CT,;,) and maximum
(CT ax)» Which are the thresholds to death or repre-
sent the inability to move] or shifts in performance
traits among life-history stages, which can have rather
soft and different thermal dependent responses affect-
ing fitness (Wilson et al. 2000; Bodensteiner et al.
2021). In amphibians, ontogeny is complex by com-
prising four distinct life-history stages (i.e. egg, larva/
tadpole, metamoph, adult). However, in the past, all
studies on amphibians using SDMs have focused on
the adult stage, while other life-history stages have
been neglected. Despite this, the larval/tadpole stage
might be of special interest for an amphibians’ dis-
tribution as it can last for several weeks, months or
even years and it is very sensitive to environmental
changes such as pond drying (Sinai et al. 2022). Fur-
thermore, tadpoles represent an important life-history
stage because they provide greater opportunity for
selection than adults. Due to large clutch sizes in
many amphibian species accompanied by often high
mortality rates of larvae, they provide ideal model
organisms to study selection processes in different
life-history stages as genetic and phenotypic varia-
tion of tadpoles may be weeded out before selection
acts on adults. Furthermore, tadpoles as a life-his-
tory stage may have greater capacity for phenotypic
plasticity than adults i.e. due to predation pressure
(Buskirk and Relyea 1998; Middlemis Maher et al.
2013; Mori et al. 2017), environmental stress (Den-
ver 1997; Bokony et al. 2021), increasing larval den-
sity (Gouchie et al. 2008), or different diet (Katayama
et al. 2021). In addition, due to different physiologi-
cal responses of different life-history stages, one life-
history stage of a species might be more limited by
physiological constraints than other stages and might
be a “weak link” for the species in the context of bio-
logical invasions.

Previous studies, irrespective of whether they use
correlative or mechanistic SDMs, focus on only a

few key ecological processes, such as species’ disper-
sal ability and biotic interactions, while mechanisms
such as phenotypic plasticity and local adaptation
have not been addressed (Garzon et al. 2019). Both
mechanisms may occur in natural populations and
vary across a species’ range. Indeed, performance
traits may strongly differ among populations (Savol-
ainen et al. 2013; Valladares et al. 2014; Des Roches
et al. 2018). Phenotypic plasticity involves the capac-
ity of a single genotype to express different pheno-
types across environmental conditions (Nicotra et al.
2010). In contrast, local adaptation involves selection
acting on heritable traits (Savolainen et al. 2013).
Recently, a few SDM approaches have addressed
local adaptation and phenotypic plasticity (Valladares
et al. 2014; Hallfors et al. 2016; Des Roches et al.
2018, as reviewed in Garzon et al. 2019). However,
these trait-based SDMs have mainly been applied to
plant species (Garzon et al. 2019, reviewed in Peter-
son et al. 2019). thus, there is still a need to integrate
evolutionary processes in predictive modelling of ani-
mal invasions.

The African Clawed Frog, Xenopus laevis (Dau-
din, 1802), is one of the world’s most widely distrib-
uted amphibian species occurring on five continents
with an ongoing expansion of its invasive range in
many areas (Measey et al. 2012; Thlow et al. 2016;
Wang et al. 2019). The species shows broad toler-
ance to a variety of environmental conditions (Tinsley
and Kobel 1996). Historically, X. laevis was exported
to be used for human pregnancy testing, laboratory
research (Gurdon and Hopwood 2003; van Sittert and
Measey 2016 2016) and the pet trade (Herrel and van
der Meijden 2014; Measey 2017). In Europe, the spe-
cies has established populations in Portugal (Rebelo
et al. 2010), Italy (Lillo et al. 2005) and France (Fou-
quet 2001) with a predicted potential expansion of up
to 2 million km? for Europe (Ginal et al. 2021), such
that it is now listed as an invasive species of Union
concern (EU Regulation no. 2022/1203). Among the
invasive European populations, Western France is
of particular concern due to its ongoing expansion
for 40 years, now occupying an area of 4000 km?
(Vimercati et al. 2020). Furthermore, a broad knowl-
edge base of its physiology and morphology (Louppe
et al. 2018; Herrel et al. 2019; Padilla et al. 2019,
2020; Kruger et al. 2022), locomotor performance
(Louppe et al. 2017; Araspin et al. 2020), reproduc-
tion (Courant et al. 2017), behaviour (Kruger et al.
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2019), and genetics (De Busschere et al. 2016) has
been established. Rodder et al. (2017) showed that the
oceanic temperate climate experienced by the French
population is different from the native South African
climate, which was interpreted as a shift in the real-
ized climatic niche. Recent laboratory performance
trials, of adult frogs from two native South African
(Western Cape and KwaZulu-Natal) populations and
one European (France) population, revealed a shift
in the locomotor performance, represented by the
proxies endurance time and distance, of the French
population, suggesting local adaptation to the cooler
European climate (Araspin et al. 2020). This shift
may represent a change in the species” fundamental
climate niche. However, these data are restricted to
adult specimens and similar data is lacking for other
life-history stages like tadpoles. Moreover, it is cur-
rently unknown how the local adaptation of X. laevis
relates to its potential geographic distribution.

