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ABSTRACT 

 

More than half of all freshwater turtles and tortoises are threatened with extinction. 

Human land use practices and land cover conversion often decrease adult turtle survivorship and 

dampen the reproductive potential of turtle populations. The ability to make informed 

conservation and management decisions depends on understanding the relative impacts of 

different landscape contexts on turtle populations, and the spatial extent over which they have an 

impact. We surveyed painted turtle (Chrysemys picta) populations along an urbanization gradient 

in southeastern New Hampshire, USA to assess the relative impact of land cover, land use, and 

chemical contaminants on population density and sex ratio. We compared the findings from our 

comprehensive field surveys (2019-2021; “modern”) to earlier surveys (2001-2001; “historic”) 

conducted at identical and nearby ponds. In both time periods, population density increased with 

proportion of wetland and decreased with forest cover. Modern turtle density was best explained 

by historic land cover suggesting a lag between land cover change and a detectable impact on the 

population. Modern road length negatively influenced modern population density whereas 

historic road length did not have a measurable impact on density at that time. In both time 

periods we found increased forest cover associated with male-skewed populations. We tested 30 

painted turtle blood sampled for 63 chemical contaminants. Organochlorine pesticides and 

synthetic pyrethroids were pervasive in turtle blood but not detected in water samples suggesting 

these chemicals are bioaccumulating in turtles despite low environmental concentrations. Our 

findings illustrate that effective management of turtle populations requires consideration of 

legacy effects of land use and land cover conversion as well as direct sources of mortality.    
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INTRODUCTION 

 

Human activity disrupts ecosystems through habitat loss and degradation, leading to rates 

of species loss not seen since the last mass extinction (Barnosky et al. 2011; Pimm et al. 2014; 

Watson et al. 2016). Land-cover conversion disproportionately impacts habitat specialists with 

low reproductive potential (DeStefano & DeGraff 2003; Eskew et al. 2010). One such group of 

species are freshwater turtles, which require a mosaic of aquatic and terrestrial habitats to 

complete their life cycle and have low reproductive potential due to the life history traits 

associated with long-lived organisms. Long-lived organisms have low juvenile survivorship and 

delayed sexual maturity that require high adult survival rates to maintain a stable population 

(Congdon et al. 1993; Heppell 1998). Conversion of natural land cover, exposure to chemical 

contamination, and the expansion of the road networks have the potential to decrease adult turtle 

survivorship and further dampen reproductive potential, placing freshwater turtle populations at 

increased risk.  

Changes to terrestrial vegetation cover surrounding a pond can alter microhabitat 

conditions of nesting grounds, which can impact freshwater turtle embryo development and 

result in skewed sex ratios. Most freshwater turtles exhibit Type 1a temperature dependent sex 

determination, which results in more female hatchlings at higher incubation temperatures (Bull 

& Vogt 1979). The decrease in vegetative cover common throughout human-dominated 

landscapes can increase incubation temperatures which has resulted in a positive association 

between the proportion of female turtles and urbanization (Bowne et al. 2018). To complicate 

matters further, turtles may be exposed to chemicals from agricultural and residential sources 

that accumulate in soil and surface water. Many chemical pollutants have endocrine disrupting 
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properties and thus the potential to skew population sex ratios through the disruption of sex 

hormones (Willingham 2005). Endocrine-disruption can also decrease the reproductive potential 

of the population through increased proportions of unhatched eggs (Jain et al. 2012) and the 

feminization of male gonads (Hayes et al. 2011). 

Turtle population size and structure are also greatly impacted by vehicle collisions. Road 

mortality is of particular concern for slow-moving species like turtles (González-Suárez et al. 

2018), and female turtles are especially vulnerable to road mortality due to their annual nesting 

migrations when they leave the pond in search of nesting areas on land (Haxton 2000b). The 

disproportionate loss of reproductive females may result in male-biased populations with 

reduced annual recruitment rates (Garber & Burger 1995). An analysis of freshwater turtle 

population sex-ratios across the United States found that the proportion of males in a population 

increased linearly with the expansion of the road network from 1930 to 2003 (Gibbs & Steen 

2005). Urbanization brings additional threats as migrating turtles are susceptible to predation by 

red foxes (Vulpes vulpes) (Spencer 2002; Spencer & Thompson 2005; Dawson et al. 2016). Red 

foxes often achieve their highest densities in close association with humans (Lombardi et al. 

2017; Campbell et al. 2020) and represent another threat to turtles migrating across an urbanized 

landscape. Red foxes will also depredate turtle nests (Burger 1977; Macdonald et al. 1994; Riley 

& Litzgus 2014), along with other generalist predators such as raccoons (Procyon lotor) (Burger 

1977; Congdon et al. 1983, 1987; Christens & Bider 1987), and striped skunks (Mephitis 

mephitis) (Snow 1982; Clarke & Gruenig 2003). Together, additive mortality from vehicle 

collisions and increased predator presence poses a significant threat to turtle populations.    

The ability to make informed conservation and management decisions depends on an 

understanding of the relative impacts of different land cover and land use types and the spatial 
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scale at which they have an impact (Noss 1992; Willis & Whittaker 2002; Wiens 2009). In New 

Hampshire, USA, four of the seven native turtle species are classified as ‘species in greatest need 

of conservation’, with habitat degradation listed as the primary threat (New Hampshire Fish and 

Game 2015; Dijk & Rhodin 2019). Here, we use a survey-resurvey approach to assess the impact 

of land cover and land use on painted turtle (Chrysemys picta) population dynamics over a 20-

year period in southeastern New Hampshire. Specifically, our objectives were to: 

1. Assess the effect of land cover and land use on historical and modern painted turtle 

density, and the spatial extent over which they have an impact.  

2. Assess the effect of land cover and land use on historical and modern painted turtle 

sex ratio. 

3. Investigate the presence of time lags between a disturbance and a detectable response 

in painted turtle population density and sex ratio. 

4. Compare results between the two time periods to understand how painted turtle 

populations and the factors that drive them have changed over 20 years.  

We focused on the painted turtle since it is found in high enough densities to facilitate robust 

comparisons and shares many of the same habitat requirements of the rarer and more threatened 

turtle species. Moreover, their relatively fast generation time compared to co-occurring turtle 

species makes them a good early indicator of the response of freshwater turtles to environmental 

change. Our findings provide insight into the factors that shape freshwater turtle populations over 

time, specifically the relative influences of historic and modern landscape context, and can 

inform conservation and management of freshwater turtles in the region. 
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METHODS 

 

Study System & Data Collection  

Over the past 60 years, southeastern New Hampshire, USA, has undergone rapid 

development and population growth. With the completion of a new interstate highway system in 

the 1960’s the urban sprawl of Boston, began to transform New Hampshire from a historically 

slow-growing region into the fastest growing state in the Northeast (Wallace 2007). The Greater 

Boston metropolitan area is the tenth largest urbanized area in the country with more than 4.5 

million residents (US Census Bureau 2012). More than 266,000 people immigrated to New 

Hampshire during the 1970’s, 1980’s, and 1990’s, accounting for 53% of the population growth 

during that period (Johnson 2012). More than 3,200 lane miles of new roads were constructed in 

New Hampshire between 1980 and 2007 (Federal Highway Administration 2014). The housing 

developments, businesses, and farms built to accommodate this growing population removed 

valuable wildlife habitat and left what remains fragmented by roads.  

We used survey data on turtle population density and sex ratio collected during two time 

periods separated by a 20-year interval (“historic”: 2000-2001, “modern”: 2019-2021). The 

historic data come from a survey of 32 ponds along an urbanization gradient in southeastern New 

Hampshire to determine the impacts of landscape composition on painted turtle populations 

(Marchand & Litvaitis 2004). We received landowner permission to resurvey 24 of the ponds 

from the original survey. An additional seven ponds were selected to ensure sufficient sample 

sizes of ponds with varying land cover compositions. All ponds ranged in size from 0.28 hectares 
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to 4.89 hectares and were considered independent of each other as they were separated by at least 

0.52 kilometers (Fig 1).  

Following Marchand and Litvaitis (2004), we sampled each pond in the modern time 

period four times between May and September of a single year. Each sampling period used five 

hoop traps and lasted two days, with traps checked 24 and 48 hours after being set. We spaced 

traps approximately 20-meters apart along the shallow margins of the pond and baited traps with 

canned cat food. We gave each newly captured turtle a unique identifier by notching several 

marginal scutes (Nagle et al. 2017). We also placed each turtle into a stage class (adult or sub-

adult) and determined the sex using foreclaw and pre-cloacal measurements. Stage class was 

determined by carapace length; turtles with a carapace length greater than or equal to 90mm 

were considered adults (Marchand & Litvaitis 2004). We released all turtles at the capture site 

immediately following data collection. Trapping procedures were approved by the University of 

New Hampshire Animal Care and Use Committee (190406, 200503) (Appendix A).  

To assess exposure and susceptibility to common chemical contaminants, we collected a 

one-liter composite water sample from every pond and blood samples from 30 painted turtles 

across 12 ponds that varied in their land use and land cover classification. The ponds selected 

included the highest proportion of forest, development, agriculture, and the highest human 

population density of all the study ponds. We collected all blood and water samples in 2021 with 

all water samples collected during July. The composite water sample comprised three 

subsamples that we collected at varying depths (next to the substrate, in the middle of the water 

column, and just below the surface). We collected subsamples on the same day and away from 

water sources (Decker & Simmons 2013). We collected blood samples (ca. 2ml) from the dorsal 

coccygeal vein in the tail of adult turtles using a sterile 24-g needle following the protocols laid 
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out by the Northeast Wood Turtle Working Group (2018). We froze all blood and water samples 

on the same day as collection. 

All blood and water samples were tested for 65 different chemical contaminants spanning 

three major groups: synthetic pyrethroids, organophosphate pesticides, and organochlorine 

pesticides (Table 1). Testing was conducted by Michigan State University Veterinary 

Diagnostics Laboratory (MSU VDL) using gas chromatography-mass spectrometry with specific 

assays for each chemical compound that allowed for quantification of the chemical 

concentration of each contaminant. This testing method has a detection limit of 10 ppb for 

organochlorine pesticides and 1000 ppb for synthetic pyrethroids and organophosphate 

pesticides.  

At each pond we quantified land cover and land use covariates within 2000-meters from 

the pond perimeter using QGIS (QGIS Geographic Information System, v2.34.3, QGIS 

Association). We further discretized the 2,000-meter buffers into concentric 50-meter wide, non-

overlapping rings to allow for a distance-weighted smoothing analysis (Aue et al. 2012; Chandler 

& Hepinstall-Cymerman 2016; Miguet et al. 2016, 2017; Moll et al. 2020). We isolated pond 

shapefiles using the National Wetlands Inventory dataset (U.S. Fish & Wildlife Service 2020) 

and verified using Google satellite imagery (Google 2022). We quantified the land cover 

variables for three different time periods, 1970-1980, 2001, and 2019. Covariates included the 

proportion of eight cover classes (forest, wetlands, agriculture, open water, open/disturbed, 

shrubland, low-intensity development, and high-intensity development) derived from the 

National Land Cover Database (NLCD) by grouping the 20 cover types into physiognomic 

categories (U.S. Geological Survey 2003; Dewitz 2021). The 2001 and 2019 land cover 

covariates were extracted directly from the NLCD. The 1970-1980 data were compiled from the 
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Enhanced Historical Land Cover and Land Use Dataset which used historical USGS and NASA 

imagery to recreate the NLCD land cover categories for that time period (Price et al. 2006). For 

the 2001 and 2019 time periods we also quantified three land use covariates within the same 

2,000-meter buffer: road length (kilometers), traffic volume (vehicles per day), and human 

population density (people/km2). Road length and traffic volume data for 2001 and 2019 were 

available through the NH Department of Transportation (NH Department of Transportation 

2001, 2019). Human population density at 100m2 resolution for 2001 and 2019 came from 

WorldPop (WorldPop 2020a, 2020b). These land use data were not available for the 1970-1980 

time period.  

 

Data Analysis 

To analyze sex ratio, we compared the proportion of males across time periods and used a 

binomial significance test to determine if any of the historic or modern turtle populations had a 

male or female bias. The binomial significance test calculates the probability that the observed 

sex ratio came from a population with a 50/50 male to female distribution (Hardy 2002). We 

considered p-values of less than 0.05 to indicate sufficient evidence to reject the null hypothesis 

and conclude that the population sex ratio is skewed. This test is appropriate for small sample 

sizes because the model considers both the proportion of males and the sample size. However, 

small sample sizes will not have the statistical power to detect small deviations from the 

expected sex ratio.  

