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As a colonizing species expands its range, individuals at the invasion front
experience different evolutionary pressures than do those at the range-core.
For example, low densities at the edge of the range mean that males should
rarely experience intense sperm competition from rivals; and investment
into reproduction may trade-off with adaptations for more rapid dispersal.
Both of these processes are predicted to favour a reduction in testis size at
the invasion front. To explore effects of invasion stage in Australian cane
toads (Rhinella marina), we collected and dissected 214 adult males from
three regions: one in the species’ range-core (northeastern Australia), and
two from invasion fronts (one in northwestern Australia and one in southeast-
ern Australia). Despite the brief duration of separation between toads in these
areas (approx. 85 years), testis masses averaged greater than 30% higher (as a
proportion of body mass) in range-core males than in conspecifics sampled
from either vanguard of the invasion. Previous work has documented low
reproductive frequencies in female cane toads at the invasion front also,
consistent with the hypothesis that evolutionary and ecological pressures
unleashed by an invasion can favour relatively low resource allocation to
reproduction in both sexes.

As a colonizing species expands its range into new territory, it is subject to an
array of evolutionary forces that differ from those experienced in the range-core.
As a result, invasive plants and animals exhibit distinctive morphological,
physiological and behavioural traits at the leading edge of their range expan-
sion [1]. Some of those novel traits reflect natural selection and/or spatial
sorting for higher rates of dispersal [2], whereas others reflect adaptations to
local environments [3] or to low abundance in newly invaded areas [4].
Decreased intraspecific competition for resources may favour the evolution of
‘r-selected” life-history traits [4]; and also, low population densities might
decrease the intensity of male—male rivalry for mating opportunities.

In high-density aggregations of reproductive animals (as at the range-core),
adult males are under intense selection to outcompete other males via an array
of tactics [5]. Although displays and combat bouts are the most obvious forms
of male-male rivalry, the competition to fertilize eggs may also be important.
For example, multi-male groups around spawning female anurans (frogs and
toads) reduce the proportion of the female’s clutch sired by any single male
and have resulted in the evolution of larger testes because fertilization success
is enhanced by the production of large amounts of sperm [6,7]. More generally,
the intensity of sperm competition predicts testis size in diverse lineages of
organisms, e.g. mammals [8-10], birds [11,12], reptiles [13], anurans [14-17].
The inference of a functional relationship between these traits is strongly
supported by experimental studies that manipulate the intensity of sexual
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selection in laboratory colonies of insects, generating rapid
shifts in relative testis mass [18,19].

There are three reasons to expect lower testis mass at an
invasion front than in the range-core. First, sperm competition
is reduced at the invasion front because spawning aggrega-
tions are less likely to include rival males (because of low
population densities). Second, opportunities for remating
likely will be rare (because of low availability of mates), so
that an inability to rapidly replenish sperm stores is unlikely
to curtail male reproductive success [6,20]. Third, dispersal-
enhancing traits accumulate at expanding range fronts,
favouring reallocation of resources from other functions
(such as reproduction) into traits that enhance dispersal [21].
In summary, we predict low testis mass at an invasion front
because a scarcity of rivals reduce the importance of high
sperm counts, and because of trade-offs between investment
into reproduction versus dispersal. By contrast, we predict
high testis mass in individuals from range-core areas.

The invasion of cane toads (Rhinella marina, formerly Bufo
marinus) across Australia provides an ideal model system
with which to test this prediction. Released in northeastern
Australia in 1935, toads have now spread thousands of kilo-
metres westwards across the continent, and southwards
down the eastern coast [22]. In the course of their invasion,
cane toads have evolved a suite of traits that enhance the
rate of dispersal and that adapt them to novel abiotic changes
within the invaded range [3,23,24]. Consistent with a trade-
off between reproduction versus dispersal, female cane
toads from the invasion front have low reproductive frequen-
cies even under standardized conditions of food supply [25].