Consequently, we tested the following hypotheses:
(1) considering the shift in temperature dependent
performance of adult frogs from France, we hypoth-
esize that the French population exhibit increased
in activity time in the invasive European range that
could be devoted to fitness-relevant activity, and (2)
tadpoles may have less activity time available than
adult frogs from the same range because larval stages
may be more sensitive to environmental conditions
like temperature variation. We assess how temper-
ature-dependent performance traits translate into
activity time budgets and to what degree local adapta-
tion and differences in the thermal responses of life-
history stages may foster invasion success. We used
performance data in a mechanistic framework to com-
pute performance curves which were selected based
on generalized additive mixed models (GAMMs)
ranked by information criteria. Best fitting perfor-
mance curves were used to predict the hours of activ-
ity and to compare the potential activity time budgets
for two life-history stages (adults and tadpoles) of two
native and one invasive population.

Methods
Selection of sampling sites, specimens and traits

Numerous studies have shown that the most likely
origin for European X. laevis populations is the
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south-western Cape of South Africa’s winter rain-
fall region (De Busschere et al. 2016; van Sittert
and Measey 2016; Rodder et al. 2017; Measey et al.
2020), while the origin of the French population is
likely a mixture of two clades from South Africa’s
winter and summer rainfall region (De Busschere
et al. 2016). Under laboratory conditions, we assessed
fitness-relevant locomotor performance because it has
been shown to have important ecological relevance
and is also correlated with individual fitness (Burg-
gren and Warburton 2007; Gvozdik and Van Damme
2008). Herein, we used performance datasets from
two previous studies. For adult frogs, Araspin et al.
(2020) measured endurance distance (EndDist),
which is relevant in the context of mate-searching or
dispersal and they found rapid shifts in the tempera-
ture dependence of locomotor performance. For tad-
poles, maximum velocity (MaxVel) was recorded by
Kruger (2020) and Wagener et al. (2021), which is
relevant in the context of predator escape. They used
common garden experiments to determine whether
tadpoles with varying parental origins show adap-
tive phenotypic variation related to different tem-
peratures experienced in parental environments. For
thermal performance trials and breeding of adults, we
used specimens collected in the native region from
KwaZulu-Natal (summer rainfall region, data from
Wagener et al. 2021) and Stellenbosch (Western Cape
province, winter rainfall region, Kruger 2020), South
Africa and the French invasive area from the Départe-
ment Deux-Sevres, France (data from Kruger 2020;
Araspin et al. 2020). For climatic information of the
three regions see Supplementary Material S1.

Performance of adults

Performance was measured for frogs of both sexes
from KwaZulu-Natal (N=13, 6 males, 7 females),
from the Western Cape (N=13, 4 males, 9 females)
and from France (N=40, 21 males, 19 females; for
details see Araspin et al. 2020). EndDist, the distance
travelled until exhaustion, was recorded by chasing
adult X. laevis individually across a 3 m long circular
track with a humified cork substrate (Herrel and Bon-
neaud 2012; Louppe et al. 2017). Frogs were consid-
ered exhausted when a specimen was no longer able
to right itself. Performance was measured at 19 °C,
23 °C, 27 °C and 31 °C. After each trial, the frogs
were returned to their aquarium, fed and left to rest
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for at least two days. Trials were repeated twice per
specimen and the maximal distance was used for
further analyses (for details see Araspin et al. 2020).
Critical thermal limits were determined by placing
the same individuals, which were already used for the
performance trials, in containers within an incubator
where temperature was increased or decreased slowly
(as detailed in Araspin et al. 2020). Animals were
inspected regularly for a lack of righting response.
Once animals were unable to turn over after being
placed on their backs, we considered that temperature
to be the animal’s critical temperature (Araspin et al.
2020).

