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Introduction

Efficient and effective monitoring is essential for informing conservation efforts and determining where to focus management actions. Newly arriving invasive and declining native taxa are often the focus of conservation programs, but these species are inherently difficult to monitor and detect. A key challenge to effective monitoring is when a species is present at a location but goes undetected, creating uncertainty about whether the species is truly absent or present but unobserved. Estimating detection improves the efficacy of monitoring methods and accurately informs conservation efforts.





Methods

In this study, we applied occupancy modeling to estimate method-specific detection probabilities for two focal amphibian species: the native northern leopard frog (Lithobates pipiens) and invasive American bullfrog (Lithobates catesbeianus). We evaluated three monitoring techniques: automated acoustic recorders, eDNA, and visual encounter surveys at 38 breeding sites in Colorado’s South Platte River Basin, USA, an area where northern leopard frogs are declining, and bullfrogs are expanding. We investigated how local environmental conditions (temperature and pH) and survey-specific choices (survey date, number of observers, search time, and liters of filtered water) influenced detection probabilities for each species and method.





Results

Our results showed that northern leopard frog detection probability increased slightly with longer visual search times and eDNA detection probability was highest in neutral pH conditions. Acoustic detection of northern leopard frog breeding calls peaked in early spring. For bullfrogs, eDNA detection improved with liters of filtered water and both eDNA and visual detection increased with water temperature. Bullfrog breeding call detection was highest in mid to late summer.





Discussion

Northern leopard frog and bullfrog distinct life history traits related to breeding habitat preferences, behaviors, and seasonal emergence explained differences in their detection probabilities.
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1 Introduction

Conservation efforts rely on efficient and effective monitoring programs to address management objectives and differentiate among a priori hypotheses about factors influencing the system of interest. Importantly, for most wild vertebrate species, monitoring programs must address both variation in species’ detectability and spatial sampling to achieve unbiased estimates of target state variables (e.g., species distribution). Many researchers have criticized monitoring programs for their failure to state clear objectives and inadequate attention to sources of bias such as variation in detectability (Mattfeldt et al., 2009; Nichols and Williams, 2006; Yoccoz et al., 2001). Imperfect detection occurs when the species is present at the site but goes undetected during the survey, creating uncertainty in whether the species was present and undetected, or truly absent (MacKenzie et al., 2002). Unmodeled variation in species detection across space (e.g., locations) or time can bias monitoring state variables. In a recent review, Bennett et al. found that only 6% of scientific studies published detection estimates for declining taxa in the U.S., emphasizing the need to estimate detectability among species (Bennett et al., 2024). Accordingly, guidance on how to maximize detection probability and thus minimize bias in resulting state variables is essential but oftentimes lacking in monitoring programs. Additionally, early detection of invasive species is paramount to successful management or containment during a period when invasive densities are low (Prior et al., 2018). Thus, estimating distributional metrics for both declining species and colonizing invasive species is challenging and prone to detection bias.

Commonly used population metrics such as abundance, survival, reproduction, and population growth require identification of unique individuals, which is especially challenging for declining or invasive species. Occupancy is a favored state variable in these cases because it does not require individual identification and can provide insight into spatial and temporal patterns of species occurrence and persistence. Although occupancy can be defined numerous ways depending on research objectives, it commonly denotes the proportion of sites occupied by a focal species. Contemporary occupancy models allow investigators to decouple the state variable (occupancy or species occurrence) from the observational process (i.e., detection probability, given occurrence). Studies that incorporate occupancy estimation and modeling have been used to identify priority areas for conservation initiatives, evaluate management decisions, and understand biases in detection probabilities (Moor et al., 2022; Ribeiro et al., 2022; Steenweg et al., 2019).

