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ABSTRACT
Difficulty in detecting species' presence is a common issue when surveying threatened species. This is particularly relevant when 
target species occur in remote regions, have small populations, are difficult to detect, or sampling effort is limited. This can lead 
to underestimation of a species' true occurrence, which can be an issue where developments are proposed that could impact 
populations through habitat loss or fragmentation. We aimed to identify the environmental variables influencing the probability 
of detecting the magnificent broodfrog (Pseudophryne covacevichae), determine environmental triggers for survey initiation and 
estimate the number of surveys required to provide confidence in the species' true absence at a location. We analysed repeat site 
survey data from 13 locations where the species was known to occur. Single-season occupancy models identified volumetric soil 
moisture to be the most influential environmental variable in detection, followed by a combination of volumetric soil moisture 
and accumulated rainfall in the 5 days prior to a survey. These two variables were used to classify survey conditions into poor, 
average and excellent, defined by their 5th, 50th and 95th percentiles, to estimate the relationship between survey conditions 
and survey effort. Cumulative detection probability under ‘poor’ environmental conditions remained low, with less than 40% cu-
mulative detection probability following six surveys and high uncertainty in posterior distributions. In contrast, under ‘average’ 
conditions, detection probability increased to 96% following three surveys, and in ‘excellent’ conditions, a single survey resulted 
in 98% probability of detection, and certainty in the posterior distributions increased in both instances. These results demon-
strate that targeting surveys under good to optimal environmental conditions can improve detection probability, maximise the 
efficiency of surveys and reduce the likelihood of false absences.

1   |   Introduction

Assessing the impacts of human activities on the distributions 
and abundances of threatened species is a key feature of legisla-
tion aimed at protecting them (Garrard et al. 2015). In Australia, 
the Environment Protection and Biodiversity Conservation Act 
1999 (EPBC Act) mandates the assessment and approval of any 

activity anticipated to significantly impact listed threatened spe-
cies. This necessitates comprehensive environmental impact as-
sessments, which are guided by government policies that dictate 
their design (Simmonds et al. 2020). Understanding the poten-
tial impacts of any development on a species requires knowledge 
of that species' presence or absence at the location under pro-
posed development.
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As species are not perfectly detectable, there is a significant 
issue associated with certainty in determining the presence 
or absence at a location (MacKenzie et  al.  2002; Gu and 
Swihart 2004; Wintle et al. 2012). Underlying this uncertainty 
is the possibility that failure to record a species at a particular 
site does not necessarily indicate absence (i.e., a true absence). 
Rather, a record of no occurrence at a given location may re-
sult from a species going undetected during a survey period 
even though it is present (i.e., a false absence) (MacKenzie 
et al. 2002; Wintle et al. 2012; Garrard et al. 2015). False ab-
sences can arise due to insufficient sampling effort (Bridges 
and Dorcas  2000; de Solla et  al.  2005), inabilities of the 
sampling technique to accurately detect occurrence (Heard 
et  al.  2006), observer inexperience (McClintock et  al.  2010; 
Schmidt et al. 2023), influence of habitat characteristics on de-
tection accuracy (Gu and Swihart 2004), low population abun-
dance (Tanadini and Schmidt 2011) and meteorological effects 
on the target species, such as rainfall and temperature (Pellet 
and Schmidt  2005; Saenz et  al.  2006; Canessa et  al.  2012; 
Dostine et al. 2013).

Failure to account for variation in detectability has implications 
for the management of threatened species that exhibit total 
range extents and habitat distributions that are geographically 
and/or environmentally limited. The consequences of false 
absences may lead to incorrect recommendations to develop-
ers and governments. This can result in poor outcomes for the 
species (Gu and Swihart  2004; Heard et  al.  2006), including 
site-level extirpation (Garrard et  al.  2015). In many instances, 
site-level losses would constitute a significant impact for a 
threatened species (e.g., Neldner et al. 2017). Environmental im-
pact assessments inform decisions on whether the development 
of potential threatened species' habitats is allowed to proceed, 
even when the species in question may not have been detected 
on the site (Garrard et al. 2008). Under this assumption, any leg-
islation aimed at protecting threatened species should ideally be 
required to address the issue of uncertainty in detection and out-
line potential measures to avoid high false absence rates during 
impact assessments (Garrard et  al.  2015). Wintle et  al.  (2012) 
suggest a solution to this problem is to specify requirements for 
biological surveys undertaken during impact assessments for a 
particular species; for example, relating to environmental condi-
tions and/or effort associated with surveys.