2. Material and methods

We collected adult male cane toads (greater than 85 mm snout—
vent length, =SVL [26]) from three areas: Townsville and Rich-
mond, Queensland (19°14’ S, 146°47" E and 20°44’ S, 143°09' E,
respectively, both within the range-core; toads present for greater
than 80 years), Kununurra, Western Australia (15°48' S, 128°43' E,
western invasion front; toads present for less than 8 years) and
Brooms Head, New South Wales (29°38’ S, 153°18’ E, southern
invasion front; toads present for less than 15 years). Each area
was sampled three times, to encompass seasonal variation in the
reproductive state in April 2017, September 2017 and April 2018.
Toads were hand-collected at night and returned to local
field laboratories where they were maintained for 10 days
before use in experiments on sperm-egg interactions. The ani-
mals were kept under a reversed day-night cycle to facilitate
experimental work. They were kept in enclosures (597 x 362 x
381 mm: L x W x H) with fresh water and fed crickets ad libitum
four times per week. To ensure that all toads were at similar (and
maximal) levels of testicular activity [27], we injected each
animal with 0.25 ml synthetic gonadotrophin diluted 1:20 with
saline (Lucrin; Abbott Australasia), approximately 8-12h
before humanely killing them (by double-pithing), and then
immediately dissecting them. Testes mass was recorded to the
closest 0.001 g, body mass to 0.1 g and SVL to 1 mm.
Researchers have used a variety of indices to quantify testis
mass relative to body size. For example, some authors calculate
the Gonosomatic Index (GSI) as ‘mass of testis divided by
body mass’ whereas others use ‘mass of testis divided by body
length’ [28]. Given statistical issues associated with ratio measure-
ments, it may be preferable to quantify relative testis mass as
the residual scores from the linear regression of testis mass (com-
bined left plus right testes) against body mass, fitted to the entire
dataset [28,29]. This procedure yields scores with a mean of zero;

individuals with testes heavier than expected from their body
mass will have positive residual scores, and individuals with
lighter-than-expected testes will have negative scores. In practice,
all of the indices of relative testis mass are highly correlated with
each other, and thus will usually generate similar conclusions. In
our dataset, the index of relative testis mass based on the residual
score was highly correlated with the GSI regardless of whether the
denominator was toad body mass (1 =213, r=0.90, p <0.0001) or
toad body length (1 =213, r =0.83, p <0.0001). The two GSI indi-
ces were also highly correlated with each other (n =213, r=0.91,
p <0.0001). Analyses based on all three indices generated identical
conclusions. We thus report analyses based on the residual score
and use GSI calculations only to show effect sizes.

We used JMP 14.0 to analyse our data, after checking
assumptions of normality and variance homogeneity. We used
ANOVA with area and season as factors (plus their interaction)
to look for differences in male body sizes, body condition and
relative testis mass. Non-significant interaction terms were
deleted, and the ANOVA recalculated to estimate main effects.
To quantify body condition and relative testis mass, we regressed
these variables against male SVL and used the residual scores
as our indices. We used Pearson correlations to evaluate the
strength of association between variables.

3. Results

Mean body lengths of adult males did not differ significantly
among the three areas or the three seasons, nor did these
factors interact significantly (main effect of area, F;i0=
0.82, p=0.44; main effect of season, F;19=2.45, p=0.09;
interaction area x season, Fjn06=1.99, p=0.10; table 1).
Body condition of males was lower in September 2017 than
in either of the other two sampling periods (Tukey post hoc
test p <0.05; main effect of season, F, 55 =15.32, p <0.0001)
and this was true for all three areas (main effect of area,
F5 05 =1.34, p=0.26; interaction, F4 505 = 0.44, p =0.78).

The average mass of the testis relative to male body mass
was lower in April 2017 than in either of the other two seasons
(Tukey post hoc test p <0.05; main effect of season, F; 504 =
16.17, p <0.0001) and lower at the invasion fronts than the
range-core (Tukey post hoc tests show range-core > western
front > southern front; main effect of area, F; 504 =52.36, p <
0.0001; interaction, Fso04 =1.22, p=0.29; figure 1). Using the
mass-based GSI to express effect sizes, the mean ratio of
testis mass to body mass was 3.89 mg g~' in animals from
the range-core, 2.38 mg g~ at the southern invasion front
and 2.95 mg g_1 at the western invasion front. Thus, this GSI
index averaged 63% higher at the range-core than the southern
invasion front and 32% higher at the range-core than the
western invasion front.

4. Discussion

Relative to male body mass, the testes of cane toads were larger
in some sampling periods than others. This result is unsurpris-
ing, because most anurans display seasonal reproduction, e.g.
cane toads in northeastern Australia [30]. Seasonal fluctuations
in testis mass followed the same pattern across all regions. The
more interesting result involves a geographical divergence in
relative testis sizes: cane toads from the range-core (northeast-
ern Australia) had testes greater than 30% heavier (relative to
body mass) than did conspecifics from newly invaded regions
of northwestern and southeastern Australia. Although each of
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Table 1. Sample sizes and morphological traits of male cane toads (Rhinella marina) collected from three areas, each sampled on three occasions. The ‘residual  [JEJi}
testis mass’ is the residual score from the general linear regression of testis mass against toad body mass. Table shows mean values =+ s.e.

