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Abstract

Global amphibian populations are declining, and invasive fish are known to impact
many threatened species. South Africa has both a biodiverse amphibian fauna and a
rich history of invasive fish introductions with high establishment success. Studies have
identified some preliminary evidence for negative impacts of invasive salmonids on
two ghost frog species (Anura: Heleophrynidae). This study aims to investigate whether
these negative impacts previously reported are reflected across a broader scale.
Tadpoles of two species, Heleophryne regis and H. purcelli were sampled in the
presence and absence of invasive fish at 111 sites across 26 streams in the Western
Cape province of South Africa. A generalised linear mixed model showed invasive
fish to have the most significant negative effect explaining tadpole abundance. Mean
tadpole abundance decreases by 18 times in the presence of invasive fish. Environmental
variables with significant effects on tadpole abundance include pH, oxygen saturation,
temperature, stream depth and non-native riparian vegetation type. We also define an
environmental niche of ghost frog tadpoles which does not differ between species.
We conclude that invasive fish have significant negative impacts on ghost frog
tadpole abundance, but the effect of the environment should not be overlooked in
amphibian conservation planning and invasive species management decisions. This
study supports the removal of invasive fish and alien vegetation to improve the
conservation of ghost frogs.

Key words: conservation evidence, Heleophrynidae lotic environment, predation,
impact

Introduction

A steady decline in global amphibian populations since the late 20™ century
has led to the Amphibia being the world’s most threatened vertebrate class
(Green et al. 2020). The rate of decline has been likened to a mass extinction,
which could portend future losses in other vertebrate groups (Wake and
Vredenburg 2008). This decline is attributed to a broad range of current
and historical causes. Current causes include climate change, pollution, and
the spread of infectious disease; whilst habitat loss, commercial use and
invasive species are historical causes that continue to be important and are
ongoing (Collins 2010). The impacts of historical causes are well documented
but difficult to isolate as they can act in synergy, especially when invasive
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species are involved (Alford and Richards 1999; Collins and Storfer 2003;
Angus et al. 2023). Invasive species are a concern as there is no foreseeable
end to introductions of non-native species, with predictions that impacts
are likely to increase in severity (Seebens et al. 2017).

Global reviews report extensive negative impacts from invasive species
on native amphibians (Bucciarelli et al. 2014; Nunes et al. 2019; Falaschi
et al. 2021). These impacts include changes to native amphibian fitness,
abundance, development, growth, behaviour and morphology (Nunes et al.
2019). Mechanisms of impact include hybridisation, habitat alteration,
competition and predation, which are the most reported interactions between
invasive species and native amphibians (Bucciarelli et al. 2014; Nunes et al.
2019; Falaschi et al. 2021). The aquatic life stages of amphibians are most
vulnerable to predation, especially from fish (e.g. Gillespie 2001; Remon et al.
2016). Alien fish have a worldwide invasive range, a high diversity of established
species and a rich history of introductions (Cambray 2003). Impacts of
introduced fish predators are predicted to be worse for native amphibians
in previously fishless water bodies, as the lack of coevolutionary history can
hamper the expression of adequate anti-predator strategies towards the novel
predators (Denoel et al. 2005; Cox and Lima 2006; Melotto et al. 2021).
Examples of naturally fishless water bodies are headwater streams and high-
altitude lakes, where fish dispersal is prevented by the steep-gradient and
fast flow of water. However, predatory fish have repeatedly been and continue
to be introduced to water bodies historically lacking native counterparts
(e.g. Denoel et al. 2005; Mir6 et al. 2018; Terblanche and Measey 2023),
resulting in the need to quantify their impacts on native amphibians.