To estimate abundance, we used a closed-population capture-mark-recapture model with 

time dependent detection probability. We fit the model using a Bayesian approach with 

parameter-expanded data augmentation (Kéry 2010) using JAGS (Plummer 2003) in R (version 
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4.1.2) via R2jags (Yu-Sung & Yajima 2012). We ran the models using three chains and chain 

convergence was assessed using Rhat values, where an Rhat value less than 1.05 indicates good 

convergence (Kery 2010). We ran the models for 2,500 iterations with a burn in period of 500 

iterations and a thinning rate of two. We visually assessed traceplots to confirm convergence and 

to confirm that the burn in value was sufficient to eliminate the effect of initial values. All priors 

were diffuse and uninformative to avoid introducing bias into the results (Appendix C.1). We 

considered four other capture-mark-recapture models: a closed-population null model, a closed-

population random individual effects model, a closed population time and random individual 

effects model, and a Jolly-Seber open-population model. Model selection using DIC suggested 

that the closed-population model with time dependent detection probability had the most support 

(Table 2). We estimated historic turtle abundance using the capture data from 2000-2001 

(Marchand & Litvaitis 2004) and modern turtle abundance using the capture data from 2019-

2021. To standardize abundance across ponds of varying size, we converted both historic and 

modern turtle abundance to density (turtles/hectare) for use in our landscape models.  

Following Moll et al (2020), we used a distance-weighted smoothing model to assess the 

effects of land cover and land use on turtle density (Aue et al. 2012; Chandler & Hepinstall-

Cymerman 2016; Miguet et al. 2017). We developed separate models for the historic and modern 

time periods. This hierarchical model estimates the effect of a given covariate as well as its 

maximal scale of effect (i.e., the spatial extent at which that covariate is having the greatest 

effect on turtle density). The model uses a distance-weighted smoothing function to down-weight 

the effect of a covariate as distance from the pond perimeter increases.  

We calculated a distance-weighted representation of each covariate at each pond by first 

discretizing the 2,000-meter buffer surrounding each pond into 50-meter-wide non-overlapping 
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concentric rings and quantifying each of the eight land cover and the three land use covariates 

within each ring. The weight of each ring is then determined by a Gaussian smoothing kernel: 

𝑊𝑚 =

𝑒𝑥𝑝 (−
𝑑𝑚𝑗

2

2𝜎2) ∗ 𝐴𝑚

∑ 𝑒𝑥𝑝𝑚 (−
𝑑𝑚𝑗

2

2𝜎2) ∗ 𝐴𝑚

 

Where Wm is the weight of the ring, dmj is the distance between pond j and ring m, Am is the area 

of the ring, and σ is the scaling parameter. The scaling parameter is estimated by the model and 

determines how quickly the effect of a covariate will diminish with distance. A smaller scaling 

parameter results in a sharp decrease in effect as distance from the pond increases and is 

typically associated with smaller bodied and less mobile species (Thornton and Fletcher 2014; 

Concepción and Díaz 2011).  

We then calculated the distance-weighted representation for each covariate at each 

location by multiplying the value of the covariate in a ring by the weight of that ring, and then 

summing all the rings across a pond. Using the proportion of wetlands (WET) as an example: 

𝑊𝐸𝑇𝑤(𝑗) = ∑ 𝑊𝑚

𝑚

∗ 𝑊𝐸𝑇𝑚(𝑗) 

Where WETw(j) is the distance-weighted representation of the proportion wetlands at pond j. 

Wm is the weight of ring m. WETm(j) is the proportion of wetlands in ring m at pond j.  

We then used the distance-weighted representation of each covariate in a log normal 

turtle density model. Continuing with the proportion of wetlands as an example, this model took 

the form: 
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𝑁𝑖 ~ 𝑁𝑜𝑟𝑚𝑎𝑙(𝜇𝑖, 𝜏) 

𝜇𝑖 = 𝛽0 + 𝛽1 ∗ 𝑊𝐸𝑇𝑤𝑖  

Where, 𝑁𝑖 represents the turtle density (turtles/hectare) at pond i, as estimated by the closed-

population mark-recapture model. 𝑁𝑖 is normally distributed with a mean of 𝜇𝑖, and a variance of 

𝜏. The mean at pond i (𝜇𝑖) is equal to the intercept (𝛽0) plus the distance-weighted representation 

of the proportion wetlands multiplied by the effect of wetlands (𝛽1).  

Given the sample size of ponds (historic n = 32, modern n = 31), we used a stepwise 

procedure with univariate models to arrive at a final model for inference, whereby we retained all 

covariates that had an effect. We considered a covariate to have an effect if the 90% credible 

interval did not overlap zero. We tested all combinations of retained covariates while limiting the 

number of covariates in a single model to three due to modest sample sizes. We used a Pearson 

correlation to assess collinearity between covariates and only included non-correlated covariates 

in any single model. We ran separate models for the historic and the modern turtle density. For 

historic turtle density we tested contemporary land cover (2001) and land cover from 1970-1980. 

For modern turtle density, we considered current land cover covariates (2019) and tested the 

effect of the historic (2001) land cover covariates. We did this because previous research on 

freshwater turtles suggests a lag time between the introduction of a disturbance and a measurable 

effect on abundance due to their long lifespans (Garber & Burger 1995). In both the modern and 

historic density models we only considered the contemporary land use covariates since they were 

selected to represent sources of direct mortality. With direct mortality, we expected a more 

immediate population response than from land cover change which primarily influences the 

reproductive potential of the population.  
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Similar to the abundance models, we fit all landscape models to the data using the 

Bayesian approach described above. All priors were diffuse and uninformative (Appendix C.2). 

We ran the models for 5,000 iterations with a burn in of 500 iterations and a thinning rate of one. 

We assessed the model’s goodness of fit using a Bayesian P-value. The Bayesian P-value is a 

summed squares of residuals goodness of fit test where the deviation about the mean from the 

observed data is compared to the deviation about the mean of expected data generated by the 

model. A Bayesian-P value of 0.5 indicates perfect fit. We performed model selection using DIC. 

When paired with diffuse and uninformative priors, Bayesian DIC performs similarly to AIC 

under frequentist analysis (Ellison 2004). DIC estimates the effective number of parameters in 

the model which makes it especially useful for complex models such as those with random 

effects or a hierarchical structure (Ward 2008; Wilberg & Bence 2008). We averaged parameter 

estimates across all models within two DIC units of the top model by calculating the mean and 

95% confidence intervals across all iterations for each parameter (Hooten and Hobbs 2015). The 

resulting averaged parameter estimates are slightly less precise than any single model but better 

capture the uncertainty inherent in the model selection process (Ellison 2004).  

For sex ratio, we used a generalized linear model to assess the effects of land cover and 

land use on the proportion of males in the population. We log transformed the proportion data in 

order to constrain model predictions to biologically possible outcomes (Hardy 2002). We 

constrained land cover and land use covariates to 500-meters, the maximum scale at which any 

given covariate was estimated to have an impact on the population under the distance-weighted 

smoothing density model. We used the same stepwise univariate approach here as above to 

arrive at a final model. We excluded ponds with less than ten unique captures because estimation 

of sex ratio based on so few captures would be unreliable. AICc was used to select between 
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models. We interpreted the strongest model as that having the greatest AICc weight, recognizing 

that unnested models with delta AICc less than two are often considered equivalent (Aho et al. 

2014). 

For chemicals that were detected in turtle blood, we used generalized linear models to 

assess the relationship between the chemical concentrations and land cover and land use. We 

used the same 500-meter constrained covariates as the sex ratio analysis and used a univariate 

approach. We used R2 to assess the strength of the relationship and p-values to assess statistical 

significance. Since there is no historic chemical contaminant data, we performed this analysis for 

the modern time period only using modern land cover and land use covariates.  
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RESULTS 

 

Population Demographics 

Between 2019 and 2021, we captured 1,694 turtles, comprising 1,285 unique captures 

and 409 recaptures across five species (Table 3). Painted turtles were the most common species 

by far (84% of all captures). Snapping turtles (Chelydra serpentina) were the second most 

abundant followed by the rarer species, Blanding’s turtles (Emydoidea blandingii), musk turtles 

(Sternotherus odoratus), and spotted turtles (Clemmys guttata). The average recapture rate was 

31.8% across all species and 33.9% for painted turtles. 

We modeled historic (2000-2001) turtle abundance estimates for each of the 32 ponds 

from the original survey (Marchand and Litvaitis 2004) (Table 4). Abundance estimates ranged 

from five to 189 turtles with an average population size of 53 turtles. Average detection 

probability ranged from 0.18 to 0.25 across all 4 historic sampling occasions. The abundance 

estimates for the 31 ponds sampled in the modern period (2019-2021) ranged from five to 123 

turtles with an average population size of 38 turtles (Table 5). Average detection probability 

ranged from 0.16 to .28 across the modern sampling occasions. 

We compared the abundance estimates for the 24 ponds that were sampled in both time 

periods (Table 6). We considered the population size to have changed if the 95% credible 

interval for the abundance estimate in each time period did not overlap with one another. We 

found that nine ponds experienced a decrease in population size, while two ponds experienced an 

increase, and 13 ponds had no change in population size (Fig. 6).  
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Average sex ratio in the historic period was 0.63 and ranged from 0.3 to 1. The modern 

sex ratio ranged from 0.33 to 0.86 with an average of 0.56. The binomial significance tests 

indicated there were six historic ponds with a skewed sex ratio and five modern ponds with a 

skewed sex ratio (Table 7).  

 

Land Cover and Land Use Effects  

We quantified land cover at each pond and found that forest cover varied the most across 

ponds in both the historic (Fig. 2) and modern (Fig. 3) time periods. The historic proportion of 

forest ranged from 7.6% to 87.6% with an average of 58%. The modern proportion of forest 

ranged from 5.4% to 87.5% with an average of 54%. Agriculture, wetland, open/disturbed, low-

intensity development, and high-intensity development varied between 0 and 40% of the buffer 

area across all ponds in both time periods. There was little variation in the proportion of open 

water or shrubland between ponds or across time periods, with none of the ponds having more 

than 10% of the buffer area in either land cover class. For the land use covariates, average 

historic human population density was 1.03 people/km2 and average modern historic human 

population density was 0.84 people/km2. Historic human population density ranged from 0.06 to 

8.98 people/km2 (Fig. 4) and modern human population density ranged from 0.02 to 6.37 

people/km2 (Fig. 5). Historic road length ranged from 1171 m to 11,120 m with an average of 

3225.9 m. Modern road length ranged from 578.57 m to 11,202.2 m with an average of 2948.5 

m. Historic average daily traffic ranged from 0 to 25,091.9 cars/day with an average of 2,104.9 

cars/day. Modern average daily traffic ranged from 0 to 15,542 cars/day with an average of 

2,118.9 cars/day.  
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For historic turtle density, the best supported model (lowest DIC) included the proportion 

of forest and the proportion of wetlands. Five other models received substantial support (<2 

ΔDIC), and mostly consisted of combinations of proportion forest, proportion wetlands, and road 

length (Table 8). Averaged across the top 6 historic painted turtle density models, the proportion 

of forest cover was the only covariate that had an effect on turtle density, with forest cover 

negatively impacting painted turtle density (βForest = -0.72, 95% CI = -1.29 – -0.72). However, 

the effect of wetlands on population density could not be dismissed entirely as the 95% 

confidence interval narrowly crossed zero (Fig. 7) and wetlands did have a positive effect on 

turtle density under a 90% confidence interval (βWetland = 0.51, 90% CI = 0.02 – 1.02). After 

model averaging, road length did not have an effect on historic turtle density (βRoad Length = 0.3, 

95% CI = -0.38 – 0.97). The maximal scale of effect for proportion forest and proportion 

wetlands was 260.4 m (95% CI = 22.9 – 485.8 m) and 196 m (95% CI = 31 – 483 m) 

respectively. We tested for the influence of the 1970-1980 land cover covariates on historic turtle 

density, but they performed significantly worse than the 2001 land cover covariates in all 

instances (Appendix B2). 