Performance of tadpoles

Wild-caught Xenopus laevis adults from South Africa
(n=7) and France (n=4) were bred to produce
Fl-tadpoles used in all performance experiments.
We followed the breeding and husbandry guidelines
by Schultz and Dawson (2003) and the OECD (2008)
described in Wagener et al. (2021). Tadpoles from
each breeding pair were raised at a water temperature
of 20.0 °C. The preferred rearing and holding temper-
atures are between 18 and 24 °C, this aligns with the
daily average temperature in their native region dur-
ing the active period for tadpoles (Schultz and Daw-
son 2003; OECD 2008; Wagener et al. 2021). Devel-
oping eggs and tadpoles were kept in 12:12 day:night
cycle, fed Frog Brittle® for tadpoles (NASCO), and
kept at a high density of 15 individuals L™". Tadpoles
were kept at high densities to slow development rates
that would otherwise increase variation of tadpole
size tested on subsequent days (Tejedo and Reques
1994).

We followed an adapted version of the protocol
to measure velocity of tadpoles in response to acute
temperature designed by Wilson et al. (2000) (see
Wagener et al. 2021 for details). Xenopus laevis tad-
poles were lab-reared until NF stage 45-47 (Nieu-
wkoop and Faber 1994). Tadpoles were tested for
burst swimming speed at five temperatures: 5 °C,
10 °C, 20 °C, 30 °C, and 35 °C. Temperatures were
verified with a thermocouple (to the nearest 0.01 °C).
Each tadpole was only tested once at one test tem-
perature and then euthanized by an overdose of tric-
aine methanesulfonate (ms-222). Performance was
measured for 20 tadpoles from the Western Cape, 30

tadpoles from KwaZulu-Natal and 50 tadpoles from
France for each temperature level (see Kruger 2020).

Tadpoles were acclimated for the trials by
changing the tank water temperature at a rate of
0.2 °C min~' until the target temperature was
reached (verified with a thermocouple to the near-
est 0.01 °C). The initial burst swimming sequence
was filmed with a camera (Olympus, TG-4) at 120
frames s~!). Tadpoles were touched with a fine wire
at the tip of their tail to initiate movement. We used
a 0.42 mx0.08 mx0.17 m clear plastic tank filled
with 1 L aged tap water for performance trials. For
better visualization of movement by tadpoles in the
lateral plane we used a mirror attached to the side of
the tank at an angle of 45°. The bottom of the tank
was covered with a false bottom where water could
circulate through custom-built copper pipes. A water
bath (Julabo F12, 4.5 L, max flow 15 L min~!, pres-
sure =0.35 bar) maintained the desired water temper-
ature (for figures see Supplementary Material S2 and
S3).

High-speed videos were filmed of the bottom of
the tank and the image in the mirror. All burst swim-
ming sequences were visually proofed and only
recordings perpendicular to the camera were retained.
We used the motion analysis software Tracker (Open
Source Physics; Brown 2012) to obtain X and Y
coordinates from the high-speed videos. Coordinates
were exported to Excel (Microsoft) and the displace-
ment (cm) of the specimen was computed. We chose
a fourth order zero-phase shift low-pass Butterworth
filter (Winter 2004) with 12 Hz filter frequency to fil-
ter the displacement data. Cut-off frequency was cho-
sen as a 10th of the recording frame rate. From the
filtered data, maximum velocity and distance moved
in 200 ms were extracted.

Critical thermal limits of tadpoles were tested by
placing tadpoles individually in a two-compartment
cooling/heating chamber (described in Wagener et al.
2021). Tadpoles were placed in the inner chamber
which exchanged heat with the outer chamber through
which water was pumped at an adjustable rate. Prior
to heating (CT,,) or cooling (CT.,), tadpoles
were allowed 10 min to acclimate. Individuals were
exposed to a constant heating/cooling rate of 0.3 °C.
min~! until an endpoint was attained. The endpoint
was determined when a tadpole was unable to right
itself after 30 s. CT,,,, and CT_;, was then recorded
as the water temperature beside the tadpole, verified
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with a thermocouple (to the nearest 0.01 °C). Critical
thermal limits were measured for 8 tadpoles from the
Western Cape, 48 tadpoles from KwaZulu-Natal and
8 tadpoles from France for each critical thermal limit.