Amphibians are the most imperilled vertebrate class globally, 
with 40% of all species being threatened (Luedtke et al. 2023). 
Declines in Australian frogs have reflected those documented 
worldwide. As of 2020, 45 (18.5%) of the 243 currently described 
frog species are considered threatened (Gillespie et  al.  2020), 
and six are now believed to be extinct (Geyle et al. 2021; Scheele 
et al. 2023). Imperfect detection is a particular issue for frogs be-
cause their detectability is most often determined through call-
ing behaviour, and calling behaviour can be highly dependent 
on specific environmental conditions (Pellet and Schmidt 2005; 
Heard et al. 2006; Canessa et al. 2012; Dostine et al. 2013).

In many instances, robust survey designs that consider species' 
detection probabilities and adequate sampling effort have not 
been undertaken on Australian frogs (e.g., Heard et  al.  2006; 
Canessa et  al.  2012; Dostine et  al.  2013). The Australian 

Government published guidelines for surveying threatened 
Australian frog species (DEWHA  2010), though many of the 
protocols listed are generic and not based on methodologies that 
optimise the detection for a particular species. For species that 
are rare, occur in remote areas and/or exhibit relatively unpre-
dictable breeding events, generic guidelines may be inadequate. 
These species require detailed information on the factors that 
influence calling behaviour and, hence, detection. To improve 
detection of these frog species, knowledge of specific environ-
mental triggers (e.g., temperature or rainfall) that initiate calling 
behaviour could be used as a remote indicator to time surveys to 
maximise detection probability (e.g., Penman et al. 2006).

The magnificent broodfrog (Pseudophryne covacevichae) occurs 
in localised areas on the western margin of the Wet Tropics 
bioregion of north-east Australia. It is currently known from 
scattered sites on the south-western Atherton Tablelands and a 
smaller population in the Paluma Range, 160 km to the south 
(McDonald 2002; Zozaya and Hoskin 2015). Pseudophryne co-
vacevichae exhibits high habitat specificity, being restricted 
to open eucalypt woodlands on rhyolitic and granitic soils 
(McDonald 2002, Zozaya and Hoskin 2015) above 700 m eleva-
tion (Attexo 2021). Males call primarily during the ‘wet season’ 
(approximately December–April), and breeding occurs in shal-
low ephemeral drainage lines and seepage areas on first- and 
second-order streams (McDonald 2002). Eggs are laid as terres-
trial ‘nests’ under dense tussock grasses or leaf litter, and after a 
period of development on land, the eggs hatch and the tadpoles 
continue development in small pools.

Pseudophryne covacevichae is listed as vulnerable under both 
the Australian EPBC Act and Queensland's Nature Conservation 
Act (NCA) and endangered on the IUCN red list (IUCN 2021). A 
primary threat to the species is considered to be habitat loss and 
degradation (McDonald  2002). Currently, there is concern for 
the species due to potential broadscale impacts to breeding habi-
tat from windfarm development in some unprotected areas of its 
small, upland distribution. To meet the Queensland Government 
renewable energy targets, a series of industrial windfarms are 
proposed along the western boundary of the Wet Tropics biore-
gion (Windlab 2021; MFEP 2022; Ark Energy 2024; GEM 2024; 
Neoen. 2024). The proposed locations for the developments are 
spatially concordant with known P. covacevichae populations 
and potentially with unknown populations. Pseudophryne co-
vacevichae needs to be assessed in development applications, 
and this relies heavily on reliable assessments of the species 
occurrence and, equally, absence. An issue is that P. covace-
vichae typically occurs in highly localised areas, at low densi-
ties, and exhibits sporadic calling behaviour (Freeman  2001, 
2012; McDonald 2002). These factors, coupled with insufficient 
knowledge of the species distribution and ecology, necessitate 
a better understanding of calling behaviour and guidelines for 
detection.

Here we investigated the factors influencing calling activity and 
thus the detectability of P. covacevichae. Based on repeat surveys 
at known sites, we examined the environmental variables that 
trigger male calling behaviour. Our aim was to identify variables 
that can be used to optimise detection of the species, particularly 
those that could be assessed remotely, and to determine how 
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differing environmental conditions influence detection across 
repeated surveys.