Modern painted turtle density was best explained by historic proportion of forest and 

wetlands, and modern road length. There were six other models with substantial support (<2 

ΔDIC). Similar to the historic models, most comprised combinations of proportion forest, 

proportion wetlands, and road length (Table 9). In each instance, the models with historic land 

cover covariates (2001) outperformed those with modern land cover covariates (2019), 

supporting the hypothesis that there is a lag time between a landscape disturbance and a 

measurable effect on turtle density.  
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Averaged over the top seven modern painted turtle density models, proportion wetland 

and road length had an effect on turtle density (Fig. 7). The proportion of wetlands had a positive 

impact on turtle density (βWetland = 0.79, 95% CI = 0.19 – 1.36), while road length had a negative 

impact (βRoad Length = -0.79, 95% CI = -1.59 – -0.02). Similar to the effect of wetlands on historic 

density, the 95% confidence interval for proportion forest narrowly crossed zero and forest cover 

did have an negative effect on turtle density under a 90% confidence interval (βForest = -0.64, 

95% CI = -1.42 – -0.03). The maximal scale of effect for wetlands, road length, and forest were 

255.5 m (95% CI = 84 – 472.5 m), 262.9 m (95% CI = 32.4 – 478.9 m), and 326 m (95% CI = 

66.1 – 494.7 m) respectively (Fig. 8).  

The GLM for historic sex ratio identified proportion of forest as the best supported model 

(lowest AICc), with greater forest cover associated with a higher proportion of males (coefficient 

= 0.27, SE = 0.17, p-value = 0.012). Three other models also received substantial support (<2 

ΔAICc), and each contained a single covariate, wetlands, development, and average daily traffic 

(Table 10). However, none of those covariates had a significant effect on sex ratio as they all had 

p-values greater than 0.05 (wetlands p-value = 0.25; development p-value = 0.36; average daily 

traffic p-value = 0.92). Similar to the historic time period, modern sex ratio was driven by 

proportion forest (Table 10) with a positive relationship between the amount of forest and the 

proportion males in the population (coefficient = 0.72, SE = 0.22, p-value = 0.003).  

  

Chemical Pollutants  

Two organochlorine pesticides and five synthetic pyrethroids were identified in painted 

turtle blood. There were no detections of organochlorine pesticides or synthetic pyrethroids in 
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the water samples. None of the organophosphate compounds that were tested for were detected 

in any blood or water samples.  

Five synthetic pyrethroids were detected in turtle blood: bioallethrin-I, bioallethrin-II, 

bifenthrin, transfluthrin, and tetramethrin-II. The most pervasive synthetic pyrethroid detected 

was bioallethrin-I which was present in 27 of the 30 blood samples across 11 of the 12 ponds 

tested. The mean concentration was 4,643.1 ppb with a range from 4463.5 ppb to 5446.7 ppb. 

Bifenthrin was found at the same 11 ponds and in 19 blood samples with a mean concentration 

of 3306.7 ppb (ranged from 3301.4 ppb to 3344.6 ppb). Bioallethrin-II was found in 16 blood 

samples across 10 ponds with a mean concentration of 2088.4 ppb (ranged from 1903.1 ppb to 

2227.3 ppb). Transfluthrin and tetramethrin-II were detected at a much lower frequency. 

Transfluthrin was detected in a single sample with a concentration of 2697.7 ppb and 

tetramethrin-II was detected in five samples across five ponds with a mean concentration of 

2506.6 ppb (ranged from 2499.9 ppb to 2510.9 ppb).  

Two organochlorine pesticides were detected in turtle blood: dieldrin and aldrin. These 

compounds are closely related to one another and aldrin is readily converted into dieldrin by the 

environment (Centers for Disease Control and Prevention 2021). Dieldrin was found in each of 

the 30 blood samples across every pond with a mean concentration of 145.3 ppb (ranged from 

85.7 ppb to 284.7 ppb). Aldrin was found in nine blood samples across six ponds with a mean 

concentration of 53.1 ppb (ranged from 13.3 ppb to 135.2 ppb).  

The generalized linear models relating the concentrations of both organochlorine 

pesticides and each of the four synthetic pyrethroids to land cover and land use covariates failed 

to identify any significant relationships between chemical concentrations and landscape 

covariates (Tables 12 and 13). The average p-value was 0.63 and the lowest p-value across all 
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chemicals and landscape covariates tested was 0.123. Additionally, the land cover and land use 

covariates did not explain much of the variation in either the synthetic pyrethroids (Fig. 9 and 

10) or the organochlorine pesticides (Fig. 11 and 12). The average R2 value was 0.05 and the 

maximum R2 across all chemicals and landscape covariates tested was 0.32.  
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DISCUSSION 

 

We used a survey-resurvey approach to determine the effects of landscape context on 

painted turtle population density and sex ratio over a 20-year period in southeastern New 

Hampshire. We found that forest cover and road length negatively impacted painted turtle 

density, while the proportion of wetlands positively impacted turtle density. Moreover, we found 

that the historic (2001) land cover covariates were a better predictor of modern (2019-2021) 

turtle density than is the modern (2019) landscape, suggesting a lag time between land cover 

conversion and a measurable effect on population density. We found no evidence of a lag effect 

on turtle sex ratio. Rather, current proportion of forest cover was the best predictor of sex ratio, 

with male-skewed populations associated with highly forested ponds in both time periods. 

Lastly, we identified pervasive bioaccumulation of synthetic pyrethroids and organochlorine 

pesticides in painted turtles across the urbanization gradient. Despite having tested for chemical 

contaminants in turtle blood across the full range of landscape contexts, including ponds with the 

highest proportion of forest, agriculture, development, and human population density, there was 

no relationship between the concentration of chemicals detected and any land cover or land use 

covariates.  

 

Lag in Demographic Response 

Turtles are long-lived species, with long generation times and low annual recruitment, 

and their demographic response to environmental change is often lagged as it may take years for 

the cumulative reduction in recruitment to substantially impact abundance (Metzger et al. 2009; 
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Jiménez-Franco et al. 2022). We found historic landscape variables outperformed modern 

landscape variables as predictors of modern painted turtle density, suggesting a lag in painted 

turtle response. A 20-year lag is reasonable given painted turtles expected lifespan of 40-50 years 

(Schwanz et al. 2011) and a time to sexual maturity of four to six years (Frazer et al. 1993). A 

recent study on spur-thighed tortoise (Testudo graeca) populations in southeast Spain, found that 

it took 30 years following land cover conversion before negative effects on population density 

could be detected (Jiménez-Franco et al. 2022). The spur-thighed tortoise is longer lived than 

painted turtles with a lifespan of 127 years (Caglar et al. 2021) and a time to sexual maturity 

between eight and 12 years (Tiar-Saadi et al. 2022), which is likely why the lag-time we 

identified for painted turtles is shorter. Studies of long-lived species suggest extinction debt is 

common, underscoring the need for pro-active management strategies to mitigate declines 

(Kuussaari et al. 2009). 

 

Effect of Land Cover and Land Use 

Forest cover negatively effects painted turtle and is associated with male-skewed sex 

ratios and lower population densities. These two demographic responses to forest cover are likely 

linked. Freshwater turtles prefer to nest in open areas with little to no vegetative cover and these 

ponds are most likely to produce a 50/50 hatchling sex ratio due to temperature-dependent sex 

determination (Kolbe & Janzen 2002; Mitchell et al. 2013; Roberts et al. 2022). When preferred 

nesting sites are unavailable, turtles will nest under canopy where incubation temperatures will 

be lower resulting in a male-skewed hatchling sex ratio (Mitchell et al. 2013). Consistently male-

biased hatchlings can lead to a male-biased population over time. Male-biased ponds can have 

decreased reproductive output (Judson et al. 2020), which could ultimately decrease population 
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density. Our findings are consistent with those of Marchand and Litvaitis (2004), who found the 

proportion of males in the historic population was positively associated with the proportion of 

forest within 500 meters of the pond.  

The proportion of wetlands was the only covariate found to have a positive effect on 

turtle density. Wetlands surrounding a pond effectively increase the amount of core habitat 

available to a freshwater turtle population (Roe et al. 2009). Wetlands also increase connectivity 

between ponds by facilitating movement without incurring road-mortality risk (Patrick & Gibbs 

2010). Wetland networks can be especially beneficial when a local pond experience stochastic 

environmental events (e.g., drought or flooding) (Roe & Georges 2007; Rees et al. 2009). In 

contrast to our findings on turtle density, the proportion of wetlands did not have a significant 

impact on modern or historic painted turtle sex-ratio. A recent study on the spotted turtle 

suggests that the effects of wetlands on sex-ratio is dependent on both the spatial arrangement of 

wetlands and the degree of urbanization (Roberts et al. 2022).   

Roads negatively impact modern turtle density. Direct mortality from vehicle collisions is 

likely a primary driver of the negative relationship between population density and road length. 

High rates of road mortality in turtle populations are well documented (Ashley & Robinson 

1996; Haxton 2000a; Steen & Gibbs 2004). We did not detect the same relationship between 

roads and historic turtle density, which was consistent with the findings of Marchand and 

Litvaitis (2004). This suggests that the cumulative loss of individuals to road mortality may not 

have been large enough to result in detectable differences in density at that time. We were 

surprised to find that average daily traffic was a worse predictor of turtle density than road 

length, as we had expected that roads with more traffic would pose a greater threat to migrating 

turtles. Road length may have been the better predictor because it captures the other deleterious 
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effects of roads better than traffic volume. Freshwater turtles readily make use of anthropogenic 

areas for nesting, including along roadways (Beaudry et al. 2010). However, the females that use 

these areas and the resulting nests could be at an increased risk of predation. Red foxes, 

raccoons, and striped skunks, disproportionately use edge habitat along roads to search for prey 

items (Frey & Conover 2006).         

We failed to detect a relationship between the length of roads surrounding a pond and the 

modern or historic turtle population sex ratio. These findings are in direct contrast to previous 

studies, including at these same ponds 20 years ago (Steen & Gibbs 2004; Marchand & Litvaitis 

2004; Gibbs & Steen 2005; Patrick & Gibbs 2010). However, there is a growing body of 

research that have also found no relationship between roads and sex ratio (Dorland et al. 2014; 

Carstairs et al. 2018; Roberts et al. 2022). These conflicting findings suggest the spatial 

arrangement of other features on the landscape, such as nesting areas and adjacent wetlands, may 

play a crucial role in determining what effects roads have on a population. For example, in areas 

where wetlands are less aggregated, male and females turtles may have similar rates of road 

mortality since males will make inter-wetland movements in search of mates and females will 

make annual nesting migrations when they must leave the pond in search of nest sites on land 

(Roberts et al. 2022). Additionally, warming temperatures associated with climate change may 

be increasing the proportion of female hatchlings which could be having a modulating effect on 

the disproportionate loss of females by road mortality (Schwanz et al. 2010; Jensen et al. 2018).  

When determining how wildlife respond to differences in land cover and land use, it is 

critical to consider the scale of effect, or spatial extent at which the variable best predicts 

population response (Jackson & Fahrig 2012). Scale of effect can be influenced by species traits 

(e.g., body size or dispersal capability) landscape context, and the analytical methods used 
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(Miguet et al. 2016). Failure to accurately determine the scale of effect may result in errors in 

inference (Eigenbrod et al. 2011; Jackson & Fahrig 2015). Often, a multi-scale approach is 

adopted where the effect is assessed across a series of buffers of a predetermined extent (Miguet 

et al. 2016). However, this approach assumes that the effect of a variable is constant throughout 

the entire buffer and drops to zero immediately outside of the chosen buffer (Aue et al. 2012). To 

avoid this limitation, we employed a distance-weighted smoothing method where the effect of a 

landscape variable diminishes as distance from the focal site increases (Miguet et al. 2017; Moll 

et al. 2020). We found little variation in the maximal scale of effect estimates between the 

landscape variables or between time periods (Fig. 8). Mean estimates ranged from approximately 

200 m to 325 m from the pond perimeter with nearly all models agreeing that the 95% 

confidence interval for the maximal scale of effect is between 50 meters and 450 meters. These 

results suggest that the initial choice of a 2,000-meter buffer was more than sufficient to capture 

the effect of each landscape feature. The scales of effect we found for forest cover and road 

length were consistent with those in Marchand and Litvaitis (2004), which did not find evidence 

for a scale of effect greater than 500 m despite testing scales up to 2000 m. Our results also align 

with theoretical expectations, where the scale of effect is generally expected to be four to nine 

times the mean dispersal distance (Jackson & Fahrig 2012). Radio-telemetry on painted turtles in 

southeastern New Hampshire found that mean dispersal distance ranged from 54 m to 115 m 

(Baldwin et al. 2009). These findings suggest that any conservation and management activities 

aimed at bolstering freshwater turtle populations, such habitat manipulation or road-mortality 

mitigation, should be focused within 500 m of the pond perimeter.  
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Chemical Contamination 

Organochlorine pesticides and synthetic pyrethroids were detected in 100% of the turtles 

tested. Surprisingly, chemical contaminants were not detected in any water samples across all 31 

modern ponds. This pattern could arise if the residence time of chemical contaminants are 

shorter in water than in turtle tissue or if these chemicals persist at low concentrations in the 

environment and bioaccumulate in turtle tissue. Given that organochlorine pesticides and 

synthetic pyrethroids are known to persist in aquatic environments, it is likely that these 

chemicals are not actually absent in the water samples but are rather present in concentrations 

below the detection limit of the testing method and are bioaccumulating or biomagnifying in 

turtles (Lee et al. 2004; Wong et al. 2004; Xie et al. 2022). Organochlorine pesticides can have 

residence times in freshwater systems greater than 10 years (Catalan et al. 2004) and while 

synthetic pyrethroids were originally believed to degrade quickly in the environment, recent 

studies have shown that these compounds can become trapped in sediment rendering them 

inaccessible to microbial degraders and increasing their environmental persistence (Lee et al. 