Mechanistic modelling

The two thermal performance datasets (i.e., adults
and tadpoles) were tested for significant differences
among the three populations using the pairwise.wil-
cox.test() in R ver. 3.6.2 (R Core Team 2019). Based
on laboratory performance trials, we computed tem-
perature dependent performance functions for adults
and tadpoles using the PerfGAMM()-function of the
Mapinguari package (Caetano et al. 2019; Sinervo,
unpubl.) for R. The function uses generalized additive
mixed models (GAMMs), selected by Akaike Infor-
mation Criterion (AIC), with temperature as a smooth
predictor. The performance functions were scaled
to population specific measures of critical thermal
minimum (CT_ ;) and maximum (CT,,,,), wherein at
both extremes a performance of zero is assumed. Fur-
thermore, the function was projected on an array of
temperatures ranging between CT,;, and CT,,,, with
0.1 °C increments to calculate the optimum tempera-
ture (T,,); i.e. the temperature where the highest per-
formance value is reached. Afterwards, we computed
the minimum and maximum temperatures at the 80%
maximum performance breadth interval (Tg,) for
each population and life-history stage. Even if criti-
cal thermal limits among different populations or life-
history stages may be similar, the T,g, may differ
strongly (Taylor et al. 2021).

Monthly temperature minimum, maximum, and
averages for South Africa and Europe with a spatial
resolution of 2.5 arc min were obtained from www.
worldclim.org (Hijmans et al. 2005) as environmental
layers. Daily hours of activity were estimated apply-
ing the model of Sinervo et al. (2010) in the Map-
inguari package (sin_h()-function, upper and lower
limits of Tyg) with monthly minimum and maximum
temperatures as covariables and a temporal resolution
of 15 min; Caetano et al. 2019). The function esti-
mates the activity time budget of a species while sim-
ulating daily variation in temperature for each grid
cell by applying a sine function between daily thermal
limits and counting the time above a specific thresh-
old (T, limits herein). Total available activity times
were computed by subtracting time above the T
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upper limit from time above the lower limit. We used
the biovars()-function of the dismo package (Hijmans
et al. 2017) to create activity layers for annual activ-
ity, activity during the warmest quarter and activ-
ity during the coldest quarter. As these bioclimatic
variables cover different time spans, we rescaled the
activity time budgets to 0-24 h, allowing to compare
differences between population or life-history stages
as fractions on a daily basis. To obtain the activity
time for each population and life-history stage, we
extracted the respective values from the activity lay-
ers by using occurrence records from the native (616
records) and invasive populations (425 records). The
activity time budgets were classified into the cat-
egories low (0-6 h/day), moderate (6—12 h/day) and
high (more than 12 h/day). Finally, we subtracted the
activity budgets based on performance of the Euro-
pean population in Europe to obtain the energetic dif-
ferences for each population and life-history stage as
follows: France—KwaZulu-Natal, France—Western
Cape, KwaZulu-Natal—Western Cape. Boxplots are
used to visualise the differences between the respec-
tive medians, minima and maxima for activity time.

Results

For adult frogs, the pairwise Wilcoxon test reveals
that thermal performance breadth intervals (Tg)
are significantly different between the invasive and
the two native populations (p <0.05), but not signifi-
cant for the other groups (Tables 1 and 2, Fig. 1). The
lower limit for Tg, is lowest for the French popu-
lation, followed by the Western Cape population and
then KwaZulu-Natal individuals. The upper limit
is also lowest for the French population, followed
by Western Cape and then KwaZulu-Natal animals.
Optimum performance temperature (T,,) is lowest

Table 1 Results of the pairwise Wilcoxon test for adult and
tadpole X. laevis among the French (FR), KwaZulu-Natal
(KZN) and Western Cape (WC) populations (p-values)

Life-history stage FR KZN

Adults KZN 0.010 -
WC 0.019 0.864

Tadpoles KZN 0.550 -
wWC 0.210 0.550
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Table 2 Thermal performance breadth interval (Tg,) for the
two life-history stages (adults and tadpoles) of the two native
South African (Western Cape=WC, KwaZulu-Natal =KZN)
and the invasive French (FR) population

Life-history stage ~ Population Ty Tposo
Lower limit ~ Upper limit

Adults FR 12.1 224

wC 14.4 26.4

KZN 18.4 26.5
Tadpoles FR 14.3 31.9

wC 13.1 34.9

KZN 19.9 36.7

for the French frogs, followed by the Western Cape
and then KwaZulu-Natal individuals.