S
location season sample size body mass (g) snout—vent length (mm) testis mass (mg) residual testis mass §
range-core Apr 2017 25 118.26 + 6.64 106.64 + 1.81 374.84 +39.41 0.13 = 28.59 ‘§

Sep 2017 54 112.48 £3.72 109.69 + 1.13 488.46 + 23.61 127.57 £18.12 %

Apr 2018 17 110.89 + 5.84 106.76 + 1.79 411.65 + 28.83 59.07 + 28.68 %

western front Apr 2017 16 130.14 +£5.23 110.50 + 1.37 305.19 + 15.53 —105.26 + 16.92 <
Sep 2017 28 107.71 £ 4.90 107.64 + 1.80 353.39 + 27.61 10.38 + 18.16 %

Apr 2018 17 13235+ 6.19 111.88 £+ 1.60 398.94 £+ 30.12 —18.13 £ 30.13 %

southern front Apr 2017 15 11439 +4.21 104.40 +1.38 230.27 £ 17.37 —132.83 +18.80 =
Sep 2017 26 112.28 £ 4.26 108.38 + 1.67 263.92 + 13.96 —92.81 +13.09 éj

Apr 2018 17 112.18 £ 6.96 104.71 £ 2.12 253.24 +20.35 —103.20 + 11.56 §

&

—e— range-core and thus, to be able to inve;st mf)re into testis growth [36,37]. %

—m western front However, toads at the invasion front had smaller not S

160 —&— southern front larger testes. 3
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Figure 1. Relative mass of the testis (quantified as residual scores from the
general linear regression of testis mass versus body mass) of adult male cane
toads (Rhinella marina) from the range-core and two invasion-front regions
within Australia. The graph shows mean values and associated standard
errors. (Online version in colour.)

these three regions is thousands of kilometres from the others,
the toad invasion of Australia is relatively recent (beginning in
1935) and hence, those divergences have arisen over a brief
period. Although intraspecific geographical variation in
relative testis sizes has been reported in other amphibians,
those changes presumably have occurred over much longer
periods [31-33].

Our sampling design does not unequivocally identify inva-
sion stage as the causal factor for shifts in gonad size. The three
areas that we sampled differ in many respects, including in
climatic conditions [3], and it remains possible that conditions
in both southeastern and northwestern Australia favour (or
generate) smaller testes. However, we know of no obvious
shared factor between those very different locations. The
shifts in testis size might be due to evolutionary processes
(i.e. to be heritable) or might be driven by phenotypic plasticity
[34]. Again, we cannot distinguish the relative importance
of those two processes from our samples. Nonetheless, we
note that food is likely to be super-abundant at the invasion
front (because of lowered intraspecific competition [35]) and
hence, we might expect toads at these sites to be better-fed

As noted in the Introduction, we might expect smaller
testes at the invasion front for several reasons. A trade-off
between investment into reproduction versus the rate of
dispersal is plausible, especially given that low rates of repro-
duction also typify female cane toads at the invasion front [25].
The actual energy investment into large versus small testes is
trivial overall (less than 0.7% of body mass), but a larger
testis may produce more testosterone, translating into a greater
investment of time and energy into reproductive activities.
Such activities could be far riskier, more energetically expens-
ive and less compatible with rapid dispersal, than the simple
allocation of nutrients to enlargement of the gonads. Opposing
the ‘dispersal versus reproduction’ trade-off idea, however, is
the fact that dispersal rates are high at the northwestern
front only; toads on the southeastern front may not disperse
any faster than do range-core individuals [22].

Could higher densities of toads in the range-core impose
selection for larger testes? The possibility that increased
opportunities for matings in rapid succession favour larger
testes (to avoid sperm depletion [38]) seems unlikely. Kruse
& Mounce [39] reported that male American toads (Bufo
americanus) rarely mate more than once per season but are
capable of fertilizing five clutches in successive days. Larger
testes in range-core toads also cannot be adaptive to larger
clutch sizes (as posited by Emerson [40] for interspecific com-
parisons within anurans) because in Australian cane toads,
clutches are smaller in the range-core (J] DeVore, S Ducatez
and M Crossland 2017, personal communication). A final
and more plausible possibility is that (as in other anurans
[7D), high population densities of toads in range-core areas
increase the intensity of sperm competition [41,42], which
in turn selects for males that can produce more sperm.

In summary, our data strongly support the prediction that
evolutionary pressures at an expanding range edge will result
in smaller testes than in range-core regions, but we are unable
to unambiguously tease apart the evolutionary forces at work
in this situation. Neither can we identify the direction of
change (i.e. have Australian cane toads exhibited a reduction
in testis size at the range edge, or an increase in testis size at
the range-core, or both of these changes?) because we lack
data on the ancestral condition (testis size in native-range
cane toads). Future work could usefully document the



situation in other parts of the cane toad’s extensive geo-
graphical range. It would also be of great interest to
document mating systems of cane toads across their Austra-
lian range, to clarify the degree to which larger testes (and
potentially, the behavioural as well as sperm-production
consequences of that increased testicular volume) might
influence male reproductive success—and perhaps, do so

differently in different parts of the continent.

Data are available from the Dryad Digital Repository:
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