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Abstract

Xenopus laevis has been present in the Chilean Mediterranean region since at least
the 1970s. Studies of the global invasion of the African clawed frog have paid little
attention to its early life stages, whose environmental requirements and threats are
different to those of the adults. This study provides evidence of the vulnerability of
X. laevis to Gambusia holbrooki, as well as information about its phenological
development. Reproduction of X. /aevis in Chile occurs between October and the
end of April (austral spring to autumn). An overlap of early and late stages of larvae
indicated variability within a clutch. The more recent establishment of G. holbrooki
in Antumapu irrigation reservoir has resulted in a collapse in the reproduction and
adult populations of X. /aevis at this site.
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Introduction

Xenopus laevis (Daudin 1802) is one of the most widely distributed
amphibians in the world; it has successively invaded the USA (McCoid and
Fritts 1980a, b; Crayon 2005; Krysko et al. 2011), South Wales, UK (Measey
1998; Measey and Tinsley 1998; Measey 2001), France (Fouquet and Measey
2006), Italy (Lillo et al. 2005, 2011), Portugal (Rebelo et al. 2010), Japan
(Kobayashi and Hasegawa 2005; Arao and Kitano 2006; Kokuryo 2009),
China (Wang et al. 2019) and Chile (Lobos et al. 1999; Lobos and Measey
2002; Lobos and Jaksic 2005). Its distribution includes four continents and
global ecological modeling predicts that its distribution should continue to
expand, with Mediterranean areas highly vulnerable (Measey et al. 2012).
Xenopus laevis has been recognized since the 1930s as a species with
great versatility for use in research (Gurdon and Hopwood 2000; van Sittert
and Measey 2016), due to the ease of manipulating it and maintaining it in
captivity (adults and larvae), which no doubt explains its presence in
laboratories around the world. However, it is its use as a pet that currently
represents the most serious threat in its movement globally (Measey 2017).
An important part of its natural history is unknown; almost all the
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knowledge of its larval phase comes from laboratory studies (e.g. Wassersug
1996). Several authors have indicated it may have environmental impacts
in invaded areas (Lillo et al. 2011; Kumschick et al. 2017; Courant et al. 2018).

Organisms with complex life cycles such as amphibians (Wilbur 1980)
have different requirements in each stage; larvae are sensitive to predation
and environmental restrictions such as drought (Alford and Harris 1988).
Laboratory studies have indicated that larvae of X. laevis perform well in a
wide range of temperatures (Walsh et al. 2008). However, little is known
about their interactions with the environment (Kruger et al. 2019).

Invasive fish are a relevant agent in the global decline of freshwater
aquatic fauna (Casal 2006; Helfman 2007). In this way the presence of
exotic fishes have caused a reduction in amphibians’ fitness, reduced
growth, changes in behavioral activity and greater avoidance behaviour
(Nunes et al. 2019). One of their important impacts is the predation of
larvae, which has been related to the absence of anti-predator behaviors
(Griffiths et al. 2000; Kats and Ferrer 2003; Kruger et al. 2019). Few studies
in South America explore the effect of invasive fish on amphibians (Martin-
Torrijos et al. 2016). Gambusia holbrooki (Girard, 1859) (mosquitofish) has
been present in Chile for at least 88 years (Iriarte et al. 2005). Iriarte et al.
(2005) indicate that Gambusia is widely distributed in the country, along a
latitudinal gradient of 2481 km, although recent findings (G. Lobos pers. obs.)
in the northernmost region of the country (Administrative Region of Arica
and Parinacota) indicate a possibility for further expansion in its distribution
to 3078 km. Over this wide distribution, the mosquitofish has invaded
diverse environments (deserts, Mediterranean and temperate areas); and its
distribution overlaps completely with those of X. laevis (Mora et al. 2019).