Two study types are commonly used to determine the impacts of invasive
fish on amphibians in fishless water bodies: experimental and observational
studies. Experimental studies typically involve isolating the interaction between
predator and prey using specially designed experiments (e.g. Shaffer and
Johnson 2008; Martin-Torrijos et al. 2016). Observational studies in the context
of invasive predators impacting native amphibians may allow for a more
refined investigation of the responsible impact mechanisms, and are typically
surveys that draw comparisons between the native amphibian abundance,
density or presence/absence in invaded and uninvaded habitats (Kats and
Ferrer 2003). Observational studies have been used around the world to
quantify invasive fish impacts on native amphibians. For example, field
surveys conducted in a high-altitude Pyrenean lake attribute the exclusion
of five out of six native amphibian species to the presence of invasive rainbow
trout, Oncorhynchus mykiss (Mird et al. 2018). Environmental variables present
a significant challenge to such assessments, as the difference in amphibian
abundance between a fishless and fish-invaded water body could be better
explained by the habitat features instead of the presence of invasive fish.
Mird et al. (2018) overcame this by sampling environmental characteristics
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that could influence the occurrence of amphibian species and included them
in a generalised additive model to test which variables significantly affect
amphibian occurrence. Similarly, Velasco et al. (2018) conducted a field study
to determine the impacts of invasive fish on stream-adapted anurans in
Patagonia, combining habitat descriptors to invasive fish presence in their
occupancy model (Velasco et al. 2018). Such studies underline the importance
of collecting pertinent environmental variables and sampling a wide range
of sites when comparing amphibian abundance in fish-invaded and uninvaded
areas, highlighting how this approach can allow drawing much more robust
conclusions from observational studies.

A review of fish invasions in South Africa found that 55 species have
been introduced to the country, of which 44 have established, including
predatory gamefish (Ellender and Weyl 2014). Brown trout, Salmo trutta
Linnaeus, 1758, and rainbow trout were introduced to South Africa for
sport fishing in the late nineteenth century (Cambray 2003). Sport fishing
in South Africa remains the leading contributor to non-native fish
introductions, with trout mostly being introduced into the upper reaches
of mountain streams, where their impacts on resident fauna, such as native
tish, have already been documented (Cambray 2003; Shelton et al. 2015;
Khosa et al. 2019). Downstream, where warmer water and slower flow are
not ideal for the persistence of trout, other gamefish species are
introduced, such as smallmouth bass Micropterus dolomieu (Lacépede,
1802) (Ellender and Weyl 2014). South African streams are thus under
intensive stocking regimes, involving multiple predatory gamefish that are
known to have had negative impacts on amphibians around the world
(Cambray 2003; Loppnow et al. 2013; Ellender and Weyl 2014). Highly
impactful invasive fish now occupy the same headwater streams as South
African endemic anurans, such as the endemic family of ghost frogs:
Heleophrynidae.

A single-site investigation of rainbow trout impacts on the Cederberg
ghost frog, Heleophryne depressa FitzSimons, 1946, showed a decline in
tadpole abundance below a waterfall where invasive rainbow trout occur
(Avidon et al. 2018). Above the waterfall there was tenfold higher mean
relative tadpole abundance when compared to below (Avidon et al. 2018).
Similar results were found in KwaZulu-Natal, where tadpole abundance of
Natal cascade frog, Hadromophryne natalensis (Hewitt, 1913), decreased by
a factor of up to 15 times at three sites where invasive brown trout occur
below physical dispersal barriers (waterfalls) (Karssing et al. 2012).
However, deliberate fish introductions occur above and below such barriers
and therefore a more comprehensive field study, across multiple sites and
streams, is needed to determine whether the negative impacts highlighted
by Avidon et al. (2018) and Karssing et al. (2012) are more pervasive among

ghost frogs. In this study, we aim to determine the impacts of invasive fishes
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on two heleophrynid species by assessing tadpole abundance across multiple
sites in the presence and absence of invasive fish, while accounting for

environmental variables that could affect the observed tadpole abundance.