Since MacKenzie et al.’s seminal paper describing occupancy modeling (MacKenzie et al., 2002), an occupancy framework has been commonly applied to amphibians and other cryptic species to understand species distributions, evaluate conservation priorities, and investigate detection biases (Bailey et al., 2019; Gould et al., 2012; Petitot et al., 2014). Worldwide, over 40% of amphibian species are imperiled (Luedtke et al., 2023) and northern leopard frogs (Lithobates pipiens) are a classic example: historically one of the most widespread frogs in North America, northern leopard frogs have experienced dramatic range reductions in recent decades, specifically in the Intermountain West (Corn and Fogleman, 1984; Johnson et al., 2011; Rogers and Peacock, 2012). Declines have been attributed to habitat alteration (Johnson et al., 2011), disease (Voordouw et al., 2010), and the invasive American bullfrog (Lithobates catesbeianus) (Rogers and Peacock, 2012). In the western part of the northern leopard frog range, invasive bullfrogs threaten leopard frog persistence through their role as a predator and disease reservoir (Ficetola et al., 2007). Conservation concerns have led to regional programs with monitoring initiatives targeting northern leopard frogs and bullfrogs, but these initiatives have been hampered by a lack of clear objectives, sporadic efforts, and different survey approaches with varying levels of success. In recent years, growing support for coordinated conservation actions addressing northern leopard frog declines in the Intermountain West has highlighted a need for better monitoring programs. Many potential conservation decisions rely on knowledge of the locations and local abundance of remaining northern leopard frog populations and recently established invasive bullfrog populations, which are discerned through our ability to detect these species (Bennett et al., 2024). Hence, estimating detectability and incorporating estimates into these decisions is vital to allocate survey effort, improve management outcomes, and evaluate the effectiveness of any chosen conservation action (Bennett et al., 2024).

Our research focused on estimating species-specific detection probability and understanding the factors that influence detection using different survey methods. Specifically, we assessed the efficacy of three detection methods – environmental DNA collection (eDNA), visual encounter surveys (VES) and automated acoustic recorders (AAR) – for two focal amphibians: native northern leopard frogs and invasive bullfrogs. These three survey methods are commonly employed for a variety of amphibian taxa, and each has its own strengths. Benefits of eDNA sampling include its ability to detect low density populations and that it does not require essential species identification skills (Keck et al., 2022; Pilliod et al., 2013). Visual encounter surveys (VES) require observers to search habitat for the species of interest but can identify different life stages, disease, and malformations. Automated acoustic recorders (AAR) passively record amphibian breeding calls and can continuously sample for long periods of time without disturbing potentially fragile habitat (Sugai et al., 2019).

We used detection-nondetection information for both species (northern leopard frogs and bullfrogs) at 38 sites to understand how environmental and survey-specific characteristics affect species- and method-specific detection probabilities (Table 1). We hypothesized that detection probabilities for all three methods would be influenced by environmental factors, some survey-specific considerations, and be associated with species’ distinct life histories and habitat preferences. Subsequently, this information can be used to optimize sampling effort for a given study or monitoring objective(s).


Table 1 | Hypothesized effects of covariates on method- and species-specific detection probabilities for northern leopard frogs (NLF; Lithobates pipiens) and American bullfrogs (BF; Lithobates catesbeianus).






2 Materials and methods



2.1 Study system and species

Our study was conducted in the Colorado portion of the South Platte River Basin, USA (Figure 1). To investigate factors influencing species-specific detection probability, we selected sites likely to contain both northern leopard frogs and bullfrogs. Northern leopard frog populations have been documented in the basin, and American bullfrogs are considered widespread (Johnson et al., 2011; Peterson et al., 2013). We compiled northern leopard frog records from local nonprofits, city, state, and county agencies, and Citizen Science platforms. We randomly selected a subset of 38 sites, including lentic and lotic habitats, with observations from at least three decades, including the most recent decade (2011-2021), rationalizing that these sites likely supported one or both of our target species.




Figure 1 | Sampled sites (n=38) in Colorado’s South Platte River Basin, USA. The reference map illustrates the placement of the South Platte River Basin within Colorado. Sites were selected based on occurrence data for northern leopard frogs in the past decade (2011-2021) as well as two previous decades. Watershed boundaries (HUC6) and state outlines were downloaded from the USGS Watershed Boundary Dataset via the National Map Downloader (https://apps.nationalmap.gov/downloader/) accessed December 2024. Basemap imagery is from Esri’s World Topographic Map (© Esri, TomTom, Garmin, FAO, NOAA, USGS, EPA, NPS, USFWS, Esri, USGS).