2004). Chemical laden sediment could be another exposure pathway as painted turtles regularly 

forage along the pond bottom (Moldowan et al. 2015) and hibernate completely submerged in 

pond sediment for the duration of winter (Taylor & Nol 1989). These water- and fat-soluble 

chemicals bioaccumulate in the tissue of aquatic animals when chemical uptake exceeds the 

body’s capacity to process and eliminate the chemicals, resulting in a build-up in the body over 

time (Franke et al. 1994; Chopra et al. 2011; Xie et al. 2022). The concentration of chemicals 

accumulated is much greater for animals occupying higher trophic levels due to the 

biomagnification (Drouillard 2008).  
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Human land use practices introduced these chemicals into the freshwater systems and can 

have legacy effects long after their use has been stopped. For example, organochlorine 

pesticides, the same family that contains the infamous dichlorodiphenyltrichloroethane (DDT), 

were used extensively in agriculture and residential insect control until they were banned by the 

USDA in 1970 citing toxic health effects (U.S. EPA 2003). Despite not being used for more than 

50 years, we detected organochlorine pesticides in all turtle blood samples we tested. Synthetic 

pyrethroids, which largely replaced organochlorine pesticides after their ban (Riar 2014), are still 

used extensively today by commercial mosquito and tick prevention companies and by 

individuals in the form of aerosol sprays or foggers (Spurlock & Lee 2008). Synthetic 

pyrethroids were also found in 100% of the turtles we tested. The bioaccumulation of 

organochlorine pesticides and synthetic pyrethroids in freshwater turtles is concerning because 

both groups of chemicals have toxic effects on aquatic life and the potential for endocrine 

disruption (Coats et al. 1989; Willett et al. 1998; Chopra et al. 2011; Wang et al. 2020). 

Organochlorine pesticides are neurotoxic, carcinogenic, and at low concentrations have sub-

lethal effects such as impaired development, immunosuppression, and reduced fertility (Jayaraj 

et al. 2016). Synthetic pesticides are acutely toxic at high concentrations and have sub-lethal 

effects such as impaired development, behavioral modifications, and low survivability (Coats et 

al. 1989). The potential for endocrine disruption is particularly concerning because even in 

concentrations below the detection limits of the testing used in this study, endocrine disruptors 

can elicit serious biological response, often with reproductive consequences that can influence 

fertility and sex ratio (Guillette Jr. et al. 1996; Vandenberg et al. 2012; Iwanowicz et al. 2016; 

Leslie 2017). Our findings demonstrate that these chemical contaminants are pervasive in 

freshwater systems in southeastern New Hampshire and further investigations is warranted to 
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determine the effects that these compounds may be having on turtle physiology and their 

contribution to population declines.   

 

Conclusions 

We found strong evidence of a legacy effect of historic landscape context on modern 

painted turtle density in New Hampshire. Considering the legacy effects of land cover change 

and land use is essential for effective conservation and management because even populations 

that appear healthy now could have an elevated risk of extinction in the future.  

Painted turtles are widespread and possess several key life-history traits shared by most 

freshwater turtles, long lifespans, delayed sexual maturity, and dependence on both aquatic and 

terrestrial habitats, making them a potentially good indicator of freshwater turtle response to 

environmental change. There is, however, variation among freshwater turtle species in their 

relative use and dependence on aquatic and terrestrial habitats. Painted turtles fall at the highly 

aquatic end of this habitat-use spectrum and are relatively small-bodied, thus we must adjust our 

expectations for other freshwater turtles whose use of the landscape differs in important ways. 

Semi-aquatic species like the Blanding’s turtle may be at even greater risk because they utilize a 

mosaic of different habitats seasonally and frequently make long-distance and long-duration 

terrestrial movements (Ross & Anderson 1990; Rowe & Moll 1991; Congdon et al. 2011). 

Large-bodied species like the snapping turtle travel much further overland in search of nesting 

areas (Obbard & Brooks 1980). Species that require a mosaic of wetland and terrestrial habitats, 

and must travel long distances between them, are at greater risk of road-related mortalities, 

decreased genetic diversity, and male-skewed sex ratios (Reid and Peery 2014); they may also 
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respond to land cover and land use change at different temporal and spatial scales than highly 

aquatic species like the painted turtle.  

The extent to which our findings will translate to other regions is unclear. The 

relationships we detected may not exist in regions with different land cover or land use regimes, 

as the rural-urban gradient that exists in our study area is not universally representative of 

‘urbanization’ or agriculture in other regions. Our most intense ‘agriculture’ ponds had no 

greater than 40% agriculture within 500 m of the pond and the agricultural land cover is 

primarily hay cultivation. The effect of large-scale industrial agriculture practices may have 

different impacts than what we observed. Similarly, we did not have any ponds where high-

intensity development comprised more than 50% of the area within 500 m.   
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TABLES 

 

Table 1. List of the 65 chemical contaminants tested for in turtle blood samples and water samples. Testing was 

performed by Michigan State Veterinary Diagnostics Laboratory using gas chromatography-mass spectrometry. 

Synthetic Pyrethroids Organophosphate Pesticides Organochlorine Pesticides 

Tefluthrine  Methacrifos BHC-alpha 

Trans-fluthrin  Sulfotepp BHC-gamma (Lindane) 

Bioallethrin-I  Terbufos BHC-beta 

Bioallethrin-II  Tocolofos-methyl BHC-delta 

Resmethrin  Ronnel Heptachlor 

Bifenthrin  Fenthion Aldrin 

Phenothrin  Malathion Oxychlordane 

Tetramethrin-I  Bromophos-ethyl Chlordane-cis 

Tetramethrin-II  Clofenvinfos Chlordane-trans 

cis-Permethrin  Prothiofos Trans-nonachlor 

trans-Permethrin  Tetrachlorvinphos Chlordane-cis 

lambda-Cyhalothrin  Bromfenvinfos Endosulfan I 

Acrinathrin  Profenofos Endosulfan II 

Cyfluthrin-I  Fenamiphos Dieldrin 

Cypermethrin-I  Chlorthiophos DDE-p,p' 

Cyfluthrin-II  Ethion Endrin 

Cyfluthrin-III  Carbophenothion DDD-p,p' 

Cypermethrin-II  Edifenphos DDT-p,p' 

Cypermethrin-III  Leptophos Methoxychlor 

Cyfluthrin-IV  Coumaphos Endosulfan sulfate 

Cypermethrin-IV   
Endrinketone 

Deltamethrin-I    

Fluvalinate    

Deltamethrin-II      
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Table 2. Results of model selection using DIC for Bayesian closed-population capture-mark-recapture painted turtle 

(Chrysemys picta) abundance models. Rhat values were used to assess model convergence. 

Model Mean N SD 95% CI Rhat DIC ∆DIC 

Closed Time Effects 39 4.9 32 - 50 1.005 270.9 0 

Closed Individual and Time Effects 42 7.7 37 - 62 1.006 278.2 7.3 

Closed Null Model 43 7.9 33 - 64 1.007 361 90.1 

Closed Individual Random Effects 68 24.5 37 - 129 1.008 620.4 349.5 

Open Jolly-Seber Model 37 11.46 19 – 64 1.006 630.3 359.4 

 

 

Table 3. Summary of captures by species and year for the 31 ponds sampled in the modern time period (2019-2021) 

in southeastern New Hampshire, USA. 

Species Year Total 

  2019 2020 2021  

  

New 

Captures Recaptures 

New 

Captures Recaptures 

New 

Captures Recaptures   

Chrysemys picta 236 68 264 66 568 229 1431 

Chelydra serpentina 30 7 68 12 63 15 195 

Emydoidea 

blandingii 2 1 2 0 30 10 45 

Sternotherus 

odoratus 10 1 0 0 7 0 18 

Clemmys guttata 0 0 0 0 5 0 5 

Total 278 77 334 78 673 254 1694 
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Table 4. Abundance estimates for historic painted turtle populations under a Bayesian closed population capture-

mark-recapture model. Model estimates are provided for each of the 32 ponds sampled in 2000 and 2001 (Marchand 

and Litvaitis 2004). N is abundance and P1-P4 are detection probabilities. Rhat values for all N and P estimates ≤ 

1.02. Pond names have been changed to protect the privacy of private landowners. 

Pond Year N SD 2.50% 97.50% P1 P2 P3 P4 

Walnut 2000 189.21 23.39 146 233.03 0.1 0.25 0.14 0.13 

Beech 2001 175.69 22.4 129 208 0.09 0.03 0.15 0.1 

Juniper 2001 159.08 28.05 110 210 0.18 0.11 0.15 0.05 

Black Gum 2001 130.16 23.09 91 183 0.12 0.13 0.07 0.27 

Pitch Pine 2000 122.09 22.81 87 178 0.28 0.07 0.17 0.12 

Basswood 2001 112.56 18.09 85 154 0.3 0.2 0.13 0.14 

Hophornbeam 2001 107.63 24.67 70 164 0.12 0.16 0.1 0.17 

Black Cherry 2001 83.65 19.26 56 133 0.26 0.1 0.18 0.1 

White Spruce 2001 72.87 19.46 47 125 0.14 0.14 0.27 0.1 

White Ash 2001 66.99 24.34 37 132 0.11 0.02 0.15 0.27 

Bigtooth Aspen 2001 45.07 10.12 32 71 0.35 0.24 0.02 0.22 

Quaking Aspen 2001 44.79 15.87 24 84 0.09 0.19 0.19 0.09 

Larch 2001 42.52 17.29 23 86.03 0.1 0.15 0.23 0.18 

Hickory 2000 36.49 10.42 24 65 0.06 0.47 0.19 0.14 

Hawthorn 2001 32.65 16.03 17 77.05 0.07 0.4 0.17 0.03 

Yellow Birch 2000 31.38 6.43 23 47 0.25 0.37 0.22 0.19 

Silver Maple 2001 28.53 16.14 13 78 0.08 0.12 0.39 0.04 

Red Oak 2000 27.24 14.58 12 66 0.08 0.04 0.16 0.32 

Dogwood 2001 26.61 7.34 18 45 0.37 0.15 0.4 0.04 

Sumac 2000 21.26 7.66 14 43.03 0.05 0.18 0.19 0.6 

Hemlock 2001 19.02 4.63 14 31 0.1 0.2 0.64 0.15 

Red Maple 2000 18.01 3.1 15 27 0.92 0.67 0.8 0.91 

White Pine 2000 16.81 9.84 7 43 0.12 0.25 0.13 0.19 

Serviceberry 2000 15.81 9.35 7 43.03 0.07 0.34 0.2 0.13 

Sugar Maple 2001 14.19 7.75 8 35 0.07 0.56 0.14 0.07 

Mountain Ash 2001 11.23 3.44 8 21 0.08 0.56 0.4 0.08 

Black Oak 2000 10.29 4.51 6 23 0.18 0.36 0.27 0.18 

White Oak 2000 8.88 3.92 6 19 0.1 0.1 0.59 0.29 

River Birch 2000 7.57 2.77 6 15 0.76 0.11 0.22 0.11 

Chestnut 2000 7.4 3.85 5 16 0.11 0.58 0.23 0.23 

Elm 2001 7.25 3.06 5 16 0.11 0.23 0.58 0.22 

Paper Birch 2000 5.16 3.77 3 14.03 0.47 0.32 0.15 0.16 
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Table 5. Abundance estimates for modern painted turtle populations under the Bayesian closed population mark-

recapture model. Estimates are provided for each of the 31 ponds sampled in 2019, 2020, or 2021. N is abundance 

and P1-P4 are detection probabilities. Rhat values for all N and P estimates ≤ 1.02. Pond names have been changed 

to protect the privacy of private landowners. 