For tadpoles, the lower limit for T,g, is lowest
for the Western Cape population, followed by the
French population and the KwaZulu-Natal tadpoles.
The upper limit is lowest for the French population,
followed by Western Cape and then KwaZulu-Natal
tadpoles. Tadpoles show a similar pattern for T, as
adult frogs, which is lowest for the French population,
followed by Western Cape and then KwaZulu-Natal
tadpoles. The average performance values of adults
and tadpoles at the respective tested temperatures are
provided in the supplementary material (Supplemen-
tary Material S4).

Differences among adult frogs

The annual activity of adult frogs from the invasive
French population shows a moderate to high poten-
tial for activity across most parts of Europe (exclud-
ing cold mountain ranges like the Alps and Pyrenees)
with highest activity time budgets in the Mediter-
ranean and oceanic regions (Fig. 2). In comparison,
adult frogs from the Western Cape population show
lower potential for activity with mainly moderate val-
ues across Europe. Adult frogs from the KwaZulu-
Natal population show the lowest potential for activ-
ity across Europe with low to moderate values.

For the activity during the warmest quarter, our
results suggest that adult frogs from the invasive
French population show a low to moderate potential
for activity across most parts of Europe with highest
potential for activity in the Mediterranean and oce-
anic regions (Fig. 2). Compared to the French speci-
mens, adult frogs from the Western Cape population

Adults
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Fig.1 Thermal performance curves including 80% perfor-
mance breadth (T,g) of adults and tadpoles of Xenopus laevis
from the invasive (France—FR) and native (Western Cape—
WC and KwaZulu-Natal—KZN) range

show a lower potential for activity with low values
across most parts of Europe and only a moderate
potential for activity in some coastal regions. Adult
frogs from the KwaZulu-Natal population show the
lowest activity across Europe with low values across
the whole of Europe.

For the activity during the coldest quarter, adult
frogs from the invasive French population show a

@ Springer



P. Ginal et al.

Adults Adults Adults
annual activity activity during warmest quarter activity during coldest quarter
© > < —
Z . — z 7] —
@ [} < @
5 $3 5 —
g - g ;‘:’ O sk
8 (S 8 —_—
" ¢
D > .
< ? O i N
FR-KZN FR-WC KzZN-WC FR-KZN FR-WC KZN-WC FR-KZN FR-WC KZN-WC
Tadpoles Tadpoles Tadpoles
annual activity activity during warmest quarter activity during coldest quarter
— S - C——
o~ @ ~
= = =
[TREE (R g g °
5 _ 53 5 2
Y ~ [——] @ @
£ = £ Y1 °
o o [=]
7 - $ T < 4
@ J
' === p JAl A —/
FR-KZN FR-WC KZN-WC FR-KZN FR-WC KZN-WC FR-KZN FR-WC KZN-WC

Fig. 2 Activity time budgets for annual activity, activity dur-
ing the warmest quarter of the year and activity during the
coldest quarter of the year of adult and tadpole Xenopus laevis
for the invasive European range of one invasive (France- FR)

moderate to high potential for activity across most
parts of Europe (excluding cold mountain ranges like
Alps or Pyrenees) with highest potential for activity
in the Mediterranean and oceanic regions (Fig. 2).
Compared to the French frogs, adult frogs from the
Western Cape population show a lower potential
activity with moderate values across Europe. Adult
frogs from the KwaZulu-Natal population show the
lowest potential activity across Europe with low to
moderate values.

Adult French frogs appear to have more time avail-
able for activity in Europe (Fig. 3). Annually, an aver-
age difference of 5 h more per day (compared to ani-
mals from KwaZulu-Natal) or respectively 1.5 h more
per day (compared to animals from the Western Cape)
is available for activity to the French frogs. While
during the coldest quarter, the French frogs have 3 h
more per day (compared to animals from KwaZulu-
Natal) or respectively 1 h more per day (compared to
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and two native (Western Cape—WC and KwaZulu-Natal—
KZN) populations. Activity time budgets are scaled to daily
activity (024 h)

animals from the Western Cape), no differences in the
activity time budget were found during the warmest
quarter.