2.2 Field survey methods

We conducted eDNA and visual encounter surveys (VES) at all selected sites (n=38) and deployed automated acoustic recorders at a subset (n=19), due to equipment limitations. Sites were visited twice in a given year, either in 2022 or 2023. Visits were separated by at least one month and timed to target multiple life stages for each species. During each visit we surveyed up to 500 meters of bank habitat using eDNA and VES (Figure 2).




Figure 2 | Examples of two sites (A, B) surveyed for northern leopard frogs and bullfrogs. Surveyors searched up to 500 meters of bank at each site for both focal species. At a subset of sites, (n=6), two automated acoustic recording (AAR) units were placed to sample different parts of the acoustic environment. White shading illustrates the surveyed transect during a visit and blue dots represent AAR unit placement. Image was generated using Adobe Illustrator version 28.0 with lines added to generated images using the Text to Vector Graphic tool.



We used the Smith-Root eDNA sampler system for all eDNA collection, which supports sampling from the bank (Thomas et al., 2018). During each site visit, we collected four eDNA field samples starting at the downstream end of lotic sites to limit potential movement of eDNA to other sampling locations. For lentic sites, collectors began at a pre-selected point and moved clockwise. All samples were evenly spaced throughout the sites using satellite imagery. We filtered up to five liters of water through 47mm filters and recorded the amount of water filtered (liters). To avoid contamination, we followed a strict protocol developed by Colorado Parks and Wildlife designed to minimize false positive and false negative samples. One person recorded data and the other collected samples with no direct contact between the two. All equipment that contacted site water was thoroughly sanitized, rinsed, and dried between sites using a 10% bleach solution. At each site, we also collected one field negative control of dechlorinated water filtered to the average number of liters collected at the site. If negative control samples tested positive for northern leopard frog or bullfrog DNA, we eliminated all other samples collected on the same survey event where contamination was observed. All eDNA samples were kept on ice in the field and stored at approximately -20°C in a sterile freezer for 3 months before being processed individually by Pisces Molecular LLC in Boulder, Colorado, USA (see Supplementary Material S1 for details). After eDNA collection, site water temperature, air temperature, and pH were recorded using the Hanna combo tester. Covariates used to model potential variation in eDNA detection probability included Julian date (Julian), liters of water filtered per sample (Liters), site pH (pH), site water temperature (Wtemp), and air temperature (Atemp; Table 1).

During each site visit we also conducted two independent visual encounter surveys (VES), where each survey was conducted by a separate team of 1-2 observers. Visual encounter surveys began 40 minutes after eDNA sampling, started from the same location, and followed the same trajectory through the streambank or shoreline habitat. The two VES were separated by at least 20 minutes to ensure independence. Observers visually inspected all suitable habitat while conducting dip net sweeps for amphibian larvae. Observers recorded encountered species, life stage, and covariates thought to influence species- and method-specific detection probabilities (Table 1). Species observations were recorded as certain or uncertain and only those certain identifications were included in the occupancy analysis. Covariates used to model potential variation in VES detection probability included time spent searching (SearchT), the number of observers (ObsCount), Julian date (Julian), water temperature (Wtemp), and air temperature (Atemp; Table 1).

Automated acoustic recorders (AAR) were deployed at a subset of sites (n=19). We programmed recorders to sample a 3-minute interval every 27 minutes for the entire season (April – October). Recorders were deployed near ideal frog breeding habitat, based on supporting literature (Pope et al., 2000; Smith and Keinath, 2007). Specifically, we installed units 1 meter above ground on a t-post at unshaded lentic locations with emergent vegetation and ample shallows. At a subset of the larger lentic sites (> 300 meters radius; n=6), we placed an additional recorder to capture vocalizing anurans and moved it bi-weekly to different potential breeding areas within the site. We compared detection probabilities from these ‘roving units’ (ROV) to their stationary counterparts and detection probabilities at sites with two units to those with one. We also explored how AAR detection probabilities varied with Julian date (Julian; Table 1). Acoustic data was sorted and processed using Kaleidoscope Pro (version 5.4.2, Wildlife Acoustics) to extract breeding call detections for each species in each week (see Supplementary Material S2 for details).