Materials and methods
Study species

Ghost frogs (Anura: Heleophrynidae) contain seven species in two genera
(Heleophrynus and Hadromophryne) endemic to South Africa, where they
inhabit the fast-flowing headwaters of streams and rivers in fynbos and
forest biomes (Minter et al. 2004; Conradie and Conradie 2015; Reeves and
Conradie 2023). The tadpoles have a dorso-laterally flattened body to reduce
drag in the current, and a large oral sucker is used to cling to the rocky
substrate and to feed on algal film (Lukas 2021). Tadpoles spend between
18 and 24 months in the larval stage, requiring permanent flow to survive
(Boycott 2004). This permanence of flow, along with a mean annual water
temperature that does not exceed 17.2°C were identified as key habitat
descriptors for tadpoles of the Table Mountain ghost frog, Heleophryne rosei
(Hewitt, 1925) (Ebrahim et al. 2020). Given their specialist life history and
limited suitable habitat, ghost frogs are susceptible to population declines
through either human mediated threats (invasive species, habitat loss) or
natural phenomena (floods, fires) (SAFRoG and IUCN-ASG 2016a, b).
These threats have led to H. rosei and Hewitt’s ghost frog, H. hewitti
(Boycott, 1988) being listed by the IUCN as Critically Endangered and
Endangered, respectively (SAFRoG and IUCN-ASG 2016a, b). The current
study sampled tadpoles listed by the IUCN as Least Concern: the royal
ghost frog Heleophryne regis (Hewitt, 1909) and the Cape ghost frog
Heleophryne purcelli (Sclater, 1898).

Highly impactful invasive salmonids (Family: Salmonidae) and largemouth
bass (Family: Centrarchidae), introduced as gamefish, occupy many South
African streams (Ellender and Weyl 2014), and are known to have significant
negative impacts on native amphibian larvae, macroinvertebrates and endemic
tish species (Woodford and Impson 2004; Woodford et al. 2005a; Weyl et al.
2010; Ellender 2013; Rivers-Moore et al. 2013; Avidon et al. 2018). The
documented negative impacts of invasive bass on endemic fish served as
the basis for chemical and mechanical eradication from small headwater
streams in the Cape Floristic Region (Weyl et al. 2014a; van der Walt et al.
2019), and the subsequent increase in endemic fish and invertebrate
biodiversity (Weyl et al. 2014b; van der Walt et al. 2019; Bellingan et al.
2019). A similar population recovery in native fish followed the mechanical
eradication of spotted bass, Micropterus punctulatus (Rafinesque, 1819)
from the Thee River (van der Walt et al. 2019). However, no fish removal
has yet been conducted in streams with threatened amphibian species in
South Africa.
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Figure 1. (A) Ghost frog tadpole sampling sites denoted by green (Heleophryne purcelli) and purple (H. regis) points. Polygons
represent the distribution range of ghost frog species H. rosei (yellow), H. purcelli (green), H. orientalis (red) and H. regis
(purple). (B) Detailed sampling of H. regis sites. (C) Detailed sampling of H. purcelli sites.

Study area

The Cape Fold Mountains are a continuous chain of quartzitic sandstone
massifs that lie between the southeastern coast of Africa and the Karoo
basin. From December 2021 to May 2022, we sampled 111 sites across 26
streams in an east-west section of the Cape Fold Mountains within the
distributions of H. regis and H. purcelli (Figure 1). Streams sampled generally
ran north-south and rose on average 345 m asl. Twelve streams had invasive
fish present at 18 sites. Native fish were present at 20 sites, ten sites had invasive
and native fish present, and 83 sites contained no fish.

Uninvaded streams were selected based on compiled heleophrynid
occurrence data obtained from the Centre of Excellence for Invasion Biology
(CIB), iNaturalist and the Animal Demography Unit (ADU). Invaded streams
were selected based on where the heleophrynid occurrence data overlapped
with distributional data for O. mykiss and M. dolomieu, obtained from the
Freshwater Biodiversity Information System (FBIS). Explorative trips were
conducted to the identified streams to delineate sample sites before data was
collected. While the initial sampling plan had an equal number of invaded and
uninvaded streams, invasive fish were unexpectedly found in streams previously
thought to be uninvaded, leading to an unbalanced sampling design. We
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moved from downstream to upstream sites, marking the furthest point
travelled upstream as the last site to be sampled. The furthest point upstream
is the point where there was no more water, or a physical barrier prevented
further travel upstream. The lower end sampling point was marked as the
point where the headwater stream joined its larger tributary. Possibly due
to the time of year, most streams did not reach a tributary and instead reached
a dry point. In these cases, the dry point was taken as the lowest point of the
headwater stream. Along each stream, adjacent sample sites were set a
minimum of 20 metres apart (Avidon et al. 2018). Moving upstream ensured
no interference with the water quality readings, whilst the distance between
sites ensured no upstream biota would be disturbed by sampling of the
downstream site.