In order to test the hypothesis of vulnerability of X. laevis to Gambusia, a
sampling of tadpoles was conducted in an irrigation reservoir with presence
of Xenopus, before and after being invaded by mosquitofish; the phenology
of the larvae was characterized (seasons in which it is developed on the
study site); the susceptibility to predation by Gambusia was evaluated
through laboratory assays; and finally, from a historic perspective, the
effects on the population size at the study site were evaluated.

Materials and methods

Density of Xenopus larvae, fish and physical parameters of the water

This study was performed near the city of Santiago, in the Antumapu
irrigation reservoir (33°34.027S; 70°37.896W; 623 m elevation). The reservoir
is rectangular, with an area of 400 m* and 0.8 m of deep, fed by a network
of irrigation canals from the Maipo River. The reservoir is one final node
of part of this network, since no canals lead from it. The population of
African clawed frogs that inhabit it have been studied previously (Lobos
1998; Lobos et al. 1999; Lobos and Measey 2002).
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Samples were collected weekly between September 2006 to May 2008,
and from September 2017 to March 2018; between 2009 to 2016 sporadic
sampling was undertaken in November and December. Four sample
sectors were selected in the reservoir, located in the four extremes (2 x 15 m).
To estimate X. laevis larvae and fish abundance, sampling points were
determined by dividing the quadrant length into sampling points located
every 1 meter. Then, a dipnet of 1 m diameter was used from the shore;
three randomly sweeps in one minute were performed in each of the four
sectors, covering an estimated surface area of 2 m* each (Shaffer et al. 2000).
In each sample dissolved oxygen and water temperature (Hanna HI 9146),
pH and conductivity (Hanna HI 991301) were measured.

Larval phenological development of X. laevis

For this purpose forty larvae were selected in each weekly sampling. The
first 10 captured in the first sampling of each quadrant in 2006-2007,
which were brought to the laboratory in order to establish their larval
stages under a stereoscopic microscope (Nieuwkoop and Faber 1967). The
larvae were grouped into five strata following the proposal of Walsh et al.
(2008): E < 48 (free-living), E 48-51 (small hind-limb buds), E 52-55
(differentiation and flattening of hind feet), E 56-59 (separation of toes
and development of hind legs) and E > 59 (mid-metamorphosis).

Gambusia holbrooki predatory role

To evaluate the predatory role of Gambusia holbrooki on Xenopus larvae,
trials were performed in plastic containers (30 x 40 x 35 cm) in 20 L of
dechlorinated water, where smaller-scale experiments have been proposed
in order to analyze both competition and predation relationships on larvae
of anurans (Skelly 1994; Kupferberg 1997; Komak and Crossland 2000).
The predator fish used was collected in the Santuario de la Naturaleza
Quebrada de Cérdova (33°26.515S; 71°39.662W), Region de Valparaiso,
about 120 km from the city of Santiago (range size 28-40 mm). To
standardize the trials, all larvae used (stages 48-51, range size 20-29 mm;
Nieuwkoop and Faber 1967) were obtained in the laboratory using a
protocol development by Fischer et al. (2000). Fish and larvae were fed
daily with commercial food, which was suspended 24 hours before the
beginning of each trial. The experiment considered four treatments, taking
into account the estimated densities in the dam. Control groups we carried
out with either two anuran larvae (17 individuals/m?) alone or two fish
alone (17 individuals/m?); to evaluate possible interactions, one fish and two
larvae (8.3 individuals/m? for predator, 17 individuals/m?* for prey), and
two fish and two larvae (17 individuals/m? for predator, 17 individual/m?
for prey), were used. Random treatments were performed and each
treatment was replicated four times, which were evaluated every 24 hours
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Figure 1. Seasonal fluctuation (mean + SE) of larval density of Xenopus laevis in 2006-2008.
Density (ind/m?) is represented by grey bars.

for a period of 7 days, replacing preyed larvae. Individuals preyed on were
replaced by others with similar characteristics (size and stages), to maintain
the density relation in all treatments. Mortality, dividing the total number
of replaced individuals by the initial number of larva, was also estimated.