2.3 Detection hypotheses: occupancy analysis

We hypothesized that detection probabilities for all three methods would be influenced by selected environmental factors with some method-specific considerations (Table 1). We expected that species-specific detection probabilities for all methods would be influenced by Julian date as our two target species have different breeding and developmental life histories. In our study area, northern leopard frogs are early spring breeders and typically emerge to call in April and May whereas bullfrogs usually begin calling in July (Bury and Whelan, 1985; Larson, 2004). Accordingly, we expect acoustic recorder detection probabilities to decline with Julian date for northern leopard frogs but increase with date for bullfrogs (Table 1). As eggs hatch and tadpoles become larger and more active, we expect the detection probabilities for both species to increase with Julian date for visual or eDNA surveys (Table 1) (Buxton et al., 2017). Similarly, both species’ activity increases with temperature, thus detection probabilities for both visual and eDNA surveys are expected to increase with water (or air) temperature (Table 1). Because DNA may be less abundant in acidic (<5; Schlichter, 1981), and perhaps extreme basic (> 10; Fominykh, 2008), environments due to reduced amphibian tolerance of these conditions, we also expect eDNA detection probabilities to vary with pH (Fominykh, 2008; Schlichter, 1981). Finally, detection probability for each method might be influenced by characteristics specific to each method. If DNA is dispersed in the water column, eDNA detection should increase for samples with a larger volume of filtered water. Visual encounter surveys conducted by two observers may have higher detection probabilities compared to those with only a single observer and longer survey search times may yield higher detection probabilities. Acoustic recorders that are moved throughout the site during the season (roving units) could have higher mean detection probabilities as they sample more than one location within an occupied site. Sites with both stationary and roving units should have higher cumulative detection probabilities than sites with only stationary units.

We used a single-season (static) occupancy approach to test our hypotheses regarding method- and species-specific detection probabilities (MacKenzie et al., 2002). Detection histories were compiled for each species and site and indicated whether the species (northern leopard frog or bullfrog) was detected (1) and not detected (0) during a given survey. Detection histories included four independent visual encounter surveys (2 per visit), eight eDNA samples (4 per visit) and a subset of sites included up to 28 weekly acoustic surveys. We analyzed detection histories for each species separately and fit a series of models to explore how environmental (pH, Wtemp, Atemp) and survey-specific (Julian, Liters, SearchT, ObsCount) covariates influenced species’ detection probabilities. Due to sample size, we tested univariate relationships and only considered an additive effect of Julian date and unit type (roving vs. stationary) for AAR detection probability.

We used a secondary candidate set model building strategy to develop and fit our candidate models (Morin et al., 2020). Specifically, we fit models representing hypotheses associated with detection probability for a given method (e.g., pVES), while retaining a constant structure on the detection probability for the other two methods (e.g., peDNA, or pAAR) and occupancy. Because we selected sites with recent observations of northern leopard frogs and a high likelihood of bullfrogs occurring, we used a constant occupancy structure (ψ(.)) for each species in all models. We identified detection covariate(s) with substantial support for each method as those within ΔAICc <5 and included all combinations of supported covariate structures in our final combined model set (Table 2, 3; Supplementary Materials S3 and S4). We fit all models in program MARK version 6.2 (White and Burnham, 1999) and used Akaike Information Criterion and associated model weights to evaluate model performance (Anderson and Burnham, 2002).


Table 2 | Model selection results for northern leopard frog (Lithobates pipiens) detection models.




Table 3 | Model selection results for American bullfrog (Lithobates catesbeianus) detection models.