Tadpole Sampling

Ten-minute time limited searches were conducted at each site to sample
tadpoles. The sole sampler (DvB) moved across the full width of the stream,
wiping under loose stones, rocks, and boulders to wash tadpoles into a handheld
net (net frame dimensions: 56 x 44 cm, mesh size: 4 mm) downstream. The area
of the stream searched was noted. All sampled tadpoles were photographed
on a scaled background and identified to species level (by DvB).

Fish Sampling

At each site, ten-minutes of electrofishing was conducted to sample fish
using a SAMUS Electrofisher 725MP, using pulsed DC current at a voltage
adjusted based on stream conductivity. Stunned fish were caught using a hand
net and were transferred to a tray of aerated water, identified to species level,
photographed, and released.

Aquatic habitat variables

A calibrated Aquaread Aquaprobe AP-5000 was placed in the middle of the
stream, allowing for deep enough water for the measuring chamber to fill at
each site to measure the following variables: water pH (to the nearest 0.1 pH),
water temperature (to the nearest 0.1 °C), electroconductivity (EC: to the
nearest puS.cm™), oxygen saturation (to the nearest 0.1 %), and total dissolved
solids (TDS) (to the nearest mg.L"). Each measurement was stabilised for
at least 5 seconds before recording. Stream surface velocity was measured
using a float that was released on the upstream side of a meter rule and the
time it took to reach the downstream end was recorded with a stopwatch.
The average of the three measurements in the middle and either side of the
stream was converted to meters per second.

Environmental site features

The mean width of the stream at each site was measured (to the nearest 0.1
m) using a measuring tape at the start, middle and end of where tadpole
sampling occurred. Mean depth of the stream at the middle of each width
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measurement (to the nearest 0.01 m) was made with a measuring tape.
Substrate type was recorded by applying size clast standards according to
Rowntree and Wadeson (2000) into one of the following categories: Very
Fine Sand/Silt, Fine/Medium Sand, Coarse/Very Coarse Sand, Very Fine/
Fine Gravel, Medium Gravel, Coarse/Very Coarse Gravel, Small Cobble,
Large Cobble, Small Boulder, Medium Boulder, Large/Very Large Boulder,
Bedrock. The surface area of each site was measured in m* by multiplying
the width of the stream the distance travelled upstream during the manual
tadpole sampling. The dominant riparian vegetation type at each sample
site was assigned to one of three categories: Indigenous Forest, Fynbos or
Plantation. Plantations consist of alien pines (Pinus spp.) or eucalypt
(Eucalyptus spp.) trees, that are often invasive (Richardson et al. 2007).
Aquatic vegetation was minimal or non-existent at most sites. Fynbos is a
mediterreanan scrub biome endemic to the southwestern Cape of South
Africa (see Mucina and Rutherford 2006). Indigenous forest grows in
many steep valleys within the Fynbos and also in the forest biome, and is
dominated by Podocarpus spp. The elevation of each site was recorded in
metres above sea level (asl) with the GPS function of the Aquaread
Aquaprobe AP-5000.

Statistical Analysis

Independence of aquatic habitat variables: Correlations

Correlation tests were conducted to determine which of the sampled
aquatic habitat variables were strongly correlated (r > 0.3) and should be
considered for exclusion from the analysis. The tests were conducted using
the psych package (Revelle 2017) in R (R Core Team 2021). Correlation
tests showed a strong correlation (r > 0.5, p < 0.05) of total dissolved solids
(TDS) with pH and further significant correlations (p < 0.05) with
temperature, flow and altitude (Table S1). Accordingly, TDS was removed
from further analysis and pH retained because water acidity has been
associated with effects on performance, growth and survivorship in other
stream breeding amphibian larvae (Clark and Lazerte 1985; Green et al.
2004). Other relationships that showed some degree of correlation (p < 0.05)
include pH-temperature, pH-oxygen Saturation, pH-altitude, temperature-
electroconductivity, temperature-width, temperature-altitude, flow-depth,
width-depth, width-area, depth-area (Table S1). However, none of the
variables in these relationships were excluded as they were not strongly
correlated (r < 0.3).