Adult population of Xenopus laevis

A study by Lobos and Measey (2002) was repeated in 2014 and 2018, using
the same sampling conditions. Adult clawed frogs were captured using
simple funnel traps; five traps were set at dusk and collected at dawn at
approximately two week intervals (during March and April; three samples).
All X. laevis caught were sexed using external morphological features
(protruding labial lobes in females and formation of nuptial pads on the
forearms of males). Animals were then marked with an Passive Integrated
Transponder (Biomark Inc). A closed population model using the Rcapture
program in R package (R Core Team 2016) was assumed. Lobos and Measey
(2002) did not report the mass of the amphibians, so the results were
compared to those of Lobos (1998).

Statistical analysis

Differences between means were analyzed with ¢-tests. ANOVA was used
in other cases, after testing the normality of the data using the Shapiro-Wilk
test. Significant differences (p < 0.05) among means were evaluated with
the Tukey a posteriori test, performed in Infostat (Di Rienzo et al. 2004).

Results
Density of Xenopus larvae, fish and physical parameters

Xenopus larvae were observed beginning in October (austral spring) and
persisted in the reservoir until the end of April, both in 2006-2007 and
2007-2008 (Figure 1). The highest mean densities were recorded in November,
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Figure 2. Fluctuation of Gambusia holbrooki (black bars) and Xenopus laevis larvae (grey bars).
Average density (mean + SE) in 2006 to 2017 for spring and summer in the Antumapu reservoir.
The graph demonstrates the replacement of Xenopus larvae by the invasive fish in the study site.
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Figure 3. Monthly fluctuation of larval density (ind/m?), shown in grey bars, in relation to electrical conductivity (mS*cm™), pH,
dissolved oxygen (mg*L™") and water temperature (°C). Density was divided by 10 for graphic representation.

December, January and February in both periods (late spring and
summer). The only significant difference was in December, with mean
density being greater in 2007-2008 (t-test, T(s; 0.05) = —3.08, p = 0.03). The
difference in mean density over the entire sampling period was not
significant between years (t-test, T4 095y = 1.01, p = 0.33). Subsequently,
until 2013, larvae were observed in the reservoir. From 2011, the dam
began to be colonized by Gambusia. The samples from 2006 to 2017
indicate clearly the absence of larvae of the African clawed frog in the study
site, and its replacement by Gambusia holbrooki (Figure 2).