We report average detection probabilities for each method and species using the constant model structure for each parameter, pVES(.) peDNA(.) pAAR (.) ψ (.) and coefficient estimates from the best supported model that includes the specified covariate. Additionally, we calculated the cumulative detection probability for each species and method as p*=1-(1-p)n where p* is the probability of detecting the species at least once over n samples/surveys/weeks and p is the probability of detection for a single sample/survey/week. We used resulting values to determine the sampling effort required to detect a species, given the site is occupied, with 90-99% confidence.





3 Results

All three methods (eDNA, VES, AAR) were compared at 19 sites and northern leopard frogs were detected at 15 of them. AARs detected northern leopard frogs at approximately 50% (n=8) of the known occupied sites, while eDNA and VES surveys detected the species at 87% of sites (n=13), although not always at the same sites. For sites with bullfrog detections (n=8), AARs and VES detected the species at 63% of these sites (n=5), whereas eDNA detected the species at all but one site (n=7).

When considering all sampled sites (n=38) and pooling detections across methods, northern leopard frogs were detected at 24 sites (naïve occupancy = 0.63), while bullfrogs were detected at 18 (naïve occupancy = 0.45). Interestingly, northern leopard frogs and bullfrogs co-occurred at 13 sites (34%), despite bullfrogs being considered a threat to northern leopard frog persistence (Johnson et al., 2011). Overall, eDNA and VES performed similarly for each species: eDNA detected northern leopard frogs at 53% (n=20) and VES at 58% (n=22) of sites. For bullfrogs, eDNA detected the species at 37% (n=14) and VES also at 37% (n=14) of sites.

Of our 76 negative control eDNA samples, two came back positive for bullfrog DNA and none came back positive for northern leopard frog DNA. The two positive control samples were collected during the first week of eDNA collection and on the same day, but at two different sites. All 8 samples from those two eDNA surveys associated with the contaminated controls were removed from analysis.

Species-specific occupancy estimates, from the constant model, pVES(.) peDNA(.) pAAR (.) ψ (.), were identical to naïve estimates for northern leopard frogs (  = 0.63 (95% Confidence Interval; CI: 0.47 to 0.77)) and bullfrogs (  = 0.45 (95% CI: 0.30 to 0.60)), indicating cumulative detection probability is close to 1 by using a combination of detection methods at our sampled sites over the course of the season.



3.1 eDNA

The average probability of detecting our target species in a single eDNA sample, given the site was occupied, was 0.46 (95% CI: 0.39 to 0.53) for northern leopard frogs and 0.53 (95% CI: 0.45 to 0.62) for bullfrogs (Table 4). eDNA detection probabilities for northern leopard frogs were strongly influenced by environmental conditions and were lowest at occupied sites with slightly basic pH values and highest in neutral conditions (Figure 3A, Table 2, Supplementary Table S3.1). Although detection was highest in neutral ranges as predicted, none of our sites were extremely acidic (pH < 5) or basic (pH > 10). eDNA detection for northern leopard frogs decreased slightly across Julian date, though the effect was imprecise. Neither water nor air temperatures were supported as influencing detection probabilities, despite their known relationship with the emergence and development of tadpoles (Supplementary Table S3.1; Sommers et al., 2018). The amount of water filtered had a slight positive effect on eDNA detection probability, but the effect was imprecise (Supplementary Table S3.1).


Table 4 | Average detection and occupancy probabilities and 95% confidence intervals are given for each species using the constant model: pVES(.)peDNA(.)pAAR(.) ψ (.).






Figure 3 | Estimated relationships between eDNA detection probabilities for northern leopard frogs (A) and bullfrogs (B, C) and pH (  = -10.64, SE= 3.05), water temperature (  = 0.16, SE= 0.05), and amount of water filtered ( =0.46, SE=0.15). Shaded areas represent 95% confidence intervals associated with detection probability estimates. Relationships and estimates are given for the best-supported model that contains the covariate.