Differences among tadpoles

Our results indicate that for annual activity, tadpoles
from the native Western Cape population show mod-
erate potential for activity across most parts of Europe
(excluding cold mountain ranges like the Alps or Pyr-
enees) with highest potential activity in the Mediter-
ranean and oceanic regions (Fig. 2). French tadpoles
perform similarly well but show a less contrasting
pattern than the Western Cape tadpoles with mainly
moderate potential activity in continental Europe.
Tadpoles from the KwaZulu-Natal population show
the lowest potential for activity across Europe with
low to moderate values.
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For activity during the warmest quarter, the map
indicates that tadpoles from the native Western Cape
population may have low to moderate activities across
most parts of Europe with highest potential for activ-
ity in the South-western Iberian Peninsula (Fig. 2).
French tadpoles show similar activity patterns, but
with moderate values only at the South-Western
coastal regions of the Iberian Peninsula. Tadpoles
from the KwaZulu-Natal population show the lowest
potential for activity across Europe with low values
across all areas.

For activity during the coldest quarter, tadpoles
from the native Western Cape population show mod-
erate to high potential activity across most parts of
Europe (excluding cold mountain ranges like Alps
or Pyrenees) with highest potential for activity in the
Mediterranean and oceanic regions (Fig. 2). French
tadpoles perform with a similar activity budget, but
mainly show a moderate potential activity in conti-
nental Europe. Tadpoles from the KwaZulu-Natal
population show the lowest activity budgets across
Europe with low to moderate values.

Our results suggest that compared to adult frogs,
French tadpoles do not necessarily have more time
available for activity in Europe (Fig. 3). While annu-
ally, an average difference of 4.5 h more per day
(compared to KwaZulu-Natal) is available for activ-
ity time of the French tadpoles. The activity time of
the French tadpoles compared to Western Cape ani-
mals is 2 h less per day. As for adult frogs, during the
warmest quarter of the year, the activity time among
the populations were identical for tadpoles. During
the coldest quarter, the French tadpoles have 4 h more
available for activity per day (compared to KwaZulu-
Natal) or 1.5 h less per day (compared to Western
Cape).

Discussion

For adult frogs and tadpoles, we found that the dif-
ferences in daily activity time in Europe are highest
between the French and the KwaZulu-Natal individu-
als regardless of life-history stage, followed by the
difference between the French and the Western Cape
population, and then between the two native South
African populations. Our results suggest that for the
European range, annual activity time budgets, as
well as activity time budgets during the warmest and

coldest quarter are highest for the French population,
followed by activity time of the Western Cape and
then KwaZulu-Natal animals. Furthermore, in adults
Typgo Was distinctly lower among the two native and
invasive populations with a left-shift in temperature-
dependence of performance for the French popula-
tion, while for tadpoles no significant differences
were found.

Differences among native and invasive populations

Physiological processes of ectotherms such as muscle
contraction are strongly dependent on environmen-
tal conditions (i.e. temperature; James et al. 2012;
Padilla et al. 2020) and affect performance traits like
locomotion (Feder and Burggren 1992; Herrel and
Bonneaud 2012; Wilson et al. 2000; Padilla et al.
2020). The higher activity time budget of French
adult frogs compared to the South African popula-
tions should allow the French animals to spend more
time on dispersal, foraging or mating (Measey 2016;
Courant et al. 2019a, b). Further, escape from preda-
tors may be hampered as well (see Eggert and Fou-
quet 2006). While during the warmest quarter of
the year, no differences in the activity time budgets
among the populations were found, during the coldest
quarter, the French adult frogs have 3 h (compared to
KwaZulu-Natal) or 1 h (compared to Western Cape)
more available for activity per day. This may be cru-
cial in a period when activity time is minimal due to
suboptimal climatic conditions and allows adult frogs
to spend more time on foraging and feeding on prey.
Compared to adult frogs and tadpoles of Kwa-
Zulu-Natal, the differences in activity time are lower
between the French and Western Cape animals. This
is not surprising, considering that most of the Euro-
pean populations originate from Western Cape ani-
mals (De Busschere et al. 2016). However, the French
population consists of animals of two genetic line-
ages, from the Western Cape and northern South
Africa, including the KwaZulu-Natal area that we
tested (De Busschere et al. 2016). The admixture
of several genetic lines can boost the expansion of
invasive species (Sakai et al. 2001; Frankham 2005;
Krehenwinkel et al. 2015), and our results suggest
that this has been the case in the invasion in Western
France. The increased activity time might be espe-
cially beneficial during the tadpole stage. The tad-
poles of X. laevis are pelagic filter feeders, increased
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«Fig. 3 Differences in activity time budgets for annual activity
and activity during the coldest quarter of the year of adult and
tadpole Xenopus laevis for the invasive European range of one
invasive (France—FR) and two native (Western Cape—WC
and KwaZulu-Natal—KZN) populations. Activity time budg-
ets are scaled to daily activity (0-24 h)