Independence of environmental variables: Collinearity

Variance Inflation Factor (VIF) was used to assess potential multicollinearity
among the collected environmental predictor variables. VIF is an index
estimating how much the variance of regression coefficients is affected by
collinearity (Craney and Surles 2002). For each predictor included in the
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regression, an estimated VIF value provides its relative contribution to
collinearity given the simultaneous presence of the other ones (Zuur et al.
2010). Although there is a lack of consensus in the literature on when a VIF
value is significant, a VIF threshold value of <3 is generally considered to
cause negligible collinearity effects, and we adopted this threshold to assess
potential collinearity among predictors of this study (Craney and Surles
2002; Zuur et al. 2010; Akinwande et al. 2015). VIF values were obtained
using the car package (Fox and Weisberg 2019). Potential collinearity was
inspected following (Zuur et al. 2010). VIF values were initially estimated
including all environmental predictors. Then, the predictor with the highest
value among those ones showing a VIF > 3 was discarded, and VIF was
calculated again for the remaining ones. This process was repeated until no
predictors with VIF > 3 were present, and this subset of predictors was used
in the subsequent analyses to assess the environmental features affecting
tadpole abundance.

This procedure showed plant coverage had a significant VIF value with
both pH and temperature (VIF > 3). Consequently, plant coverage was
removed from the model, as temperature is related to overstory cover
(Moore et al. 2005), while we kept temperature as its effects on amphibian
ontogenesis are widely documented (e.g., Wassersug 2000), and it is reported
to have a significant influence on development and condition of heleophrynid
larvae (Rivers-Moore et al. 2013).

Independence of species

To ensure that there was no significant difference between H. regis and
H. purcelli in the aquatic habitat and environmental data, we fitted a
generalised linear mixed model with binomial distribution to the response
variable of frog species, using the glmmTMB package (Brooks et al. 2017) in R.

The binomial species model identified only altitude as having a significant
effect on ghost frog species due to the five highest sites only occurring
within the range of H. purcelli. The range of mountains containing H. regis
does not obtain the altitude commensurate with those of H. purcelli (see
Figure 1). On removal of these five highest sites from the data set (resulting
total 106 sites), no differences in expected mean value of dependent
variables was found, and so both species of ghost frog tadpoles were combined
in the model. It is worth noting that these five highest sites were from the
same stream (lower sites were retained) and had only tadpoles and no
invasive fish recorded.

The effect of invasive fish and environmental variables on tadpole
abundance: Direction and significance

To determine the effect of the sampled habitat variables and invasive fish
on ghost frog tadpoles, we fitted generalised linear mixed effect models
(GLMMs) with negative binomial zero-inflated distributions (Brooks et al.
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2017) with tadpole abundance as response variable. Fixed effects included
in the model were pH, temperature, electroconductivity, oxygen saturation,
average flow speed, clast size (continuous, ranked number assigned to
corresponding substrate type in order of smallest to largest), area, average
depth, average width, altitude, vegetation type (i.e., indigenous forest, fynbos,
plantation) and invasive fish presence. The stream in which the site occurs
was included as a random factor. Relative support for the model was assessed
through the calculation of Akaike’s information criterion (AIC). AIC values
were compared between models varying in complexity (number of fixed
effects), all being fitted to the same variable of interest (tadpole abundance).
The models were built with the glmmTMB package (Brooks et al. 2017) in R.

Mean tadpole abundance at fish-invaded sites were compared to uninvaded
sites to determine effect size. To do this, we calculated the mean relative
abundance (mean number of tadpoles per site + SE) and the mean density
(mean number of tadpoles per m” per site + SE). This method of reporting
effect size was used in previous literature that quantified impacts of
invasive fish on ghost frog tadpoles (Karssing et al. 2012; Rivers-Moore et
al. 2013; Avidon et al. 2018).