In contrast, eDNA detection probabilities for bullfrogs were influenced by water temperature and the amount of water filtered, but not by pH (Table 3, Supplementary Table S3.5). Consistent with our expectation, eDNA detection for bullfrogs increased with warmer water temperatures (  = 0.16, SE = 0.05; Figure 3B) and the amount of water filtered (  = 0.46, SE= 0.15; Figure 3C). For bullfrogs, the probability of detection via eDNA sampling increased by approximately 0.10 for each additional liter of water filtered (Figure 3C).




3.2 Visual encounter surveys

The average probability of detecting our target species during a visual encounter survey, given the site was occupied, was comparable for both species: 0.67 (95% CI: 0.56 to 0.77) for northern leopard frogs and 0.65 (95% CI: 0.52 to 0.77) for bullfrogs (Table 4). We found some evidence that VES detection probabilities for northern leopard frogs increased as observers spent longer searching the habitat (  = 0.02, SE= 0.01; Figure 4A; Table 2; Supplementary Table S3.2), though the estimated effect was somewhat imprecise. For example, the detection probability for a single observer searching for 25 minutes was ~ 0.60, but if the observer searched for 50 minutes, detection probability was ~ 0.70 (Figure 4A). Interestingly, the number of observers per survey did not influence northern leopard frog detection probability (Supplementary Table S3.2). Contrary to our expectations, environmental conditions (Wtemp, Atemp) and survey date (Julian) did not influence northern leopard frog VES detection probability (Supplementary Table S3.2).




Figure 4 | Estimated relationships between visual encounter survey (VES) detection probability for (A) northern leopard frogs and search time (  = 0.02, SE= 0.01) and (B) bullfrogs and water temperature (  = 20, SE= 0.09). Shaded areas represent 95% confidence intervals associated with detection probability estimates. Relationships and estimates are given for the best-supported model that contains the covariate.



In contrast, environmental conditions influenced VES detection probability of bullfrogs, but survey-specific covariates did not (Table 3; Supplementary Table S3.6). The probability of visually detecting a bullfrog increased with warmer water temperatures (  = 0.20, SE= 0.09; Figure 4B). In fact, detection probability increased by ~ 0.55 as water temperature increased from 15°C to 25°C. Despite our expectations, survey-specific variables (Julian, SearchT, ObsCount) were not well supported as predictors of bullfrog VES detection probability, emphasizing the detection disparities between the two species (Supplementary Table S3.6).




3.3 Automated acoustic recorders

Our acoustic units targeted two species with asynchronous breeding activity. Non-detections outside northern leopard frog or bullfrog seasonal activity resulted in a low average weekly detection probability at occupied sites: 0.14 (95% CI: 0.11 to 0.19) for northern leopard frogs and 0.22 (95% CI: 0.17 to 0.29) for bullfrogs (Table 4). Therefore, we also report monthly average and cumulative detection probabilities, as they describe the probability of detecting calls during peak breeding. As hypothesized, northern leopard frog acoustic detections decreased throughout the summer, with the highest weekly detection probability in April and then declining throughout the season (  = -0.016, SE= 0.004; Figure 5A; Supplementary Table S3.3). Deploying AARs during peak breeding windows can improve cumulative detection probabilities considerably over a month. For instance, if AARs sampled for a month starting in early April, the probability of capturing northern leopard frog breeding calls was 0.81 (95% CI: 0.64 to 0.93); however, if the unit sampled at the end of the season during the month of July, detection dropped by approximately half to 0.40 (95% CI: 0.28 to 0.52).




Figure 5 | Estimated relationships between detection probability for a single automated acoustic recorder (AAR) and survey date for (A) northern leopard frogs (  = -0.016, SE=0.004) and (B) bullfrogs ( =0.02, SE=0.004). The probability of detecting the target species, given occurrence, in any single sampled week is depicted on the y-axis. Shaded areas represent 95% confidence intervals associated with detection probability estimates. Relationships are given for the best-supported model that contains the covariate.



Bullfrog detection probabilities also varied with Julian date, but the weekly probability of detecting a breeding call increased throughout the summer (  = 0.02, SE= 0.004; Figure 5B; Supplementary Table S3.7). Again, deploying units during peak bullfrog breeding improved detection estimates over a month of sampling. If units were deployed in the first week of August and sampled for a month, there would be a ~ 0.75 cumulative probability of detection compared to ~ 0.25 if units were deployed for the month of May.