2   |   Methods

2.1   |   Study Area

The study was conducted in locations spanning the area en-
compassed by the two major populations of P. covacevichae 
(Ingram and Corben  1994; McDonald  2002; Zozaya and 
Hoskin  2015), (Figure  1). There were 11 sites in the south-
western Atherton Tablelands region near Ravenshoe and five 
sites in the Paluma range. The Paluma Range sites were lo-
cated on the Australian Wildlife Conservancy's Mount Zero-
Taravale Wildlife Sanctuary. All sites were chosen based on 
historic and current occurrence records of P. covacevichae, 
obtained from the Queensland Museum, the Queensland 
Government Wildnet database (Wildnet 2022), the Australian 
Wildlife Conservancy and author observations. The habitat at 
all sites was visually assessed for general suitability prior to 
surveys taking place, checking for small gullies in open wood-
land (e.g., Figure 2).

2.2   |   Sampling Design

Aural surveys were used to assess P. covacevichae presence 
or absence on each survey. Surveys took place between 14th 
November 2022 and 27th March 2023. This period encom-
passed drier (presumably less ideal) conditions at the start of 
the wet season and wetter (ideal) periods during the wet sea-
son. The survey period allows quantification of the effect of 
surveying during drier versus wetter periods (albeit all in the 
“wet” season).

As P. covacevichae breed on the edge of drainage lines, a 100 m 
transect was established parallel to the drainage line at each 
site. Each drainage line was intact and continuous over the full 
100 m of the transect (i.e., the entire extent of the transect was 
not intersected by roads or tracks). Transects were marked by 
reflective tape at 0 m, 50 m and 100 m to ensure the same path 
was taken at each survey. Surveys were conducted by two ob-
servers, who walked the entire transect slowly and listened 
for calling P. covacevichae. Each survey was performed by the 
same primary observer (E. Rush), while secondary observers 
varied. Along each transect, the location of calling individuals 
was recorded. Because of accessibility and logistic requirements 

FIGURE 1    |    Map of the study area in north Queensland (inset far left). Survey sites located in the Atherton Tablelands region are shown in the 
inset at the top right and those in the Paluma region in the inset below.
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associated with geographically dispersed locations, sites were 
clustered into groups of three or four sites, and a single cluster 
was surveyed on the same evening (Canessa et al. 2012). Surveys 
began at least 40 min after sunset, and all surveys were com-
pleted by 23:30. Where possible, the starting time for assessing 
transects was altered for repeated surveys (i.e., no single site was 
always the first site surveyed). The duration of a survey varied 
and was considered complete when the entire transect had been 
walked and the survey-level variables were recorded. Most sites 
were surveyed three times over the sampling period. However, 
due to access issues associated with rainfall, only two repeat 
survey visits were possible for two of the sites, and only one sur-
vey was possible for one of the sites.

2.3   |   Survey-Level Variables

At the time of each survey, seven survey-level variables we con-
sidered potentially important in determining the calling be-
haviour of P. covacevichae were measured. These variables were: 
ambient temperature (A), relative humidity (RH), presence 
of water (Wp), water temperature (Wt), volumetric soil water 
(VSW), total accumulated daily rainfall from the start of the 
wet season (Racc) and 5 days preceding rainfall (5DR). Ambient 
temperature (°C) and relative humidity (%) were measured 
using a Hobo Temperature and Humidity Bluetooth data logger 
(MX2301A). The presence and amount of water was noted on 
a categorical scale (i.e., nil, pools, trickle, running, stagnant) 
and, if water was present, water temperature (°C) was measured 
using a Hannah pH tester (HI98127). Volumetric soil water 
(%) (referred to as ‘soil moisture’) was measured using an ICT 
Moisture Sensor (MPKit406). This was estimated as the mean 
of nine measurements: three measurements each taken at three 
marked points along the transect (0 m, 50 m 100 m). The mois-
ture sensor was inserted into a small, cleared patch of soil (i.e., 
devoid of grass and leaves) approximately 50–100 cm from the 
edge of the breeding habitat.

Rainfall data were calculated post-surveys. Data were derived 
from the Bureau of Meteorology data for weather stations at 
Ravenshoe (station number 031200) and Paluma (station number 

032064). Total accumulated daily rainfall was calculated from 
the onset of the 2022 wet season (deemed November 1, 2022; 
(BOM  2023)). It was used to assess detection as a function of 
wet-season intensity (e.g., total rainfall since the start of the wet 
season to the survey date). This variable was highly correlated 
to the number of days since the start of the wet season; hence, 
it may also be considered as an indicator for the time since the 
wet season began. The other rainfall variable (5 days preceding 
rainfall; 5DR) was selected to assess detection probabilities asso-
ciated with rainfall effects resolved at a shorter temporal scale. 
This was calculated as the total accumulated daily rainfall in 
the 5 days prior to a survey (excluding the survey date).