activity time for swimming and feeding may promote
growth and fecundity of juvenile frogs (Gouchie et al.
2008), which might be a contributing factor to the
success of the French invasion. It is known that within
their native range, populations differ in their adaptive
and plastic responses with respect to development,
morphology and survival (Kruger et al. 2022).

Our study supports the findings of Araspin et al.
(2020), finding a left-shift of the thermal optimum
in locomotor performance of adult frogs due to the
cooler French climate, either caused by local adapta-
tion or phenotypic plasticity. It is known that X. laevis
shows high phenotypic plasticity among native popu-
lations (Du Preez et al. 2009), including plasticity in
physiological traits (Wagener et al. 2021; Kruger et al.
2022). However, we suggest that selection caused by
novel climatic conditions may have driven local adap-
tation in the French population rather than plasticity;
but this assertion requires further experimentation to
determine the potential for different traits to respond
in an adaptive and/or plastic nature. This result sup-
ports the hypothesis of a shift in the fundamental
climatic niche. However, the real differences in activ-
ity time budgets among the populations might differ
from our calculations as mechanisms such as adap-
tive behaviour (e.g. by searching climatically suitable
microhabitats) might to some degree reduce differ-
ences in activity time among populations.

Differences between life-history stages

Different life-history stages of an organism may have
different responses in their temperature depend-
ent performance and activity time (Wilson et al.
2000; Bodensteiner et al. 2021). However, in con-
trast to adult amphibians (Orille et al. 2020), the
knowledge about thermal tolerance or temperature-
dependent activity of tadpoles is limited (Wilson
et al. 2000; Ruthsatz et al. 2018). Although, it was
already assumed that thermal limits among differ-
ent life-history stages of X. laevis may differ (Balin-
sky 1969; Nelson et al. 1982; Wu and Gerhart 1991).

Comparing the results obtained for adults and tad-
poles, our results suggest that activity time is con-
sistently higher in French compared to Western Cape
adult frogs, while lower for tadpoles, which reveals
that French tadpoles have less time available for
activity in Europe than Western Cape tadpoles. This
suggests that tadpoles may be more constrained by
physiological limits compared to adult frogs, which
could indicate a possible weak link in the European
Xenopus invasion. In France, breeding was observed
between April and June from late spring to early
summer (Courant 2017), and metamorphosis dura-
tion can be variable depending on food intake and
temperature but metamorphosis can be achieved
within two months after fertilisation (Nieuwkoop and
Faber 1994; Kruger et al. 2022). Therefore, the tad-
pole stage is mostly active during the summer months
where the models suggest no differences among
populations. Only adults are likely experiencing ther-
mal selection pressures in the winter, when tadpoles
have already metamorphosed. Adults in France have
been found to experience selection pressures during
spatial sorting which results in the enhancement of
their dispersal ability at the periphery (Louppe et al.
2017, 2018; Courant et al. 2017; Courant et al. 2019a,
b; Padilla et al. 2019). Tadpoles of X. laevis do not
experience the same selection pressures as adults
with no suggestion that spatial sorting occurs (Kruger
et al. 2021). This can be due to decoupling of traits
whereby variation of a trait takes place at a particular
life-history stage without affecting the expression of
traits in other life-history stages (Moran 1994; Sherrat
et al. 2017). Therefore, each stage can experience a
unique set of constraints and selection pressures (e.g.
Bonnet and Blair 2017; Kruger et al. 2021).

We found that the T, of tadpoles is much
broader than that of adult frogs. It is known that even
if critical thermal limits of ectotherms, like amphib-
ians, have little inter- or intra-specific variation, their
Typsp might be very different. Moreover, thermal
responses among life-history stages may differ (for
a recent review see Taylor et al. 2021). However, it
should be noted that locomotor performance traits
(endurance distance for adult frogs and maximum
velocity for tadpoles) respond differently to tem-
perature. While endurance is a proxy for sustained
locomotion, maximum velocity represents burst per-
formance. Although more unlikely, it could be possi-
ble that the broader performance breadth of tadpoles
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results from a broader thermal tolerance, which shifts
during metamorphosis (Cavieres et al. 2016; Wilson
et al. 2000).