Pond Year N SD 2.50% 97.50% P1 P2 P3 P4 

Black Willow 2021 123.05 22.13 88 173 0.13 0.06 0.24 0.18 

Serviceberry 2021 88.92 20.14 75 136.06 0.09 0.23 0.08 0.03 

Walnut 2021 76.26 15.92 53 114 0.19 0.23 0.29 0.03 

Pin Cherry 2021 72.36 20.79 45 125 0.14 0.23 0.16 0.09 

Hophornbeam 2021 71.57 32.78 31 160 0.18 0.18 0.05 0.05 

Mountain Ash 2021 67.92 19.04 43 114 0.18 0.3 0.06 0.2 

White Ash 2019 67.74 12.37 50 97 0.25 0.13 0.27 0.22 

Black Cherry 2021 66.1 24.12 36 130 0.05 0.24 0.15 0.1 

Sycamore 2020 59.69 12.27 42 89 0.23 0.29 0.15 0.14 

Red Pine 2021 50.43 10.76 36 79 0.24 0.08 0.1 0.2 

White Spruce 2021 46.91 17.81 24 95 0.23 0.07 0.11 0.16 

Pitch Pine 2021 45.48 20.59 25 99 0.29 0.26 0.14 0.03 

Hornbeam 2021 42.04 5.48 34 55 0.3 0.25 0.37 0.32 

Quaking Aspen 2020 41.71 20.93 20 99 0.29 0.16 0.03 0.08 

Juniper 2021 37.81 18.93 18 92 0.03 0.17 0.07 0.38 

Sumac 2019 37.1 16.65 19 84.03 0.29 0.03 0.27 0.03 

Yellow Birch 2019 32.89 8.35 22 55 0.09 0.3 0.27 0.24 

Bigtooth Aspen 2020 25.37 6.36 18 42 0.38 0.38 0.19 0.07 

Beech 2020 24.78 18.17 10 82 0.19 0.34 0.05 0.05 

Silver Maple 2021 16.48 8.9 8 41.03 0.19 0.44 0.07 0.06 

Sassafras 2021 13.95 7.23 9 33 0.62 0.21 0.07 0.07 

Hickory 2019 11.53 3.29 8 20 0.08 0.49 0.25 0.41 

White Cedar 2021 10.54 6.64 6 27 0.55 0.09 0.18 0.09 

Larch 2020 10.09 3.62 7 19 0.18 0.53 0.18 0.27 

Chestnut  2020 10.07 3.95 7 21 0.07 0.63 27 0.18 

Dogwood 2020 8.8 2.42 7 16 0.67 0.19 0.19 0.29 

Black Oak 2021 7.48 1.94 6 13 0.22 0.65 0.22 0.22 

White Oak 2020 7.1 2.9 5 15 0.36 0.58 0.11 0.12 

Paper Birch 2019 5.63 3.06 4 13 0.14 0.14 0.57 0.42 

River Birch 2019 5.55 2.32 4 12 0.14 0.42 0.57 0.15 

Red Maple 2019 5.21 3.83 3 15 0.15 0.47 0.32 0.16 
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Table 6. Change in painted turtle abundance between initial sampling (2000 or 2001; Marchand and Litvaitis 2004) 

and resampling (2019, 2020, or 2021) for the 24 resurveyed ponds in southeastern New Hampshire, USA. N is 

painted turtle abundance. Pond names have been changed to protect the privacy of private landowners. 

Pond Historic Current   

  Year N Year N Change in N 

Serviceberry 2000 15.81 2021 88.92 73.11 

Mountain Ash 2001 11.23 2021 67.92 56.69 

Sumac  2000 21.26 2019 37.1 15.84 

Chestnut 2000 7.4 2020 10.07 2.67 

Yellow Birch 2000 31.38 2019 32.89 1.51 

White Ash 2001 66.99 2019 67.74 0.75 

Paper Birch 2000 5.16 2019 5.63 0.47 

White Oak 2000 8.88 2020 7.1 -1.78 

River Birch 2000 7.57 2019 5.55 -2.02 

Black Oak 2000 10.29 2021 7.48 -2.81 

Quaking Aspen 2001 44.79 2020 41.71 -3.08 

Hophornbeam 2001 107.63 2020 98.39 -9.24 

Silver Maple 2001 28.53 2021 16.48 -12.05 

Red Maple 2000 18.01 2019 5.21 -12.8 

Pitch Pine 2000 122.09 2019 105.37 -16.72 

Black Cherry 2001 83.65 2021 66.1 -17.55 

Dogwood 2001 26.61 2020 8.8 -17.81 

Bigtooth Aspen 2001 45.07 2020 25.37 -19.7 

Hickory 2000 36.49 2019 11.53 -24.96 

White Spruce 2001 72.87 2021 46.91 -25.96 

Larch 2001 42.52 2020 10.09 -32.43 

Walnut 2000 189.21 2021 76.26 -112.95 

Juniper 2001 159.08 2021 37.81 -121.27 

Beech 2001 175.69 2020 24.78 -150.91 
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Table 7. Binomial significance test results for historic (2000-2001) and modern (2019-2021) painted turtle sex ratio. 

A p-value of less than 0.05 indicated the population sex ratio is biased. NA indicates the pond was not sampled in 

that time period.  

  Historic Modern 

Pond Sex Ratio P-value Sex Ratio P-value 

Basswood 0.667 0.001 NA NA 

Beech 0.627 0.026 0.300 0.688 

Bigtooth Aspen 0.583 0.280 0.400 0.581 

Black Cherry 0.438 0.295 0.400 0.424 

Black Gum 0.500 1.000 NA NA 

Black Oak 0.833 0.039 0.610 1.000 

Black Willow NA NA 0.482 0.791 

Chestnut 0.833 0.109 1.000 0.031 

Dogwood 0.556 0.824 0.800 0.219 

Elm 0.385 0.581 NA NA 

Hawthorn 0.471 0.860 NA NA 

Hemlock 0.467 0.804 NA NA 

Hophornbeam 0.390 0.060 0.375 0.281 

Hornbeam NA NA 0.750 0.007 

Juniper 0.532 0.625 0.770 0.006 

Larch 0.556 0.845 0.600 1.000 

Mountain Ash 0.857 0.039 0.550 0.585 

Paper Birch 0.333 0.625 0.672 1.000 

Pin Cherry NA NA 0.678 0.087 

Pitch Pine 0.518 0.804 0.600 0.541 

Quaking Aspen 0.588 0.324 0.679 0.344 

Red Maple 0.684 0.041 0.500 1.000 

Red Oak 0.667 0.099 NA NA 

Red Pine NA NA 0.667 0.152 

River Birch 0.429 0.727 0.560 1.000 

Sassafras NA NA 0.800 0.109 

Serviceberry 0.500 1.000 0.750 0.001 

Hickory 0.545 0.856 0.625 0.508 

Silver Maple 0.615 0.607 0.714 0.344 

Sugar Maple 0.375 0.383 NA NA 

Sumac 0.857 0.004 0.750 0.077 

Sycamore NA NA 0.600 0.377 

Walnut 0.459 0.329 0.714 0.006 

White Ash 0.500 1.000 0.349 0.049 

White Cedar NA NA 0.429 1.000 

White Oak 0.714 0.696 1.000 0.063 

White Pine 0.375 0.727 NA NA 

White Spruce 0.486 1.000 0.728 0.064 

Yellow Birch 0.476 1.000 0.476 1.000 
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Table 8. Results of model selection using DIC for historic distance-weighted smoothing painted turtle density 

models. All models within 3 DIC units of top model shown, full table of results available in appendix B2. Only 

models within 2 DIC units of the top model are considered equivalent. Covariates are for = proportion forest, wet = 

proportion wetlands, lid = proportion low-intensity development, opd = proportion open/disturbed, rl = road length, 

adt = average daily traffic, and hpop = human population density.    

Land Cover Land Use DIC ΔDIC Bayes.P 

Year Covariate Year Covariate       

2001 for   107.81 0.00 0.53 

2001 for, wet   108.01 0.20 0.54 

2001 for, wet 2001 rl 109.40 1.59 0.53 

2001 for, opd   109.51 1.70 0.53 

2001 wet, lid   109.64 1.83 0.53 

2001 for, opd, wet   109.90 2.09 0.54 

2001 for 2001 rl 110.05 2.24 0.54 

2001 for, lid   110.16 2.35 0.53 

2001 for, wet 2001 hpop 110.27 2.46 0.55 

2001 for 2001 adt 110.27 2.46 0.53 

2001 wet 2001 rl 110.32 2.51 0.53 
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Table 9. Results of model selection using DIC for modern distance-weighted smoothing painted turtle density 

models. All models within 3 DIC units of top model shown, full table of results available in appendix B1. Only 

models within 2 DIC units of the top model are considered equivalent. Covariates are for = proportion forest, wet = 

proportion wetlands, lid = proportion low-intensity development, opd = proportion open/disturbed, hid = proportion 

high-intensity development, rl = road length, adt = average daily traffic, and hpop = human population density. 

Land Cover Land Use DIC ΔDIC Bayes.P 

Year Covariate Year Covariate       

2001 for, wet 2019 rl 99.56 0.00 0.53 

2001 for, wet   99.67 0.11 0.54 

2001 wet   99.75 0.20 0.53 

2019 wet   100.43 0.87 0.55 

2019 for, wet   100.95 1.39 0.54 

2001 wet, lid   101.21 1.65 0.54 

2001 for 2019 rl 101.22 1.67 0.53 

2001 for, opd 2019 rl 101.62 2.07 0.53 

2001 wet, hid   101.69 2.13 0.54 

2019 for, wet 2019 rl 101.76 2.20 0.53 

2001 for, wet 2019 hpop 101.92 2.37 0.54 

2019 wet, lid   102.07 2.51 0.53 

2001 wet 2019 rl 102.10 2.54 0.54 

2001 for, lid   102.15 2.59 0.52 

2019 wet, hid   102.17 2.61 0.53 

2001 for, opd, wet   102.43 2.88 0.54 

2019 for 2019 rl 102.54 2.99 0.54 

2001 wet 2019 adt 102.55 3.00 0.53 
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Table 10. Results of model selection using AICc for generalized linear models of the effect of land cover and land 

use on the historic proportion of male adult painted turtles. Covariates are for = forest, road = road length, adt = 

average daily traffic, hpop = human population, dev = development, opd = open/disturbed, wet = wetlands, water = 

open water, ag = agriculture. 

Covariate Year AICc ΔAICc Likelihood Weight 

for 2001 -1.74 0.00 1.00 0.20 

wet 2001 -0.64 1.10 0.58 0.11 

dev 2001 -0.11 1.64 0.44 0.09 

adt 2001 0.00 1.74 0.42 0.08 

hpop 2001 0.26 2.01 0.37 0.07 

opd 2001 0.36 2.10 0.35 0.07 

road 2001 0.37 2.11 0.35 0.07 

for, road 2001, 2001 0.62 2.37 0.31 0.06 

water 2001 0.73 2.47 0.29 0.06 

ag 2001 0.76 2.50 0.29 0.06 

for, hpop 2001, 2001 0.85 2.59 0.27 0.05 

for, adt 2001, 2001 1.02 2.76 0.25 0.05 

for, hpop, road 2001, 2001, 2001 3.63 5.37 0.07 0.01 

for, hpop, adt 2001, 2001, 2001 3.89 5.63 0.06 0.01 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



37 
 

Table 11. Results of model selection using AICc for generalized linear models of the effect of land cover and land 

use on the modern proportion of male adult painted turtles. Covariates are for = forest, road = road length, adt = 

average daily traffic, hpop = human population, dev = development, opd = open/disturbed, wet = wetlands, water = 

open water, ag = agriculture.  