3   |   Statistical Analysis

Detection results were compiled into a detection/non-detection 
matrix. Water temperature (Wt) was excluded from the analysis 
because it was sometimes absent at sites and, as such, introduced 
too many missing values. We began by assessing collinearity be-
tween the six remaining survey-level variables by constructing 
a binomial generalised linear model (GLM) with presence/ab-
sence as the response variable and all six survey-level variables 
as predictor variables. We used the variance inflation factor 
(VIF) to examine multicollinearity among the predictor vari-
ables. Results indicated high collinearity between the presence 
of water (Wp) and 5 days preceding rainfall (5DR) (VIF esti-
mates > 3.0). We opted to retain 5DR because of its potential use 
as a remote trigger for survey initiation, whereas water presence 
was an arbitrary and irregular on-site measurement. All other 
variables were retained, leaving five survey-level variables to es-
timate detection probability.

To examine the influence of the survey-level variables on the 
probability (p) of detecting P. covacevichae, we used single-
season occupancy models developed by MacKenzie et al. (2002), 
using the package Unmarked (version 1.3.2.9) (Fiske and 
Chandler  2011). Unmarked uses a maximum likelihood ap-
proach to estimate the proportion of sites occupied by a species 
based on presence and absence data, adjusted for detection prob-
abilities less than 1.0 (MacKenzie et al. 2002; Wintle et al. 2012). 
To meet the assumptions of the model, a site must fit the fol-
lowing criteria: (1) the species occupies the site for the entire 
duration of sampling; (2) the species is correctly identified; (3) 
the probability of detecting the species at a site is independent of 
other sites and (4) the probability of occupancy is constant across 
sites or a function of the site covariates (MacKenzie et al. 2002). 
At the completion of surveys, it became apparent that P. covace-
vichae did not occupy two of the sites. This was confirmed by 
data from bioacoustic recorders that were deployed for a concur-
rent study. These two sites were removed (one from the Atherton 
Tablelands and one from Paluma Range). Additionally, the site 
that was surveyed only once (on the Atherton Tablelands) was 
also removed, as Unmarked requires at least two survey repeti-
tions per site for inclusion. This reduced the dataset from 16 sites 
(44 surveys) to 13 sites (37 surveys): nine sites in the Atherton 
Tablelands region and four in the Paluma Range.

All survey-level variables were standardised (via Z-score trans-
formation). A null model, assuming both constant occupancy 
and constant detection (i.e., with no predictors) was produced, 

FIGURE 2    |    Example of the habitat where aural surveys for 
Pseudophryne covacevichae occurred.
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against which models involving environmental predictors were 
assessed. Initially, univariate models for each predictor vari-
able were generated. Model performance was then compared to 
the null model, using Akaike's information criterion (AIC) and 
∆AIC. The p-value was also assessed for support. Comparing 
the AIC of a univariate model to the null was used to assess 
whether the addition of a predictor variable improved model 
performance while balancing goodness of fit and model com-
plexity. Models with predictor variables returning an AIC value 
lower than the null were considered potential candidates for ex-
plaining the detection of P. covacevichae. Models were produced 
on a logit scale and back-transformed to a probability scale for 
ease of interpretation.

Detection was then modelled as a function of variables retained 
from the above process, with occupancy held constant. We 
constructed models using all possible combinations of the re-
maining variables and compared their suitability as hypotheses 
describing detection, using the dredge function in the R package 
MuMIn (Barton  2009), via ∆AIC and Akaike weight (AICw). 
Models returning ∆AIC values < 2 were considered to have 
equally significant support (Burnham and Anderson 2002).

The survey-level variables identified as important in deter-
mining detection were then integrated into a detection analy-
sis, using a Bayesian framework, examining the relationship 
between environmental conditions and the probability of cor-
rectly identifying occupancy and survey effort (number of sur-
veys). We categorised standardised survey-level variables into 
‘poor’ (5th percentile), ‘average’ (50th percentile) and ‘excellent’ 
(95th percentile) conditions. A single-season occupancy model 
implemented via the BUGS language (Lunn et  al.  2000), with 
Markov Chain Monte Carlo (MCMC) methods, was then gener-
ated. The analysis was conducted within the framework of JAGS 
(Plummer 2003) via the R package jagsUI (Kellner 2016).