We did observe a left-shift in the optimum for
locomotor performance of French tadpoles, but the
Wilcoxon test indicated no significant differences
among the three populations (Table 1, Fig. 1), which
may suggest that tadpoles did not go through such
a strong thermal dependent selection as adult frogs.
Our results revealed that the lower limit of T g, for
the Western Cape tadpoles is closer to that of the
French animals. The upper limit for Western Cape
tadpoles is closer to those of the tadpoles from Kwa-
Zulu-Natal, but both adaptive and plastic differences
may still be present (see Kruger et al. 2022). The
French tadpoles may thus also show local adaptation
to the cooler European climate (compared to climate
charts according to Zepner et al. 2020; Supplemen-
tary Material S1), indicating a starting shift in the
fundamental climatic niche of tadpoles.

This shift seems not to be as strong as for the adult
frogs but might increase their chances to survive,
successfully escape from predators and/or search for
food, which in turn allows faster growth. Further,
Western Cape tadpoles adapted to the broadest tem-
perature range, while KwaZulu-Natal tadpoles are
more restricted to higher temperatures. This might be
due to breeding times. In the summer rainfall region,
breeding takes place from September to mid-March
from spring to summer (Balinsky 1969). Whereas, in
the winter rainfall region breeding takes place from
July to September from winter to the onset of spring
(Kalk 1960). The performance curves and activity
maps of adults and tadpoles suggest that KwaZulu-
Natal animals would have much lower chances to
establish populations in Europe compared to West-
ern Cape animals. It would be of particular interest
to know how the intense selection during this French
invasion has acted on genes from the great diversity
in the available gene-pool (see de Busschere et al.
2016).

Comparison with previous correlative and
mechanistic SDM approaches for Europe

In the past, several correlative approaches tried to
predict the invasion risk of X. laevis for Europe
(i.e. Measey et al. 2012; Thlow et al. 2016; Rod-
der et al. 2017). However, correlative approaches
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all demonstrate the caveat that their predictions can
reflect the realized niche of a species only, while the
physiology of a species and its critical thermal thresh-
olds as well as local adaptation or different life-his-
tory stages are neglected. A recent ecophysiological
approach from Ginal et al. (2021), which was also the
precursor for this study, provided the first mechanis-
tic SDMs for Europe. According to our knowledge,
this was also the first time different life-history stages
of an amphibian (tadpoles and adults) were included
for modelling purposes. The mechanistic predictions
clearly showed a much higher potential invasive risk
of X. laevis with c. 2 Million km? of predicted suit-
able area in Europe, which is an area up to twice as
large as that predicted by the worst-case scenario of
the correlative approaches. The authors presented
three different models, one including adult frogs
only, the other including tadpoles only and the third
one including adults and tadpoles together. However,
the models’ predictions for the native South Afri-
can range differed from each other, the predictions
for Europe revealed the same size of predicted area,
which might indicate that tadpoles as a life-history
stage might have no impact on the size of potentially
colonisable area. In contrast, our findings of this
study clearly demonstrate that French tadpoles have
less time for activity in Europe compared to their
native South African progenitors and are constrained
by physiological limits, while adult French frogs
already adapted to the much cooler European climate.

Conclusion

The results of our novel approach suggest that inva-
sive populations are able to adapt to novel environ-
ments by going through a shift in their fundamental
Grinnellian niche, which results in more time avail-
able for activity. This gain in the activity time budget
might allow individuals to survive and reproduce bet-
ter, as a result of enhanced foraging or predator eva-
sion, and might allow populations to expand in novel
environments. Furthermore, the investigation of tem-
perature-dependent responses of different life-history
stages gives deeper insights into the physiology and
invasion biology of a species and allows us to identify
the life-history stage limiting the geographical expan-
sion of a population. Both types of information, local
adaptation and stage limited expansion, are crucial
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for the risk assessment of alien invasive species. Our
study suggests that accounting for local adaptation in
the different life-history stages of invasive popula-
tions might greatly improve the robustness or reliabil-
ity of SDM predictions, even those using mechanistic
approaches.
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