Figure 3 shows the relationship between water parameters and larval
density (Table 1). For the development period of Xenopus larvae (September
to March), the ANOV As comparing environmental variables for the 2006-
2007, 2007-2008 and 2017-2018 (absence of amphibian larvae) found
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Table 1. Mean monthly values of physical parameters of the water and larval density of Xenopus laevis in the Antumapu resevoir.
Months Water temperature (°C) pH Dissolved oxygen (mg 1))  Conductivity (S cm™)  Density (Ind/m?)
September 2006 22.47+0.00 9.03 £0.00 9.07 £ 0.00 1.06 £ 0.00 0.00 £ 0.00
October 2006 20.67+3.4 7.91+£0.30 820+ 1.71 0.98 £ 0.05 9.43 +15.07
November 2006 22.66 £2.68 8.13+0.36 7.68 +£1.70 0.83 £ 0.09 55.56+11.06
December 2006 20.98 +£2.68 8.13+0.35 7.03 +£1.38 0.78 £ 0.05 34.48 +£24.22
January 2007 22.81+1.23 8.15+£0.27 6.37 £1.46 0.86 £ 0.05 36.00 £ 19.40
February 2007 22.55+0.85 7.51+£0.27 531+1.02 1.03 £0.08 30.58 £7.28
March 2007 21.13+£1.02 7.21+0.28 5.17+0.81 1.20 + 0.04 28.06 +£5.59
April 2007 16.48 £ 1.07 7.46 £0.26 482+1.17 1.38 +£0.08 11.71 £11.71
May 2007 12.32 £0.99 7.54+0.27 430+1.17 1.55+0.03 0.52 +£0.00
June 2007 9.55+2.84 7.49 £ 0.30 5.75+0.98 1.54+£0.10 0.00 + 0.00
July 2007 10.10£2.93 7.45+0.22 6.91 +0.97 1.43 £0.03 0.00 + 0.00
August 2007 11.05+£2.75 7.71+0.21 9.15+0.40 1.45+£0.04 0.00 = 0.00
September 2007 15.04 £2.72 8.04+0.21 8.26+0.26 1.45+0.12 0.00 + 0.00
October 2007 19.23 £2.92 7.87+0.19 7.10 £ 0.38 1.14+£0.13 8.33+12.07
November 2007 21.41+0.84 7.91+0.19 5.77+0.92 0.91 +0.07 51.08 £10.83
December 2007 23.11+£1.17 7.74 £ 0.33 5.84+0.82 1.03 £ 0.06 98.75 +34.44
Juanary 2008 21.88+1.42 7.85+0.34 6.38 +£0.77 1.11 £0.04 49.52 £5.03
February 2008 22.92+1.99 7.48 £0.29 6.30 + 0.67 1.23 +£0.06 41.17+14.42
March 2008 21.06 £2.31 7.60+£0.18 495+1.48 1.39 £ 0.04 25.31+13.15
April 2008 17.81 +£2.39 7.33+0.15 4.14+1.42 1.52+0.13 11.73+4.90
September 2017 12.06 +1.57 7.61+0.24 6.08 +1.31 1.43 +£0.04 0.00 + 0.00
October 2017 15.83 £1.97 7.65+0.41 5.93+£0.79 1.30£0.13 0.00 £ 0.00
November 2017 18.30 £ 0.91 8.05+0.16 6.89 £ 1.65 1.13+£0.13 0.00 + 0.00
December 2017 21.33+£2.40 7.92 +0.15 5.83+0.37 0.91 +0.05 0.00 + 0.00
Juanary 2018 20.42 +1.38 7.76 £0.23 5.56+1.10 1.16 £0.10 0.00 £ 0.00
February 2018 19.07 £ 1.36 7.89+£0.14 9.06 £ 0.70 1.21+£0.19 0.00 + 0.00
March 2018 17.99 £1.02 7.93+0.16 9.67 +2.34 146 +£0.18 0.00 + 0.00

significant differences in temperature between months (ANOVA F73) =
12.6, p < 0.001) and years (ANOVA F(73) = 18.2, p < 0.001); Tukey tests
found that the means for September and October were lower than the later
months, and that 2017-2018 had lower values (median = 17.85, SE + 0.42)
than 2006-2007 (median = 21.38, SE + 0.42) and 2007-2008 (median =
20.25, SE + 0.44). No significant difference in dissolved oxygen was found
for months (ANOVA F73 = 4.25, p = 0.28) or years (ANOVA F,73 = 0.43,
p = 0.65). The pH varied significantly between months (ANOVA Fs3) = 4.25,
p <0.001), but not between years (ANOVA Fp73 = 0.68, p = 0.52); the Tukey
test found that pH in March was significantly lower than in September,
October and November. Electrical conductivity was significantly different
among months (ANOVA Fs73 = 29.4, p < 0.001) and years (ANOVA F73) =
57.7, p < 0.001); November and December had lower values than September,
October and March, and 2006-2007 had lower values than 2007-2008 and
2017-2018.

Larval development

The earliest larval stages (less than stage 48) were present for at least three
months (Figure 4), while larvae of stages 48-51 were recorded until late
summer (February). Later larval stages (above stage 59) were recorded for
at least five months. Larvae were not recorded from the beginning of
autumn through winter.
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Figure 4. Weekly larval development of Xenopus laevis using the criteria of Nieuwkoop and
Faber (1967), in the Antumapu reservoir shows differential development of the larvae. The
proportions in states are represented in a color scale proposed by Walsh et al. (2008), which
distinguished four classes of states: E < 48 (free-living), E 48-51 (small hind-limb buds), E 52-55
(differentiation and flattening of hind feet), E 56-59 (separation of toes and development of
hind legs) and E > 59 (mid metamorphosis).