Detection probabilities were derived from the fixed-effect coef-
ficients (betas) of the model output. For each posterior sample, 
we calculated the logit of detection probability, incorporating 
both linear and quadratic terms for the retained survey-level 
variables. The probability of detecting P. covacevichae at least 
once in n surveys (p*) was calculated for each condition using 
1—(1—p)n, where p represents detection probability (corre-
sponding to the condition) and n is survey number (1–6). This 

formula accounts for the cumulative nature of detection across 
multiple surveys and incorporates the uncertainty from poste-
rior distributions in predicted outcomes.

Models were run using three MCMC chains of 30,000 itera-
tions, with a burn-in of 20,000 iterations and a thin rate of 10, 
yielding 3000 samples from the posterior distributions for each 
simulated survey number. Vague, uninformative priors were 
used to initiate the model fitting to ensure preconceived per-
ceptions were not influential in final outcome estimates (Zuur 
et al. 2012). Model convergence was assessed and confirmed by 
examining trace plots and Gelman-Rubin diagnostics (Gelman 
and Rubin  1992; Gelman et  al.  1995), which were < 1.1 for all 
parameters.

All analyses were implemented within the R programming en-
vironment, version 4.2.0 (R Core Team 2023).

4   |   Results

Calling male P. covacevichae were detected in 22 of the 37 sur-
veys and at least once at 11 of the 13 sites. The time to complete 
a survey ranged from 12 to 28 min, with an average of 17 min. 
The surveys that occurred in November (n = 4), at the start of the 
wet season, did not detect any frogs. Those surveys had minimal 
total rainfall accumulation (50 mm), 5 days prior rainfall totals 
of approximately 10 mm and soil moisture volume of 10% or less.

The results of the univariate models showed that only volumet-
ric soil moisture (VSW) and 5 days preceding rainfall (5DR) were 
better than the null model in describing the data, based on the 
evaluation of AIC and ∆AIC (Table 1). Specifically, the model 
incorporating VSW exhibited the highest support, with an AIC 
of 42.57 (∆AIC 0.00) and a p-value of 0.01. This was followed by 
the model that included 5DR alone, which had an AIC of 50.06 
(∆AIC 7.49). The p-value associated with this model was slightly 
higher than 0.05; however, under the information theoretical 
approach (i.e., AIC), it should still be considered a plausible 
explanation for the data (Burnham and Anderson  2002). The 
null model, representing the absence of any predictor variables, 
yielded an AIC of 51.90 (∆AIC 9.33), indicating weaker support 
than VSW and 5DR. In contrast, models incorporating tem-
perature (T), accumulated rainfall (Racc) and relative humidity 

TABLE 1    |    The null and univariate models used to determine the relative strength of each survey-level variable in the detection probability of 
Pseudophryne covacevichae.

Model ∆AIC AIC Detection coefficient estimate SE 95% CI p

Ψ(.), p(VSW) 0.00 42.57 0.68 0.17 0.34–1.00 0.01

Ψ(.), p(5DR) 7.49 50.06 0.70 0.10 0.50–0.89 0.07

Ψ(.), p(.) 9.33 51.90 0.69 (intercept) 0.09 0.48–0.83 0.07

Ψ(.), p(T) 9.49 52.06 0.68 0.09 0.50–0.86 0.07

Ψ(.), p(Racc) 11.02 53.59 0.69 0.09 0.50–0.88 0.17

Ψ(.), p(RH) 11.03 53.60 0.68 0.08 0.51–0.84 0.59

Note: Occupancy probability (Ψ) was held constant in all models and detection probability (p) was measured as a function of predictor variables. Values represent 
detection coefficients only and are on a probability scale. Shaded rows show model fits (AIC), where the inclusion of survey-level variables reduced model AIC below 
that of the null model.

 14429993, 2025, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/aec.70040 by Jam

es C
ook U

niversity, W
iley O

nline L
ibrary on [10/09/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense
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(RH) showed AIC values larger than the null and ∆AIC exceed-
ing 9.00, indicating the inability of these models to explain the 
data better than the null. As such, these variables were excluded 
from further analysis.

When both VSW and 5DR were included together in a single 
model, comparison based on AIC showed the most support for 
the model that included volumetric soil moisture alone (∆AIC 
0.0, AICw 0.65, Table 2). The second most supported model for 
detection included both VSW and 5DR, with the ∆AIC suggest-
ing this combination has support as a possible explanation of the 
data (∆AIC 1.36, AICw 0.33). These two top models represent 
a combined relative likelihood (AICw) of ~98%, indicating that 
variation in detection (i.e., P. covacevichae calling) was better ex-
plained by VSW or a combination of VSW and 5DR. The model 
including only 5DR (∆AIC 7.49, AICw 0.02) and the null model 
(∆AIC 9.34, AICw 0.01) had very little support as potential ex-
planations for the data.