Results

The model with most fixed effects was chosen as the final tadpole
abundance model based on the lowest AIC value (tadpole abundance ~ pH
+ temperature + electroconductivity + oxygen saturation + mean flow +
clast size + area + altitude + depth + width + vegetation type: see Table S2).
The results of this model show that the presence of invasive fish had a
significant negative impact on ghost frog tadpole abundance (Figure 2).
Water quality variables with significant effects on tadpole abundance include
pH, Temperature and Oxygen Saturation (Figure 2). No tadpoles occurred
above 19°C, with the highest tadpole abundances found between 16°C and
19°C (Figure S1). No tadpoles were found above a pH of 6.9, with the most
tadpoles found between pH of 3 and 5.5 (Figure S2). This implies that more
acidic streams are associated with higher tadpole abundance. Higher tadpole
abundance is associated with an increase in oxygen saturation (Figure 2).
Depth is the only physical stream characteristic to have a significant effect
on tadpole abundance, with a decrease in tadpole abundance associated
with an increase in depth (range: 4.33cm to 226.33cm) (Figure 2). To better
visualise the effect of vegetation type, post-hoc two-way comparisons between
Fynbos and Indigenous Forest, Fynbos and Plantation, and Indigenous
Forest and Plantation were added to Figure 2. The two-way comparisons
between vegetation types shows that there are significantly more tadpoles
in fynbos and indigenous forest when separately compared to alien
plantations. Although there are more tadpoles in fynbos than indigenous
forest, the difference is not significant (Figure 2).
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Figure 2. Forest plot depicting the significance and direction of the model independent variables' effect on ghost frog
(Heleophrynidae) tadpole abundance. Independent variable names are listed on the y-axis, with the last three lines representing
two-way comparisons between the categories of riparian vegetation types recorded in the field. Mean model intercepts are on the x-
axis. The points in line with the independent variables represent the mean intercept with 95% confidence interval. The dashed
vertical line represents the line of null effect. An effect to the right of the line of null effect has a positive effect on tadpole
abundance. Negative effects on tadpole abundance have a mean intercept to the left of the line of null effect. An effect is
considered significant when the confidence intervals do not cross the line of null effect.

Mean tadpole abundance decreased by ~18 times in the presence of
invasive fish, whilst tadpole density decreased by ~4 times when invasive
tish were present (Table 1).

Discussion

Field sampling across 111 sites within the distribution range of the two
heleophrynids in this study supports the hypothesis that invasive fish have
significant negative impacts on ghost frog tadpole abundance, and adds to
evidence of negative impacts of invasive fish on amphibians globally
(Bucciarelli et al. 2014; Nunes et al. 2019; Falaschi et al. 2020). The results
also corroborate previous studies on ghost frog tadpoles that reported
negative impacts of invasive salmonids at a smaller scale (Karssing et al.
2012; Avidon et al. 2018). Here we report negative effects of invasive fish
(Salmo trutta, Oncorhynchus mykiss and Tilapia sparrmanii) on H. purcelli
and H. regis, both listed by the IUCN Red List of Threatened Species as Least
Concern, but similar impacts likely apply to larvae of all heleophrynid species,
including the Critically Endangered and Endangered species, H. rosei and
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Table 1. Mean ghost frog tadpole abundance (£ Standard Error) and density (per m?) at sites in
the southern Cape Fold Mountains where invasive fish are present and absent.

Mean tadpole abundance Mean tadpole density
Invasive fish absent 7.00 +1.603 2.00 +0.537
Invasive fish present 0.389 +0.2161 0.072 +0.0394

H. hewitti. Moreover, given the extent of fish invasions within the distribution
ranges of H. purcelli and H. regis, a reassessment of their conservation
status is now urgently needed. This puts an imperative on collecting accurate
records on the presence of invasive fish (for example, using eDNA)
throughout the range of this South African endemic family.

Additionally, we provide valuable information on what constitutes
suitable habitat for heleophrynid tadpoles. Acidic streams are associated
with higher tadpole abundance, as previously suggested (Ebrahim et al. 2020).
The pH of a stream is affected by terrestrial biotic mechanisms, including
acidification of water by riparian vegetation such as in the fynbos biome,
with indigenous forest and pine plantations also having the capacity to
acidify water (Midgley and Schafer 1992). However, this relationship between
water pH and tadpole abundance may also reflect the preferences of adult
ghost frogs for the surrounding terrestrial environment, and not necessarily
a physiological requirement of tadpoles. This is supported by the higher
abundance of tadpoles observed in fynbos and indigenous forest dominated
landscapes found in this study. Increased tadpole abundance was also
noted in sites with lower pH, which may favour acid tolerant algal species
and indirectly increase the environmental suitability for organisms grazing
upon them, such as ghost frog tadpoles. Alternatively, the abiotic mechanism
through which tadpole abundance increases in acidic streams could depend
on the inverse relationship of pH with temperature and dissolved oxygen
(Moore et al. 2005), in line with the significant positive effect of
temperature and oxygen saturation reported in the present study. The
biotic and abiotic mechanisms through which pH can change are not mutually
exclusive, and the sole importance of pH for heleophrynid tadpoles remains
to be tested, for instance by investigating their survival and performance in
controlled laboratory conditions.