Mortality

Gaho (2) Xele (2) Gaho (1)/Xele (2) Gaho (2)/Xele (2)

Essays

Figure 5. Laboratory trials to evaluate the mortality in controls (larvae and fish alone) and
predatory role of Gambusia on larvae of Xenopus. The trials showed significant differences in
the mean mortality (shown by letters above the grey bars) in the treatments with fish, both with
one fish and two African clawed frog larvae and with two fish and two larvae. Gaho = Gambusia
holbrooki and Xele = Xenopus laevis.

Gambusia holbrooki predatory role

The laboratory trials (Figure 5) show a high predation rates of Gambusia
on Xenopus larvae (ANOVA Fg 12 = 82.7, p < 0.001), both in the treatments
with low and high density of predators. The control groups, with larvae
and fish alone, did not show any evidence of interference within the assays
(stress in the larvae or cannibalism between fish).

Adult population of Xenopus laevis

The population size of X. laevis was estimated to be 43 (range = 20.1-98.4)
in 2001 (Lobos and Measey 2002). The estimation for 2014 was similar
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Figure 6. Comparison of mass (grams) of individuals collected in 1998 and 2014, showing
greater representation of heavier individuals (assumed to be older) in 2014. A) Females: the
lack of individuals in the lower classes is notable; B) Males: there are individuals in the lower
classes, there are larger size classes not present in 1998, which suggests an ageing population
that declined in 2018. Weight ranges were those defined by Lobos (1998).

(mean = 44.3, SD + 13.3). However, no adults were captured in 2018.
There were differences between sexes and between years in the mass
recorded in 1998 and 2014 (Figure 6A, B).

Discussion

The global invasion of Xenopus laevis provides an interesting model for
biological invasions, especially for its exposure to different demographic,
environmental and evolutionary patterns (Facon et al. 2006). However, such
models require information on the pre-adult stages (larvae, premetamorphic,
postmetamorphic), which have received little attention. Information on the
larvae is especially important for X. laevis, whose larvae are highly
specialized compared to other anurans; they have a microphagous diet, aerial
respiration, and specialized caudal myology and spinal cord (Wassersug 1996).
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One of the few studies of the tadpoles of Xenopus in an invaded area
(Moreira et al. 2017) found that lentic environments produce a greater
number of metamorphic, larger tadpoles and metamorphic, and earlier-
maturing metamorphic larvae than lotic environments; however, lotic
environments may also contribute to the recruitment of individuals, in
addition to the more favorable lentic sites.

Larval development is restricted to spring and summer in Chile, as has been
observed in other places in the invaded area of Chile (G. Lobos pers. 0bs.).
The complete development of X. laevis from egg to metamorphosis would
last from two to three months (Nieuwkoop and Faber 1968; Wu and Gerhart
1991). The presence of early stages (less than 48) for at least three months
in the reservoir and the presence of more-developed larvae for at least five
months (overlapping of different stages), likely indicate a high developmental
variability within a clutch (J. Measey pers. comm.). This may result from
differential growth due to food availability and environmental conditions;
then, fluctuations in abundance represent mortality events. Several studies
have evaluated the effect of environmental conditions on the swimming
speed of larvae and capacity for movement in the juvenile stage (van
Buskirk and Saxer 2001; Alvarez and Nicieza 2002). It has also been shown
that the body size of larvae and environmental temperature are related to
the duration of metamorphosis (Downie et al. 2004; Walsh et al. 2008), a
stage considered to be high risk due to vulnerability to predation (Williams
1966). At 21 °C, metamorphosis lasts about 8 days (Huang et al. 2001), but
Walsh et al. (2008) showed that at lower temperatures (18 °C) it lasted
more than twice as long as at high temperatures (24 and 30 °C).