The estimate of detection probability with 95% confidence in-
tervals, based on VSW alone, was 0.68 (0.34–1.00). This trans-
lates to a steep increase in detection with rising VSW, most 
pronounced from 20% VSW onward (Figure 3a). As an example, 

TABLE 2    |    Comparison of all model combinations, based on the 
final model, for the evaluation of factors determining Pseudophryne 
covacevichae detection.

Model ∆AIC AICw
Log-

likelihood df

Ψ(.), p(VSW) 0.00 0.65 −18.284 3

Ψ(.), p(VSW + 5DR) 1.36 0.33 −17.965 4

Ψ(.), p(5DR) 7.49 0.02 −22.029 3

Ψ(.), p(.) 9.34 0.01 −23.952 2

FIGURE 3    |    The relationship between the probability of detecting Pseudophryne covacevichae when present at a site and survey-level variables: (a) 
volumetric soil moisture and (b) 5 days preceding rainfall. The light grey ribbon represents 95% confidence intervals.
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the estimated probability of detecting P. covacevichae at 10% soil 
moisture was 0.10 (~10%) whereas this had risen to 0.98 (~98%) 
at 50% soil moisture. Though the relationship was not as strong, 
5DR was a contributor to the second most supported model and 
should be considered when complemented by VSW. The es-
timate of detection probability based on 5DR alone, with 95% 
confidence intervals, was 0.70 (0.50–0.89). Detection probability 
increased marginally with the influence of rising rainfall, peak-
ing at 75 mm until it gradually plateaued (Figure 3b). For exam-
ple, the estimated probability of detecting P. covacevichae was 
0.55 (~55%) following 10 mm of rainfall and 0.90 (~90%) follow-
ing 75 mm of prior rainfall over five days. However, there was 
no strong differentiation in the confidence intervals associated 
with this result, and detection probability estimates have the po-
tential to overlap across the rainfall gradient (e.g., 0–100 mm). 
This is a stark comparison to the VSW model where there is a 
clear upward trend and confidence intervals associated with the 
estimates do not overlap.

Refitting VSW and 5DR using MCMC methods allowed for the 
probability of detecting P. covacevichae at least once under poor, 
average and excellent conditions to be calculated. These condi-
tions corresponded to VSW values of 8.73%, 26.92% and 50.74% 
(5th, 50th and 95th respectively) and 5DR values of 1.90 mm, 
21.00 mm and 92.00 mm (5th, 50th and 95th). Detection 

probabilities were strongly influenced by the different environ-
mental conditions, with notable variation observed across the 
simulated cumulative survey effort (Figure 4).

Under excellent conditions (e.g., high values of both VSW and 
5DR) detection probabilities were consistently high. For a sin-
gle survey, the median detection probability was 0.99 (99%) 
with a narrow range in the posterior distributions, indicating 
confidence in these predictions. The certainty increased fur-
ther, reaching 1.0 (100%) in all subsequent surveys. In contrast, 
under average conditions, a single survey had a median detec-
tion probability of 0.66 (66%), though the posterior probabili-
ties varied widely, suggesting uncertainty in this prediction. 
Following three surveys in average conditions, the detection 
probability increased to 0.96 (96%) and 60% of all posterior dis-
tributions fell above 95%, indicating a substantial increase in 
certainty. After four surveys, the median detection probability 
was 98%, and 86% of the posteriors fell above 95%; this certainty 
increased further in surveys five and six. In contrast, in poor 
conditions (e.g., low values of VSW and 5DR) the median prob-
ability of detection ranged from just 0.07 (7%) in a single sur-
vey to 0.37 (37%) after six surveys. The posterior distributions 
across all six simulated surveys under poor conditions ranged 
broadly, showing that confidence in detection under these con-
ditions was low.

FIGURE 4    |    Cumulative probability of detecting Pseudophryne covacevichae at least once (p*) over six surveys under ‘poor’, ‘average’ and ‘excel-
lent’ environmental conditions based on soil moisture and 5 days preceding rainfall data: the 5th percentile (panel a), the 50th percentile (panel b) 
and the 95th percentile (panel c), respectively. The boxplots identify the 10th and 90th percentiles (error bars), the 25th and 75th percentiles (box) 
and the median concentration (bold line). The dashed line indicates the level where the distribution of posterior probabilities exceeds 0.95 certainty.
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5   |   Discussion