Covariate Year AICc ΔAICc Likelihood Weight 

for 2019 8.84 0.00 1.00 0.23 

for 2001 9.56 0.72 0.70 0.16 

for, road 2019, 2019 10.98 2.14 0.34 0.08 

for, adt 2019, 2019 11.06 2.23 0.33 0.07 

for, hpop 2019, 2019 11.27 2.44 0.30 0.07 

for, adt 2001, 2019 11.66 2.82 0.24 0.06 

for, road 2001, 2019 11.76 2.92 0.23 0.05 

for, hpop 2001, 2019 11.87 3.04 0.22 0.05 

dev 2019 12.48 3.64 0.16 0.04 

adt 2019 12.59 3.75 0.15 0.03 

for, hpop, adt 2001, 2019, 2019 12.74 3.91 0.14 0.03 

for, hpop, road 2001, 2019, 2019 13.09 4.25 0.12 0.03 

for, road, adt 2001, 2019, 2019 13.71 4.87 0.09 0.02 

hpop 2019 14.24 5.41 0.07 0.02 

opd 2019 14.43 5.60 0.06 0.01 

dev 2001 14.48 5.65 0.06 0.01 

for, hpop, adt 2001, 2019, 2019 14.52 5.69 0.06 0.01 

opd 2001 15.53 6.69 0.04 0.01 

wet 2019 15.75 6.91 0.03 0.01 

wet 2001 16.00 7.17 0.03 0.01 

road 2019 18.06 9.23 0.01 0.00 

water 2001 18.36 9.52 0.01 0.00 

water 2019 18.44 9.61 0.01 0.00 

ag 2019 18.73 9.89 0.01 0.00 

ag 2001 18.74 9.90 0.01 0.00 
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Table 12. Generalized linear modeling results relating the concentration of four synthetic pyrethroids in 30 turtle 

blood samples across 12 ponds to land use and land cover covariates.  

Chemical Landscape Covariate Coefficient Standard Error p-value R2 

Bioallethrin-I Forest -1227 1692 0.4847 0.05 

Bioallethrin-I Agriculture 217.6 4424.9 0.962 0.0002 

Bioallethrin-I Open/Disturbed 985.7 5041 0.8488 0.0038 

Bioallethrin-I Wetlands 5166.4 9042 0.58039 0.0316 

Bioallethrin-I Low-intensity Development -1.642 5822.501 0.99 0.0001 

Bioallethrin-I High-intensity Development 1767.6 3654.6 0.639 0.0229 

Bioallethrin-I Human Density 147.1 237.1 0.549 0.037 

Bioallethrin-I Average Daily Traffic 0.03422 0.134 0.804 0.0065 

Bioallethrin-I Road Length 0.079 0.1615 0.6333 0.0236 

Bioallethrin-II Forest 491.3 943.2 0.6138 0.1363 

Bioallethrin-II Agriculture 961.2 2418.5 0.6993 0.0156 

Bioallethrin-II Open/Disturbed 512.6 2777.1 0.8574 0.0372 

Bioallethrin-II Wetlands 5976.4 4695.2 0.2319 0.1394 

Bioallethrin-II Low-intensity Development -4605.8 2857.2 0.138 0.0132 

Bioallethrin-II High-intensity Development -3614 1685.3 0.576 0.0487 

Bioallethrin-II Human Density -198.1 117.5 0.123 0.0072 

Bioallethrin-II Average Daily Traffic -0.01539 0.07388 0.839 0.0043 

Bioallethrin-II Road Length -0.15335 0.07584 0.708 0.0233 

Bifenthrin Forest -4.568 15.583 0.776 0.0095 

Bifenthrin Agriculture 45.392 101.7 0.666 0.0217 

Bifenthrin Open/Disturbed -26.359 44.516 0.568 0.0375 

Bifenthrin Wetlands -7.07 85.54 0.936 0.0008 

Bifenthrin Low-intensity Development 5.636 52.317 0.917 0.0013 

Bifenthrin High-intensity Development -12.439 33.12 0.716 0.0154 

Bifenthrin Human Density 0.444 2.189 0.844 0.0046 

Bifenthrin Average Daily Traffic -0.001 0.001 0.623 0.0279 

Bifenthrin Road Length -0.003 0.001 0.804 0.0072 

Tetramethrin-II Forest 1815.9 1445.5 0.238 0.0264 

Tetramethrin-II Agriculture -3154.8 3838.8 0.43 0.0633 

Tetramethrin-II Open/Disturbed 2760.2 4441.6 0.548 0.0034 

Tetramethrin-II Wetlands -2252.8 8204.8 0.789 0.0075 

Tetramethrin-II Low-intensity Development -1899.3 5183.7 0.7217 0.2063 

Tetramethrin-II High-intensity Development -2311.5 3231.8 0.4908 0.3151 

Tetramethrin-II Human Density -58.24 215.81 0.7928 0.2214 

Tetramethrin-II Average Daily Traffic -0.1405 0.112 0.238 0.1359 

Tetramethrin-II Road Length -0.0706 0.14476 0.6359 0.2902 
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Table 13. Generalized linear modeling results relating the concentration of aldrin and dieldrin in 30 turtle blood 

samples across 12 ponds to land use and land cover covariates.  

Chemical Landscape Covariate Coefficient Standard Error p-value R2 

Aldrin Forest -15.59 36.66 0.68 0.0178 

Aldrin Agriculture -49.88 92.99 0.6034 0.028 

Aldrin Open/Disturbed 152.537 96.225 0.144 0.2008 

Aldrin Wetlands -255.55 178.38 0.1825 0.1703 

Aldrin Low-intensity Development 111.91 118.93 0.369 0.0813 

Aldrin High-intensity Development 31.04 78.18 0.6997 0.0155 

Aldrin Human Density 3.067 5.058 0.5578 0.0355 

Aldrin Average Daily Traffic -0.002 0.002 0.4619 0.0553 

Aldrin Road Length 0.002 0.003 0.44 0.0607 

Dieldrin Forest -2.742 32.98 0.935 0.0007 

Dieldrin Agriculture 23.429 83.805 0.786 0.0078 

Dieldrin Open/Disturbed 23.23 95.74 0.813 0.0059 

Dieldrin Wetlands 97.87 171.93 0.582 0.0314 

Dieldrin Low-intensity Development 0.27 110.69 0.998 0.0001 

Dieldrin High-intensity Development -9.396 70.221 0.896 0.0018 

Dieldrin Human Density 3.143 4.485 0.449 0.0468 

Dieldrin Average Daily Traffic -0.002 0.002 0.442 0.0602 

Dieldrin Road Length 0.001 0.003 0.987 0.0001 
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FIGURES 

 

 

 

Figure 1. Turtle survey ponds along an urbanization gradient in southeastern New Hampshire, USA. Historic ponds 

(white squares) were sampled in 2000 or 2001 (Marchand & Litvaitis 2004). Modern ponds (black stars) were 

sampled in 2019, 2020, or 2021. The majority of ponds were sampled in both time periods (yellow circles). Human 

development (shown in red) represents areas with greater than 20% impervious surface.  
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Figure 2. Frequency of historic (2001) land cover proportions within 500 meters of the pond perimeter for the 32 

historic ponds in southeastern New Hampshire, USA.  
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Figure 3. Frequency of modern (2019) land cover proportions within 500 meters of the pond perimeter across 31 

modern ponds in southeastern New Hampshire, USA.    
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Figure 4. Frequency of historic (2001) land use covariates within 500 meters of the pond perimeter for 32 ponds in 

southeastern New Hampshire, USA. 
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Figure 5. Frequency of modern (2019) land use covariates within 500 meters of the pond perimeter across 31 ponds 

in southeastern New Hampshire, USA.    
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Figure 6. Historic (2000-2001) and modern (2019-2021) painted turtle abundance estimates for 24 ponds sampled in 

both time periods in southeastern New Hampshire, USA. 

 

Figure 7. Model averaged parameter estimates of effect of proportion wetlands, road length, and proportion of forest 

on historic (2000-2001) turtle density (a) and modern (2019-2021) turtle density (b) in southeastern New 

Hampshire, USA. The dot represents the coefficient estimate and the lines represent the 95% credible interval.  
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Figure 8. Model averaged parameter estimates of maximal scale of effect for proportion wetlands, proportion forest, 

and road length on historic (2000-2001) turtle density (a) and modern (2019-2021) turtle density (b) in southeastern 

New Hampshire, USA. The dot represents the maximum scale of effect estimate and the line represents the 95% 

credible interval.  
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Figure 9. Linear relationship between the concentration of four synthetic pyrethroids in 30 painted turtle blood 

samples across 12 ponds and the proportion of six land cover classes within 500 meters of the pond perimeter. The 

proportion of open water and shrubland were not considered due to insufficient variation between the ponds. 
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Figure 10. Linear relationship between the concentration of four synthetic pyrethroids in 30 painted turtle blood 

samples across 12 ponds and three land use variables within 500 meters of the pond perimeter.  
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Figure 11. Linear relationship between the concentration of aldrin and dieldrin in 30 painted turtle blood samples 

across 12 ponds and the proportion of six land cover classes within 500 meters of the pond perimeter. The 

proportion of open water and shrubland were not considered due to insufficient variation between the ponds.  
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Figure 12. Linear relationship between the concentration of aldrin and dieldrin in 30 painted turtle blood samples 

across 12 ponds and three land use variables within 500 meters of the pond perimeter.  

 

 

 

 

 

 

 

 

  



51 
 

LIST OF REFERENCES 

 

Aho K, Derryberry D, Peterson T. 2014. Model selection for ecologists: the worldviews of AIC 

and BIC. Ecology 95:631–636. 

Ashley EP, Robinson JT. 1996. Road Mortality on the Long Point Causeway. The Canadian 

Field Naturalist 110:403–412. 

Aue B, Ekschmitt K, Hotes S, Wolters V. 2012. Distance weighting avoids erroneous scale 

effects in species-habitat models. Methods in Ecology and Evolution 3:102–111. 

Baldwin E, Marchand M, Litvaitis J. 2009. Terrestrial habitat use by nesting painted turtles in 

landscapes with different levels of fragmentation. Northeastern Naturalist 11:41–48. 

Barnosky A et al. 2011. Has the Earth’s Sixth Mass Extinction Already Arrived? Nature 471:51–

7. 

Beaudry F, Demaynadier PG, Malcolm LH Jr. 2010. Nesting Movements and the Use of 

Anthropogenic Nesting Sites by Spotted Turtles (Clemmys guttata) and Blanding’s 

Turtles (Emydoidea blandingii). Herpetological Conservation and Biology 5:1–8. 

Bowne DR et al. 2018. Effects of urbanization on the population structure of freshwater turtles 

across the United States: Urbanization Effects on Turtles. Conservation Biology 

32:1150–1161. 

Bull JJ, Vogt RC. 1979. Temperature-dependent sex determination in turtles. Science 206:1186–

1188.  

Burger J. 1977. Determinants of Hatching Success in Diamondback Terrapin, Malaclemys 

terrapin. The American Midland Naturalist 97:444–464.  

Caglar B, Ercan. 2021. Analysis of longevity in Chordata identifies species with exceptional 

longevity among taxa and points to the evolution of longer lifespans. Biogerontology 

22:329–343.  

Campbell SJ et al. 2020. Red fox viromes in urban and rural landscapes. Virus Evolution 6:65. 

Carstairs S, Dupuis-Desormeaux M, Davy CM. 2018. Revisiting the hypothesis of sex-biased 

turtle road mortality. The Canadian Field-Naturalist 132:289–295. 

Catalan J, Ventura M, Vives I, Grimalt JO. 2004. The Roles of Food and Water in the 

Bioaccumulation of Organochlorine Compounds in High Mountain Lake Fish. 

Environmental Science & Technology 38:4269–4275. 

Centers for Disease Control and Prevention. 2021. Organochlorine Pesticides Overview. 

National Biomonitoring Program. Available from 

https://www.cdc.gov/biomonitoring/AldrinDieldrin_BiomonitoringSummary.html 

(accessed February 3, 2023). 

Chandler R, Hepinstall-Cymerman J. 2016. Estimating the spatial scales of landscape effects on 

abundance. Landscape Ecology 31:1383–1394. 

Chopra AK, Sharma MK, Chamoli S. 2011. Bioaccumulation of organochlorine pesticides in 

aquatic systems—an overview. Environmental Monitoring and Assessment 173:905–916. 

Christens E, Bider JR. 1987. Nesting Activity and Hatching Success of the Painted Turtle 

(Chrysemys picta marginata) in Southwestern Quebec. Herpetologica 43:55–65. 