The positive effect of water temperature is unexpected, as previous
literature reports 17.2°C to be the upper limit for tadpoles of a congeneric
species, such as H. rosei (Ebrahim et al. 2020). It is, however, important to
consider the range of temperatures sampled in this study is 10.1°C - 23.9°C
(Figure S1). It is possible that the 19°C threshold in the current study is due
to thermal tolerance differences between ghost frog species. Research on
the Natal cascade frog reports even higher annual water temperatures
(20+°C) for sample sites in which tadpoles persist, suggesting that these
tadpoles may be more resilient to warm temperatures than reported
(Rivers-Moore and Karssing 2014). The negative effect of increasing depth
on tadpole abundance could be due to presence of fish predators, which
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instead are absent or far rarer in shallow waters. This is supported by the
larger proportion of invasive fish presence at the deeper sampled sites
(Figure S3). The significant effect of riparian vegetation type on tadpole
abundance shows that alien pine plantations are associated with a decrease
in tadpole abundance, either because of a direct effect on the aquatic
habitat or because they alter the terrestrial habitat for adults. Ebrahim et al.
(2020) hypothesise that pine plantations slow the flow of water and provide
less shading to the stream, which negatively affects tadpole occurrence of
H. rosei. This effect specifically on heleophrynid tadpoles remains untested,
but pine and eucalyptus plantations have shown to significantly reduce
water flow in South African streams during the first 6 to 20 years of tree
growth (Scott and Prinsloo 2008). However, once plantation trees reach 40
years of age, water flow is not significantly different to pre-afforestation
measurements (Scott and Prinsloo 2008). This could explain the persistence
of H. hewitti, which is found in four plantation streams in Eastern Cape
province and has exhibited population stability (SAFRoG and IUCN-ASG
2016a; Reeves and Conradie 2023). The results of the present study suggest
that the densities of H. hewitti tadpoles might increase if pine plantations
were removed from the vicinity of streams.

Although the current study provides conclusive evidence for the impact
of invasive fish, there are several caveats that should be considered. One
limitation to the study is the seasonal nature of the sampling. Monitoring
tadpole abundance in the presence of invasive fish throughout the year would
provide a broader picture and could determine whether there is any seasonal
nature to the impact of invasive fish on heleophrynid tadpoles. However,
the field season for headwater stream sampling is restricted to summer
because of difficulties related to decreased tadpole detectability and danger
to personnel associated with the winter rains. Seasonal monitoring using
area counts of H. rosei tadpoles has been conducted each summer since the
1990s for this reason (Measey 2011; Measey et al. 2019). Yearlong monitoring
of heleophrynid tadpole populations has been conducted on H. natalensis
and H. hewitti (Rivers-Moore and Karssing 2014; Conradie and Conradie
2015), but not with the aim of recording invasive fish impacts. Year-round
monitoring programmes for other heleophrynid species are needed, and
we also recommend contextual recording of invasive fish data to investigate
potential seasonal dependency of their impacts.