We investigated the environmental factors influencing P. cova-
cevichae detection probability in known populations of north 
Queensland. Further, we used these variables to estimate the 
overall probability of detecting P. covacevichae over 1–6 surveys, 
under three environmental scenarios to provide confidence of 
presence or absence at a site. The results showed that of the 
survey-level variables, soil moisture was the strongest predictor 
of calling behaviour. The second strongest predictor was rain-
fall accumulation in the five days before a survey took place. 
As would be expected for a semi-terrestrial breeding species 
like P. covacevichae, both these variables had a positive influ-
ence on detection probability. These results suggest that survey 
timing is critical for optimising detection rates for P. covacevi-
chae. In addition to the timing of surveys, we demonstrated the 
influence soil moisture and preceding rainfall conditions can 
have on the number of surveys (i.e., survey effort) required to 
confidently determine the species’ true absence at a location. 
Confidence in detecting the species can be increased by sur-
veying under excellent or average conditions where one to three 
surveys, respectively, would provide above 95% confidence in 
detection probability. Our results emphasise the importance of 
robust survey protocols that are targeted specifically to a spe-
cies to better estimate their presence or absence. This is partic-
ularly important for species with restricted distributions, low 
abundance or irregular calling patterns, where single surveys 
may fail to detect them.

Higher soil moisture increased the detectability of P. covace-
vichae, suggesting that soil moisture serves as a cue for repro-
duction. This corroborates with the breeding biology of other 
Pseudophryne species (Pengilley 1966; Woodruff 1976; Bradford 
and Seymour  1988; Byrne  2008), including Bibron's toadlets 
(Pseudophryne bibronii) which produce advertisement calls 
at a greater rate when occupying wetter nests and actively se-
lect wetter substrates for nest sites (Mitchell  2001; O'Brien 
et al. 2020). This is due to the frogs' permeable egg capsules re-
quiring moisture for successful embryonic development and to 
avoid desiccation (Bradford and Seymour 1988; Mitchell 2002; 
Andrewartha et  al.  2008). Drier soils have detrimental effects 
on Pseudophryne hatchlings, leading to smaller-sized meta-
morphs, diminished survival rates and overall increased risk of 
desiccation (Pengilley 1966; Bradford and Seymour 1988; Eads 
et al. 2012). Given that P. covacevichae eggs require an ~11 days 
development period on land (Anstis  2017), it is reasonable to 
conclude that soil moisture would be the most influential prox-
imate variable in their calling behaviour and thus detectability.

Likewise, rainfall plays a pivotal role in the reproductive strat-
egy of semi-terrestrial anurans like Pseudophryne, as they 
depend on consistent precipitation throughout the breeding sea-
son to moisten soil, inundate terrestrial nests and provide the 
standing water necessary for subsequent tadpole development 
(Pengilley 1966). In our study, P. covacevichae was not detected 
during surveys that occurred in November. This result reflects 
the timing of surveys early in the wet season when sufficient 
rain to sustain soil moisture and support reproduction had not 
yet occurred. A caveat associated with the use of this rainfall 
data is that BOM data provides coarse estimates of rainfall that 
may not accurately reflect the local rainfall for the survey sites. 

Ideally, more localised rainfall data would be used to calculate 
these estimates.

The association between rainfall in the days leading to a sur-
vey and P. covacevichae detectability is consistent with pre-
vious research showing the positive influence of rainfall on 
Pseudophryne calling and breeding (Pengilley 1971; White 1993; 
Terry 2022). Some Pseudophryne species are obligate seasonal 
breeders and others, like the red-crowned toadlet (Pseudophryne 
australis), exhibit opportunistic breeding, where they call 
and deposit eggs year-round in response to sufficient rainfall 
(Thumm and Mahony 2002). Though P. covacevichae has a fairly 
predictable breeding season when rainfall occurs in Spring and 
Summer, they appear to exhibit opportunistic breeding at other 
times of the year if sufficient rainfall has occurred (E. Rush per-
sonal observation 2023). Our results demonstrate a 76% detec-
tion probability of P. covacevichae following 40 mm of rainfall in 
the preceding five days, compared to only 20% following 10 mm. 
However, this relationship should be interpreted in conjunction 
with soil moisture. The influence of 40 mm of rainfall outside of 
the wet season, when soil moisture is typically lower, is unlikely 
to yield the same influence on P. covacevichae detection.