Clarke R, Gruenig A. 2003. Painted Turtle (Chrysemys picta) Nest Site Enhancement and 

Monitroing Elizabeth Lake Cranbrook, BC Progress Report. Columbia Basin Fish & 

Wildlife. 



52 
 

Coats JR, Symonik DM, Bradbury SP, Dyer SD, Timson LK, Atchison GJ. 1989. Toxicology of 

synthetic pyrethroids in aquatic organisms: An overview. Environmental Toxicology and 

Chemistry 8:671–679. 

Concepción ED, Díaz M. 2011. Field, landscape and regional effects of farmland management 

on specialist open-land birds: Does body size matter? Agriculture, Ecosystems & 

Environment 142:303–310. 

Congdon J, Kinney O, Nagle R. 2011. Spatial ecology and core-area protection of Blanding’s 

Turtle (Emydoidea blandingii). Canadian Journal of Zoology 89:1098–1106. 

Congdon JD, Breitenbach GL, Sels RC van L, Tinkle DW. 1987. Reproduction and Nesting 

Ecology of Snapping Turtles (Chelydra serpentina) in Southeastern Michigan. 

Herpetologica 43:39–54. 

Congdon JD, Dunham AE, van Loben Sels RC. 1993. Demographics and delayed sexual 

maturity in Blanding’s turtles: Implications for the conservation and management of 

long-lived chelonians. Proceedings of the Desert Tortoise Council Symposium 7:151–

152. 

Congdon JD, Tinkle DW, Breitenbach GL, Sels RC van L. 1983. Nesting Ecology and Hatching 

Success in the Turtle Emydoidea blandingi. Herpetologica 39:417–429. 

Dawson SJ, Crawford HM, Huston RM, Adams PJ, Fleming PA. 2016. How to catch red foxes 

red handed: identifying predation of freshwater turtles and nests. Wildlife Research 

43:615. 

Decker C, Simmons K. 2013, February 28. Surface Water Sampling Operating Procedure. U.S. 

Environmental Protection Agency. Available from 

https://www.epa.gov/sites/production/files/2015-06/documents/Surfacewater-

Sampling.pdf (accessed March 18, 2021). 

DeStefano S, DeGraff M. 2003. Exploring the Ecology of Suburban Wildlife. Frontiers in 

Ecology and the Environment 1:95–101. 

Dewitz J. 2021, July 8. National Land Cover Database (NLCD) 2019 Land Cover Science 

Product. U.S. Geological Survey. Available from https://doi.org/10.5066/P9KZCM54. 

Dijk PP van, Rhodin A. 2019. IUCN Red List of Threatened Species: Emydoidea blandingii. 

Available from https://www.iucnredlist.org/en (accessed November 18, 2020). 

Dorland A, Rytwinski T, Fahrig L. 2014. Do Roads Reduce Painted Turtle (Chrysemys picta) 

Populations? PLOS ONE 9:98414.  

Drouillard KG. 2008. Biomagnification. Pages 353–358 in Fath B, editor. Encyclopedia of 

Ecology (Second Edition).  

Eigenbrod F, Hecnar SJ, Fahrig L. 2011. Sub-optimal study design has major impacts on 

landscape-scale inference. Biological Conservation 144:298–305. 

Ellison AM. 2004. Bayesian inference in ecology. Ecology Letters 7:509–520. 

Eskew EA, Price SJ, Dorcas ME. 2010. Survival and recruitment of semi-aquatic turtles in an 

urbanized region. Urban Ecosystems 13:365–374. 

Federal Highway Administration. 2014. Lane-Miles by functional system. U.S. Department of 

Transportation. Available from 

https://www.fhwa.dot.gov/policyinformation/statistics/hm60.cfm. 

Franke C, Studinger G, Berger G, Böhling S, Bruckmann U, Cohors-Fresenborg D, Jöhncke U. 

1994. The assessment of bioaccumulation. Chemosphere 29:1501–1514. 



53 
 

Frazer NB, Greene JL, Gibbons JW. 1993. Temporal Variation in Growth Rate and Age at 

Maturity of Male Painted Turtles, Chrysemys picta. The American Midland Naturalist 

130:314–324.  

Frey SN, Conover MR. 2006. Habitat Use by Meso-Predators in a Corridor Environment. The 

Journal of Wildlife Management 70:1111–1118. 

Garber SD, Burger J. 1995. A 20-Yr Study Documenting the Relationship Between Turtle 

Decline and Human Recreation. Ecological Applications 5:1151–1162. 

Gibbs JP, Steen DA. 2005. Trends in sex ratios of turtles in the United States: Implications of 

road mortality. Conservation Biology 19:552–556. 

González-Suárez M, Zanchetta Ferreira F, Grilo C. 2018. Spatial and species-level predictions of 

road mortality risk using trait data. Global Ecology and Biogeography 27:1093–1105. 

Google. 2022. Map data ©2022 Google. Available from 

http://www.google.cn/maps/vt?lyrs=s@189&gl=cn&x={x}&y={y}&z={z}. 

Guillette Jr. LJ, Pickford DB, Crain DA, Rooney AA, Percival HF. 1996. Reduction in Penis 

Size and Plasma Testosterone Concentrations in Juvenile Alligators Living in a 

Contaminated Environment. General and Comparative Endocrinology 101:32–42. 

Hardy ICW. 2002. Sex Ratios: Concepts and Research Methods. Cambridge University Press. 

Haxton T. 2000. Road mortality of Snapping Turtles, Chelydra serpentina, in central Ontario 

during their nesting period. Canadian Field Naturalist 114:106–110. 

Hayes TB et al. 2011. Demasculinization and feminization of male gonads by atrazine: 

Consistent effects across vertebrate classes. The Journal of steroid biochemistry and 

molecular biology 127:64–73. 

Heppell S. 1998. Application of Life-History Theory and Population Model Analysis to Turtle 

Conservation. Copeia 1998:367–375. 

Iwanowicz LR et al. 2016. Evidence of estrogenic endocrine disruption in smallmouth and 

largemouth bass inhabiting Northeast U.S. national wildlife refuge waters: A 

reconnaissance study. Ecotoxicology and Environmental Safety 124:50–59. 

Jackson HB, Fahrig L. 2012. What size is a biologically relevant landscape? Landscape Ecology 

27:929–941. 

Jackson HB, Fahrig L. 2015. Are ecologists conducting research at the optimal scale? Global 

Ecology and Biogeography 24:52–63. 

Jain S, Sharma G, Mathur YP. 2012. Effects of Pesticides on hormone and enzyme systems of 

aqua population: a view over Anasagar lake, Ajmer. IOSR Journal of Environmental 

Science, Toxicology and Food Technology 1:24–28. 

Jayaraj R, Megha P, Sreedev P. 2016. Review Article. Organochlorine pesticides, their toxic 

effects on living organisms and their fate in the environment. Interdisciplinary 

Toxicology 9:90–100. 

Jensen MP, Allen CD, Eguchi T, Bell IP, LaCasella EL, Hilton WA, Hof CAM, Dutton PH. 

2018. Environmental Warming and Feminization of One of the Largest Sea Turtle 

Populations in the World. Current Biology 28:154-159.e4. 

Jiménez-Franco MV, Graciá E, Rodríguez-Caro RC, Anadón JD, Wiegand T, Botella F, 

Giménez A. 2022. Problems seeded in the past: lagged effects of historical land-use 

changes can cause an extinction debt in long-lived species due to movement limitation. 

Landscape Ecology 37:1331–1346. 

Johnson K. 2012. New Hampshire demographic trends in the twenty-first century. Available 

from https://scholars.unh.edu/carsey/164 (accessed November 19, 2020). 



54 
 

Judson JM, Hoekstra LA, Holden KG, Janzen FJ. 2020, November 11. Phenotypic and 

environmental predictors of reproductive success in painted turtles. bioRxiv. 

Kery M. 2010. Introduction to WinBUGS for Ecologists: Bayesian Approach to Regression, 

ANOVA, Mixed Models and Related Analyses. Elsevier Science & Technology.  

Kolbe JJ, Janzen FJ. 2002. Impact of Nest-Site Selection on Nest Success and Nest Temperature 

in Natural and Disturbed Habitats. Ecology 83:269–281. 

Kuussaari M et al. 2009. Extinction debt: a challenge for biodiversity conservation. Trends in 

Ecology & Evolution 24:564–571. 

Lee S, Gan J, Kim J-S, Kabashima JN, Crowley DE. 2004. Microbial transformation of 

pyrethroid insecticides in aqueous and sediment phases. Environmental Toxicology and 

Chemistry 23:1–6. 

Leslie M. 2017. The case of the macho crocs. Science 357:859–861. 

Lombardi JV, Comer CE, Scognamillo DG, Conway WC. 2017. Coyote, fox, and bobcat 

response to anthropogenic and natural landscape features in a small urban area. Urban 

Ecosystems 20:1239–1248. 

Macdonald DW, Brown L, Yerli S, Canbolat A-F. 1994. Behavior of Red Foxes, (Vulpes 

vulpes), Caching Eggs of Loggerhead Turtles, (Caretta caretta). Journal of Mammalogy 

75:985–988. 

Marchand M, Litvaitis J. 2004. Effects of Habitat Features and Landscape Composition on the 

Population Structure of a Common Aquatic Turtle in a Region Undergoing Rapid 

Development. Conservation Biology 18:758–767. 

Metzger JP, Martensen AC, Dixo M, Bernacci LC, Ribeiro MC, Teixeira AMG, Pardini R. 2009. 

Time-lag in biological responses to landscape changes in a highly dynamic Atlantic forest 

region. Biological Conservation 142:1166–1177. 

Miguet P, Fahrig L, Lavigne C. 2017. How to quantify a distance-dependent landscape effect on 

a biological response. Methods in Ecology and Evolution 8:1717–1724. 

Miguet P, Jackson HB, Jackson ND, Martin AE, Fahrig L. 2016. What determines the spatial 

extent of landscape effects on species? Landscape Ecology 31:1177–1194. 

Mitchell TS, Maciel JA, Janzen FJ. 2013. Does sex-ratio selection influence nest-site choice in a 

reptile with temperature-dependent sex determination? Proceedings of the Royal Society 

B: Biological Sciences 280:20132460.  

Moldowan PD, Keevil MG, Mills PB, Brooks RJ, Litzgus JD. 2015. Diet and feeding behaviour 

of Snapping Turtles (Chelydra serpentina) and Midland Painted Turtles (Chrysemys picta 

marginata) in Algonquin Provincial Park, Ontario. The Canadian Field-Naturalist 

129:403–408. 

Moll RJ, Cepek JD, Lorch PD, Dennis PM, Robison T, Montgomery RA. 2020. At what spatial 

scale(s) do mammals respond to urbanization? Ecography 43:171–183. 

Nagle RD, Kinney OM, Gibbons JW, Congdon JD. 2017. A Simple and Reliable System for 

Marking Hard-Shelled Turtles: The North American Code. 

New Hampshire Fish and Game. 2015. Wildlife Action Plan | Wildlife | New Hampshire Fish 

and Game Department. Available from 

https://www.wildlife.state.nh.us/wildlife/wap.html (accessed November 18, 2020). 

NH Department of Transportation. 2001. NH Department of Transportation Roads. 

NH Department of Transportation. 2019. NH Department of Transportation Roads. 

Northeast Wood Turtle Working Group. 2018. Conservation Plan For The Wood Turtle In The 

Northeastern United States: Tissue Collection Protocol. Available from 



55 
 

http://www.northeastturtles.org/uploads/3/0/4/3/30433006/glin_tissue_collection_protoco

l_2018.pdf. 

Noss RF. 1992. Issues of Scale in Conservation Biology. Pages 239–250 in Fiedler PL, Jain SK, 

editors. Conservation Biology: The Theory and Practice of Nature Conservation 

Preservation and Management.  

Obbard ME, Brooks RJ. 1980. Nesting Migrations of the Snapping Turtle (Chelydra serpentina). 

Herpetologica 36:158–162.  

Patrick D, Gibbs J. 2010. Population structure and movements of freshwater turtles across a 

road-density gradient. Landscape Ecology 25:791–801. 

Pimm SL, Jenkins CN, Abell R, Brooks TM, Gittleman JL, Joppa LN, Raven PH, Roberts CM, 

Sexton JO. 2014. The biodiversity of species and their rates of extinction, distribution, 

and protection. Science 80:344. 