For northern leopard frogs, acoustic units that rotated to different potential breeding pools within a site had slightly lower detection probabilities relative to the stationary units. For example, during peak detection months for northern leopard frogs (April) stationary units had monthly average detection probabilities approximately 0.10 higher than paired roving units. For bullfrogs, roving units had slightly higher detection probabilities compared to stationary units. However, our results were imprecise as our sample size of roving units was small (n=6). Deploying multiple units at a site improved overall estimates of detection, as sites with both roving and stationary units had a higher cumulative detection probability during peak breeding months than sites with only stationary units. For northern leopard frogs, combined multi-unit monthly detection probability for peak calling during the month of April was ~ 0.90 and a single, stationary unit detection was ~ 0.80. For bullfrogs sampled during peak calling periods in October, combined monthly multi-unit detection probability was ~ 0.95 while a single, stationary unit detection was ~ 0.75.





4 Discussion

We investigated how detection probabilities for each species and method were influenced by survey-specific and environmental covariates for native northern leopard frogs and invasive American bullfrogs. We found detection probabilities varied considerably among methods and species, a result that is consistent with other studies (Moss et al., 2022; Randall et al., 2023; Wikston et al., 2023). Detection probabilities were highest for visual encounter surveys, followed by eDNA and then automated acoustic recorders for both species (Table 4). eDNA and acoustic detection for bullfrogs was higher than for northern leopard frogs and visual encounter survey detection was comparable for both species (Table 4). Differences in detection between the species were predicted by environmental covariates associated with life history traits while those associated with the observational process were less influential (e.g., search time, number of observers) (Knutson et al., 2018).

The availability of eDNA for detection depends on both the quantity of DNA released by the species and environmental factors influencing its degradation rate (Barnes et al., 2014; Yates et al., 2021), thus we anticipate larger quantities of DNA are released in ideal breeding conditions. We found eDNA detection was highest for northern leopard frogs in neutral pH ranges (Figure 3A), representing their habitat preferences (Smith and Keinath, 2007). Unmodeled variables influencing DNA availability or degradation could contribute to lower detection in somewhat basic conditions (pH 8-9.8). This relationship would benefit from further investigation, as mechanisms influencing DNA availability and degradation are interacting and complex (Strickler et al., 2015). For bullfrogs, water temperature was a well-supported predictor of both eDNA and visual encounter survey detection and reflected their preferences for warm aquatic habitats (Bury and Whelan, 1985; Lillywhite, 1970) (Figure 3B). DNA also degrades faster at warmer water temperatures (Strickler et al., 2015), but this decline can be offset by higher amphibian activity levels (Bedwell and Goldberg, 2020; Buxton et al., 2017; De Souza et al., 2016), which increases availability of eDNA. Visual survey detection probability also increased with temperature (Figure 4B). Higher activity of bullfrogs in warmer waters likely increases the probability an observer will notice and record an individual.

In addition to preferring warm temperatures, bullfrogs require permanent sites to breed. Developing tadpoles are much larger than the larvae of other amphibian species in our study area and require multiple seasons to develop. This consistent activity in the water column could contribute to more widely available DNA for detection. We found that filtering more water increased eDNA detection probabilities for bullfrogs (Figure 3C), but the effect was much lower for northern leopard frogs (Supplementary Tables S3.1 and S3.5). Filtering more water increases eDNA detection probability for some amphibian populations (Bedwell and Goldberg, 2020; Ficetola et al., 2008; Sepulveda et al., 2019) and we found this could be an effective strategy to increase bullfrog detection as well. In contrast, northern leopard frogs are more terrestrial, have smaller clutch sizes, and smaller tadpoles that metamorphose in late summer, possibly resulting in lower quantities of available eDNA. Collecting additional eDNA samples may be a more effective way of improving overall cumulative eDNA detection for this species. Future research would benefit from exploring optimal eDNA sampling strategies for northern leopard frogs and investigating how eDNA detection varies seasonally for both species with additional sampling dates.