Conversely, ambient temperature and relative humidity were not 
found to have a significant influence on P. covacevichae calling 
behaviour, aligning with observations of P. australis, which calls 
between a temperature range of 5°C–30°C (NSW NPWS 2001). 
Similarly, total rainfall accumulation showed no discernible 
impact on the probability of detecting P. covacevichae. This was 
unexpected, considering rainfall accumulation would presum-
ably reflect the overall soil moisture levels in the region. A more 
comprehensive investigation into the influence of rainfall accu-
mulation (and consequently, days since the onset of the wet sea-
son) that included event magnitudes and frequencies would be 
beneficial in elucidating its impact and facilitating predictions 
regarding the optimal timing of surveys.

While soil moisture was the strongest predictor of P. covacevi-
chae detection, it is not a standard measure in most field surveys 
and requires specialised equipment and on-site visits. We sug-
gest rainfall is the easiest measure to efficiently synchronise sur-
veys to enhance detection predictions. Our results suggest that 
rainfall in the five days prior can be a co-predictor of detection 
when associated with soil moisture (refer Table 2); however, the 
use of this variable alone requires further refinement to ensure 
its accuracy as a remote trigger to initiate surveys. Additionally, 
investigating the influence of very high rainfall on detection 
probability would be valuable, as prolonged inundation of the 
narrow drainage lines appears to initially reduce P. covacevichae 
calling activity (E. Rush observation, 2023), potentially due to 
the calling sites being temporarily underwater. We attempted to 
capture this in the presence and volume of water on site, but 
its correlation with 5 days prior rainfall meant it could not be 
analysed.

We found that cumulative detection probability was highly influ-
enced by soil moisture and 5 days prior rainfall, with substantial 
differences observed under lower versus average to higher val-
ues of the two variables. Under poor conditions, marked by low 
soil moisture and prior rainfall, confidence in detection would 
be unreliable, with less than 40% probability after six surveys. In 
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contrast, three surveys in average conditions would ensure 95% 
confidence of the species absence at a location. This result is in 
line with the survey protocols for Australia's threatened frogs that 
recommend four repeat surveys for P. covacevichae during the wet 
season (DEWHA 2010). A primary limitation to our analysis is the 
dynamic nature of the tropical wet season, where environmental 
conditions can fluctuate daily and will change vastly through the 
breeding season of P. covacevichae. Conditions will rarely align 
with our simulated data; however, understanding how variation 
in these survey-level variables influences detection probability will 
provide a useful guide in planning survey efforts and, importantly, 
provide a framework for determining the appropriate number of 
repeat surveys to confidently determine true absence.

At two of our sites, P. covacevichae were not detected during the 
surveys, but they were heard calling at these sites either outside 
of the transect or outside of the recorded survey period (e.g., 
while walking toward the site) on at least one of the three sur-
veys. Their non-detection during the time of the survey, within 
the transect, exemplifies how unpredictable the species calling 
activity can be, specifically during drier conditions. Considering 
the irregular calling behaviour of P. covacevichae, coupled with 
high habitat specificity and low abundance, relying solely on 
single surveys to determine occupancy, particularly in subopti-
mal environmental conditions, is likely to greatly underestimate 
the species' presence in a location.

While populations of P. covacevichae do occur on protected 
tenure (Nature Refuge and National Park), particularly those 
in the south, the majority of known populations occur in un-
protected tenure (e.g., private land, State Forest and Forest 
Reserve). The prospect of widespread industrial development 
in north Queensland (DEC  2023; GEM  2024) raises questions 
about habitat alteration in unprotected areas within the range 
of this species and others. Though the effects of new infra-
structure developments on P. covacevichae populations are un-
known, in other related species, including P. australis, they have 
impacted habitat quality through direct habitat loss, fragmen-
tation, sedimentation and hydrological changes (Thumm and 
Mahony 1999; Stauber 2006; Cummins et al. 2019). Hence, in-
frastructure developments are considered a potential threat to 
P. covacevichae.

Our results aid in improving the likelihood of detection for 
P. covacevichae by indicating the environmental conditions in 
which to conduct surveys as well as providing more certainty 
around the number of surveys required to infer true presence or 
absence. Additionally, our results postulate that the total rain-
fall during the previous five days increases detection probability 
when paired with high soil moisture levels resulting from the 
ongoing wet season, suggesting a potential remote trigger for 
survey initiation. As such, we recommend surveys for P. cova-
cevichae correspond with extended rainfall activity over the wet 
season, the timing of which can vary annually, to ensure soil 
moisture is elevated and following five days of consistent rain-
fall at or above 40 mm. Importantly, environmental conditions 
at the time of surveying should be considered where an absence 
is recorded, and where necessary, additional surveys should be 
conducted to provide confidence that the species is truly absent 
and not simply undetected.
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