Another limitation in the sampling conducted for this study is the lack
of data on native predators (e.g., dragonfly nymphs, freshwater crabs,
Anguilla spp.) that are likely to prey upon ghost frog tadpoles and possibly
contribute to explain differences in their abundance among sites. Three
native fishes were found during the current study (see Table S3), including
two redfin species: the Eastern Cape redfin, Pseudobarbus afer (Peter,
1864) and the slender redfin P. tenuis (Barnard, 1938). No tadpoles were
found in association with the two redfin species, but this may be due to the
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high pH, temperature, and depth of the sites and not due to exclusion via
redfin predation. This prevented analysis on the influence of native fish.
The only other native fish species found co-occurring with ghost frog
tadpoles in this study was Galaxia zebratus (Castelnau, 1861); from a genus
of small bodied insectivorous fish that show high species endemism to
headwater streams in the Western Cape (Chakona et al. 2013; Ellender et
al. 2017). Severe declines in population and total exclusion of species from
the genus Galaxias are associated with rainbow trout and smallmouth bass
invasions in South Africa (Woodford and Impson 2004; Shelton et al.
2015). Research on the native fish predators of heleophrynid larvae would
contribute towards understanding factors potentially influencing tadpole
distribution and abundance. The main mechanism through which invasive
fish negatively impact on ghost frog tadpole abundance is suspected to be
predation with direct removal of larval stages and consequent recruitment
failure, but this has not been directly tested in this study or elsewhere, and
other mechanisms may exist (see Nunes et al. 2019). For instance, an
alternative hypothesis is that the presence of invasive predatory fish
influences breeding site choice of adult ghost frogs, leading to lowered
tadpole abundance or absence.

Our study will help conservation managers make decisions to protect
amphibians. A review of conservation decisions reports that primary scientific
literature is the least cited source for conservation actions (Sutherland et al.
2004). Most decisions are made on anecdotes without consulting primary
literature, which is a high-risk strategy for threatened endemic species. The
present study alone is not enough for multilateral action in the evidence-
based approached proposed by Sutherland et al. (2004). The effect of the
environment and aquatic habitat on ghost frog tadpole abundances
reported in this study shows that not all streams invaded by predatory fish
are suitable for ghost frog tadpoles. To bridge the gap between current
knowledge and conservation decision making, future research is needed on
a catchment-by-catchment basis. The lack of data on invasive fish
distributions was apparent when selecting sites for field sampling, and such
information represents a precursor to future management decisions.

Conclusions

Our data show that invasive fish and other factors (temperature, pH, depth,
and pine plantations) have significant impacts on ghost frog tadpole
abundance. The scale of this study suggests that the negative effect of
invasive fish on ghost frog tadpoles is likely reflected across all ghost frog
species, including the IUCN threatened species H. rosei and H. hewitti. Our
results are sufficient to require the reassessment of the impact of alien fish
on these and other heleophrynids, but this will require comprehensive data
on the presence of invasive fish within their ranges (e.g., through eDNA).
Catchment specific studies on species under threat would be required to
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justify management interventions on the scale of invasive fish removal
(Woodford et al. 2005b; van der Walt et al. 2019). This study represents a
step towards evidence-based conservation as proposed by Sutherland et al.
(2004). The effect of water quality and habitat descriptors on ghost frog
tadpole abundance reported in this study need to be assessed without the
influence of invasive fish. More research is required on the mechanisms
involved in the impact of invasive fish on heleophrynids to bridge the gap
between current knowledge and promote evidence-based conservation
decision-making.
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Table S1: r value and p values for independent variables included in the analysis between tadpole abundance and environmental
variables of sites visited during the study.

Table S2: Summary of tadpole abundance models. For each model, Model number and name, Dependent variable, Fixed effect,
Random factor, Number of estimated parameters (K), Akaike’s Information Criterion (AICc), Delta AIC, Relative likelihood of model
(ModelLik), Akaike weights (AICcWt), Cumulative Akaike Weights.
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Table S3: List of fish species recorded during this study sampling ghost frog tadpoles in the southern Cape Fold Mountains. The status
denotes whether each species is within its native or invasive range.

Figure S1: Scatterplot of ghost frog tadpole abundance against temperature at each site sampled in the southern Cape Fold Mountains.
Red vertical dashed lines represent the range in which at least 1 tadpole was found.

Figure S2: Scatterplot of ghost frog tadpole abundance (see methods for interpretation of units) against pH at each site. Red vertical
dashed lines represent the range in which at least 1 tadpole was found in the southern Cape Fold Mountains.

Figure S3: Critical Difference Plot illustrating the proportion of the binomial outcome for invasive fish presence (Yes= Dark Grey,
No=Light Grey) against the average depth (cm) of sites sampled for ghost frog tadpoles in the southern Cape Fold Mountains.

This material is available as part of online article from:
http://www.reabic.net/journals/bir/2023/Supplements/BIR_2023_vanBlerk etal SupplementaryMaterial.pdf
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