Trends in method-specific detection also highlighted differences in species cryptic or conspicuous behaviors. Challenges in detecting northern leopard frogs visually and acoustically at occupied sites are likely related to their cryptic use of habitat and discrete breeding calls. We found some evidence that longer visual encounter surveys contributed to increased probability of detecting northern leopard frogs (Figure 4A), a trend that is similarly supported for declining congeneric Chiricahua leopard frogs (Hossack et al., 2022). Northern leopard frogs are often hidden in tall grasses and when startled, seek cover quickly. These behaviors may increase necessary search time to detect this cryptic species compared to bullfrogs, which often produce a characteristic and easily identifiable alert call when disturbed. Additionally, northern leopard frog breeding calls are among the most complex of any temperate zone amphibian, composed of low-volume chuckles, grunts, and snores (Larson, 2004). Unlike bullfrogs, northern leopard frogs do not form large choruses, tend to call sporadically, and are easily masked by background noises such as wind (De Solla et al., 2005; Larson, 2004). Bullfrog breeding calls consist of a series of similar croaks that can be heard from a substantial distance and large breeding choruses are common (Capranica, 1968; Guzy et al., 2014). Bullfrog calling behavior creates easily recognizable calls with a cumulative monthly acoustic detection probability near one (i.e.,  ) during peak breeding. These calling differences produced an overall lower probability of detecting northern leopard frogs acoustically compared to bullfrogs (Table 4, Figure 5). Northern leopard frogs emerge to breed in early spring (Oseen and Wassersug, 2002; Sommers et al., 2018) corresponding to our highest detection probabilities, followed by declining calling activity (Figure 5A). Contrarily, bullfrogs are late-season breeders, and we found acoustic detection probabilities increased throughout the summer (Figure 5B). Thus, acoustic detection probabilities for both species are improved by focusing sampling during their seasonal emergence.

Efficient and effective monitoring programs are essential to inform conservation efforts and determining the effects of management actions. However, many monitoring programs lack clear objectives and the ability to account for imperfect detection. Here, we provide two examples to illustrate how results from our study can inform future monitoring efforts aimed at our two focal species in the Intermountain West. Suppose researchers are interested in exploring factors influencing northern leopard frog colonization and recruitment following a management action (e.g., habitat improvement or translocation). Our results indicate that pairing 2 weeks of acoustic sampling during the expected peak breeding season with 2 visual encounter surveys at study locations would detect both northern leopard frog attempted (e.g., breeding calls) and successful (e.g., young of year emergence) breeding and achieve a cumulative detection probability ≥ 0.90, a sufficient value for most research questions (MacKenzie et al., 2002; Table 5). Alternatively, if researchers were interested in documenting the presence of bullfrogs early in their invasion, or following control actions, our results suggest collecting 7 eDNA samples and filtering 1 liter of water per sample, would achieve a cumulative detection ≥ 0.99. For this objective, achieving high cumulative detection probabilities provides accurate presence and absence information (Table 5). Subsequently, VES and further removal efforts could then be scheduled at sites with positive eDNA detections.


Table 5 | Potential sampling strategies for northern leopard frog (Lithobates pipiens) and American bullfrog (Lithobates catesbeianus) to achieve target cumulative detection (p*).



A possible reason there are few conservation success stories, despite innovative monitoring tools and a plethora of research documenting species declines, is due to inadequate attention to imperfect detection. Understanding how management actions influence state variables over time can be clouded by a misunderstanding of the detection process. Our research provides an excellent framework to improve our understanding of detection probabilities for multiple species and methods to inform future conservation efforts. We encourage other investigators to employ a similar approach for their focal species, specifically: 1) identifying and modeling covariates that influence species- and method-specific detection probabilities, 2) determining the optimal sampling efforts required to achieve a desired detection probability, and 3) applying this knowledge to develop sampling strategies to effectively monitor amphibians to inform conservation decisions.
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