The autumn and winter of the Chilean Mediterranean region were
unfavorable for the reproduction of X. laevis (mean = 9.55 °C, SD + 2.84
for June 2007, mean = 15.04 °C, SD * 2.72 for September). The mean
annual temperatures for 2017-2018, when larvae were not recorded from
the reservoir, were lower than those of 2006-2007 and 2007-2008; although
the summer temperatures (December mean = 21.33, SD + 2.44, January
mean = 20.42, SD * 1.38 and February mean = 19.07, SD + 1.36) were within
the optimum range for Xenopus development. The absence of reproduction
was noted at least since 2014, after Gambusia holbrooki invaded the
reservoir in 2011; this species was not found in the reservoir or in the
stomach contents of X. laevis in earlier studies (Lobos et al. 1999; Lobos
and Measey 2002). Invasive fish affect anurans by consuming eggs, larvae
and/or adults (Webb and Joss 1997; Bull and Marx 2002; Reshetnikov
2003; Welsh et al. 2006; Jara and Perotti 2006). In relation to smaller-scale
experiments, these have been conceived as a methodology to explore
competence relationships (Kupferberg 1997) and predation on anuran
larvae (Skelly 1994; Komak and Crossland 2000). The laboratory trials
showed a clear predatory tendency (almost 100% predation); in spite of the
small size of the fish (not greater than 4 cm) (Pérez-Bote and Lépez 2005),
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they readily consumed the larvae. Interestingly in California (USA), a low
predatory capacity of Xenopus adults over Gambusia has been reported
(Lafferty and Page 1997; McCoid and Fritts 1980b). In a global compilation
of adult diets of X. laevis (Courant et al. 2017), both in native as well as on
invasive populations, it was highlighted that the presence of fish was
incidental.

Anti-predator behavior in anurans (Griffiths et al. 2000; Kats and Ferrer
2003; Nunes et al. 2019) has been associated with a genetic component
(Kats et al. 1988) and an acquired component (Mirza et al. 2006).
Defensive mechanisms developed by larvae include the search for refuges
(Mirza et al. 2006; Ferrari et al. 2008), cryptic coloration (Wassersug 1971)
and toxins with disagreeable taste (Brodie and Formanowicz 1987). Other
aspects influencing larval survival are related to its level of activity (Skelly
1994; for predatory risk by dragonfly), age classes and size of predators
(Kupferberg 1997; for impact evaluation by bullfrog) and ontogenetic stage
of prey (Komak and Crossland 2000; for predation by Gambusia). In the
laboratory assays, it was observed that fish devoured all larvae that were
presented to them, excluding the presence of either toxins or cryptic behaviors
in front of this kind of predator. In Australia (Komak and Crossland 2000),
Gambusia were significant predators of all aquatic life-history stages of a
native anuran and preyed only upon hatchling and early stages of invasive
Rhinella marina. In this context, it has been reported that Xenopus laevis
larvae are capable of reducing their activity (movement) in the presence of
invertebrate predators (Kruger et al. 2019). This mechanism appears
inadequate for more active predators such as Gambusia.

Adult population size was not different between 2002 and 2014, and when
compared to 1998, the population of 2014 showed a greater representation
of heavier individuals (assumed to be older). In relation to adults, they can
again invade the reservoir by occurrence of overland migrations (De Villiers
and Measey 2017). In this context, the absence of captures in 2018 is also
notable; lack of reproduction in the presence of non-native fish was also
reported in another area of central Chile (Lobos et al. 2014). Several studies
have referred to the potential invasiveness of X. laevis (Measey et al. 2012;
Lobos et al. 2013; Barbosa et al. 2017); biotic and abiotic restrictions on the
larvae of this anuran may be critical for the success of its advance globally.

In the Chilean Mediterranean region, over almost 50 years, X. laevis has
had to adjust to the bioclimatic region, which has allowed lessons to be
learned about the threats for its early life stages. In this way, this study
recognizes that the presence of non-native fish can be a factor that modulates
the expansion and distribution of Xenopus laevis in the invaded areas.
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