Plummer M. 2003. JAGS: A program for analysis of Bayesian graphical models using Gibbs 

sampling. Pages 1–10 Proceedings of the 3rd international workshop on distributed 

statistical computing. Vienna, Austria. 

Price C, Nakagaki N, Hitt K, Clawges R. 2006. Enhanced Historical Land-Use and Land-Cover 

Data Sets of the U.S. Geological Survey. U.S. Geological Survey. Available from 

https://pubs.usgs.gov/ds/2006/240/. 

Rees M, Roe JH, Georges A. 2009. Life in the suburbs: Behavior and survival of a freshwater 

turtle in response to drought and urbanization. Biological Conservation 142:3172–3181. 

Riar NK. 2014. Bifenthrin. Pages 449–451 in Wexler P, editor. Encyclopedia of Toxicology 

(Third Edition).  

Riley JL, Litzgus JD. 2014. Cues used by predators to detect freshwater turtle nests may persist 

late into incubation. The Canadian Field-Naturalist 128:179–188. 

Roberts HP et al. 2022. Is the future female for turtles? Climate change and wetland 

configuration predict sex ratios of a freshwater species. Global Change Biology 

2023;00:1-12.  

Roe JH, Brinton AC, Georges A. 2009. Temporal and spatial variation in landscape connectivity 

for a freshwater turtle in a temporally dynamic wetland system. Ecological Applications 

19:1288–1299. 

Roe JH, Georges A. 2007. Heterogeneous wetland complexes, buffer zones, and travel corridors: 

Landscape management for freshwater reptiles. Biological Conservation 135:67–76. 

Ross D, Anderson R. 1990. Habitat Use, Movements, and Nesting of Emydoidea blandingi in 

Central Wisconsin. Journal of Herpetology 24:6. 

Rowe JW, Moll EO. 1991. A Radiotelemetric Study of Activity and Movements of the 

Blanding’s Turtle (Emydoidea blandingi) in Northeastern Illinois. Journal of Herpetology 

25:178–185. 

Schwanz L, Warner DA, McGaugh S, Di Terlizzi R, Bronikowski A. 2011. State-dependent 

physiological maintenance in a long-lived ectotherm, the painted turtle (Chrysemys 

picta). Journal of Experimental Biology 214:88–97. 

Schwanz LE, Spencer R-J, Bowden RM, Janzen FJ. 2010. Climate and predation dominate 

juvenile and adult recruitment in a turtle with temperature-dependent sex determination. 

Ecology 91:3016–3026. 

Snow JE. 1982. Predation on painted turtle nests: nest survival as a function of nest age. 

Canadian Journal of Zoology 60:3290–3292. 



56 
 

Spencer R-J. 2002. Experimentally Testing Nest Site Selection: Fitness Trade-Offs and Predation 

Risk in Turtles. Ecology 83:2136–2144. 

Spencer R-J, Thompson MB. 2005. Experimental Analysis of the Impact of Foxes on Freshwater 

Turtle Populations. Conservation Biology 19:845–854. 

Spurlock F, Lee M. 2008. Synthetic Pyrethroid Use Patterns, Properties, and Environmental 

Effects. Pages 3–25 Synthetic Pyrethroids. American Chemical Society.  

Steen DA, Gibbs JP. 2004. Effects of Roads on the Structure of Freshwater Turtle Populations. 

Conservation Biology 18:1143–1148. 

Taylor GM, Nol E. 1989. Movements and hibernation sites of overwintering painted turtles in 

southern Ontario. Canadian Journal of Zoology 67:1877–1881.  

Thornton DH, Fletcher Jr RJ. 2014. Body size and spatial scales in avian response to landscapes: 

a meta-analysis. Ecography 37:454–463. 

Tiar-Saadi M, Tiar G, Bouslama Z, Široký P. 2022. Mechanisms Determining Body Size and 

Shape Difference in Algerian Spur-Thighed Tortoises (Testudo graeca). Animals 

12:1330.  

US Census Bureau. 2012, September 15. Largest Urbanized Areas With Selected Cities and 

Metro Areas. Available from https://www.census.gov/dataviz/visualizations/026/508.php 

(accessed April 5, 2023). 

U.S. EPA. 2003. Health Effects Support Document for Aldrin/Dieldrin. EPA 822-R003-001. 

Available from https://www.epa.gov/sites/default/files/2014-

09/documents/support_cc1_aldrin-dieldrin_healtheffects.pdf. 

U.S. Fish & Wildlife Service. 2020. National Wetlands Inventory. Available from 

https://www.fws.gov/program/national-wetlands-inventory. 

U.S. Geological Survey. 2003, September 1. National Land Cover Database (NLCD) 2001 Land 

Cover Conterminous United States. U.S. Geological Survey. Available from 

https://doi.org/10.5066/P9MZGHLF. 

Vandenberg LN et al. 2012. Hormones and Endocrine-Disrupting Chemicals: Low-Dose Effects 

and Nonmonotonic Dose Responses. Endocrine Reviews 33:378–455. 

Wallace S. 2007. New Hamphire History in Brief- New Hampshire Historical Markers, New 

Hampshire Division of Historical Resources. Available from 

https://www.nh.gov/nhdhr/markers/brief.html (accessed November 19, 2020). 

Wang Q, Shen J-Y, Zhang R, Hong J-W, Li Z, Ding Z, Wang H-X, Zhang J-P, Zhang M-R, Xu 

L-C. 2020. Effects and mechanisms of pyrethroids on male reproductive system. 

Toxicology 438:152460. 

Ward E. 2008. A review and comparison of four commonly used Bayesian and maximum 

likelihood model selection tools. Ecological Modelling 211:1–10. 

Watson JEM, Jones KR, Fuller RA, Marco MD, Segan DB, Butchart SHM, Allan JR, 

McDonald‐Madden E, Venter O. 2016. Persistent Disparities between Recent Rates of 

Habitat Conversion and Protection and Implications for Future Global Conservation 

Targets. Conservation Letters 9:413–421. 

Wiens JA. 2009. Landscape ecology as a foundation for sustainable conservation. Landscape 

Ecology 24:1053–1065. 

Wilberg MJ, Bence JR. 2008. Performance of deviance information criterion model selection in 

statistical catch-at-age analysis. Fisheries Research 93:212–221. 



57 
 

Willett KL, Ulrich EM, Hites RA. 1998. Differential Toxicity and Environmental Fates of 

Hexachlorocyclohexane Isomers. Environmental Science & Technology 32:2197–2207. 

American Chemical Society. 

Willingham EJ. 2005. The effects of atrazine and temperature on turtle hatchling size and sex 

ratios. Fronteirs in Ecology and the Environment 3:309–313. 

Willis KJ, Whittaker RJ. 2002. Species Diversity--Scale Matters. Science 295:1245–1248. 

American Association for the Advancement of Science. 

Wong CS, Mabury SA, Whittle DM, Backus SM, Teixeira C, DeVault DS, Bronte CR, Muir 

DCG. 2004. Organochlorine compounds in Lake Superior: chiral polychlorinated 

biphenyls and biotransformation in the aquatic food web. Environmental Science & 

Technology 38:84–92. 

WorldPop. 2020a, June 22. The spatial distribution of population density in 2000, United States. 

School of Geography and Environmental Science, University of Southampton; 

Department of Geography and Geosciences, University of Louisville; Departement de 

Geographie, Universite de Namur) and Center for International Earth Science 

Information Network (CIESIN), Columbia University (2018). Global High Resolution 

Population Denominators Project - Funded by The Bill and Melinda Gates Foundation. 

Available from https://dx.doi.org/10.5258/SOTON/WP00674. 

WorldPop. 2020b, June 22. The spatial distribution of population density in 2019, United States. 

School of Geography and Environmental Science, University of Southampton; 

Department of Geography and Geosciences, University of Louisville; Departement de 

Geographie, Universite de Namur) and Center for International Earth Science 

Information Network (CIESIN), Columbia University (2018). Global High Resolution 

Population Denominators Project - Funded by The Bill and Melinda Gates Foundation. 

Available from https://dx.doi.org/10.5258/SOTON/WP00674. 

Xie W, Zhao J, Zhu X, Chen S, Yang X. 2022. Pyrethroid bioaccumulation in wild fish linked to 

geographic distribution and feeding habit. Journal of Hazardous Materials 430:128470. 

Yu-Sung S, Yajima M. 2012. R2jags: A Package for Running jags from R. Available from 

http://CRAN.R-project.org/package=R2jags. 

 

 

  



58 
 

APPENDIX A 

IACUC Approvals for the use of Animals in Research 

 



59 
 

 

 



60 
 

APPENDIX B 

Supplementary Tables  

Table B1. Model selection using DIC for historic distance-weighted smoothing painted turtle density models. All 55 

models considered are shown. for = proportion forest, wet = proportion wetlands, lid = proportion low-intensity 

development, opd = proportion open/disturbed, rl = road length, adt = average daily traffic, and hpop = human 

population density.    

Land Cover Land Use DIC ΔDIC Bayes.P 

Year Covariate Year Covariate       

2001 for   107.81 0.00 0.53 

2001 for, wet   108.01 0.20 0.54 

2001 for, wet 2001 rl 109.40 1.59 0.53 

2001 for, opd   109.51 1.70 0.53 

2001 wet, lid   109.64 1.83 0.53 

2001 for, opd, wet   109.90 2.09 0.54 

2001 for 2001 rl 110.05 2.24 0.54 

2001 for, lid   110.16 2.35 0.53 

2001 for, wet 2001 hpop 110.27 2.46 0.55 

2001 for 2001 adt 110.27 2.46 0.53 

2001 wet 2001 rl 110.32 2.51 0.53 

2001 for, opd 2001 rl 111.52 3.71 0.53 

2001 opd, wet 2001 rl 112.14 4.33 0.53 

2001 lid   112.27 4.46 0.54 

2001 for, water 2001 rl 112.73 4.92 0.54 

2001 wet, hid   112.94 5.13 0.54 

2001 dev   113.15 5.34 0.54 

  2001 rl 113.23 5.42 0.53 

  2001 hpop 113.85 6.04 0.53 

2001 wet 2001 adt 114.05 6.24 0.52 

2001 wet   114.43 6.62 0.54 

2001 water 2001 rl 114.44 6.63 0.52 

2001 opd, lid   114.47 6.66 0.54 

2001 hid, lid   114.48 6.67 0.54 

2001 hid   114.52 6.71 0.53 

  2001 adt 114.55 6.74 0.53 

2001 lid 2001 rl 114.65 6.85 0.54 

1970-80 for 2001 rl 114.69 6.88 0.54 

1970-80 wet 2001 rl 115.18 7.37 0.53 

1970-80 opd 2001 rl 115.30 7.50 0.54 

1970-80 water 2001 rl 115.44 7.63 0.54 

2001 opd 2001 rl 115.44 7.63 0.53 
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1970-80 ag   115.69 7.88 0.54 

1970-80 for   115.76 7.95 0.54 

2001 water   116.36 8.55 0.54 

2001 ag   116.41 8.60 0.53 

2001 opd, wet 2001 adt 116.50 8.69 0.54 

1970-80 for 2001 adt 116.68 8.87 0.53 

2001 opd   116.75 8.94 0.55 

1970-80 for, wet 2001 rl 116.91 9.10 0.54 

2001 opd, hid   116.93 9.12 0.55 

1970-80 for, water 2001 rl 116.97 9.16 0.54 

2001 shb   116.98 9.17 0.53 

1970-80 wet   117.07 9.26 0.53 

1970-80 for, opd 2001 rl 117.10 9.30 0.54 

1970-80 dev   117.19 9.38 0.53 

1970-80 wet 2001 adt 117.22 9.41 0.54 

1970-80 wet, opd 2001 rl 117.24 9.43 0.52 

1970-80 for, wet 2001 hpop 117.27 9.46 0.53 

1970-80 water   117.30 9.49 0.53 

1970-80 opd   117.35 9.54 0.54 

1970-80 for, wet   118.10 10.29 0.53 

1970-80 for, opd   118.34 10.53 0.53 

1970-80 opd, wet 2001 adt 119.51 11.70 0.54 

1970-80 for, opd, wet   120.63 12.82 0.54 
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Table B2. Model selection using DIC for modern distance-weighted smoothing painted turtle density models. All 64 

models considered are shown. for = proportion forest, wet = proportion wetlands, lid = proportion low-intensity 

development, opd = proportion open/disturbed, rl = road length, adt = average daily traffic, and hpop = human 

population density.    

Land Cover Land Use DIC ΔDIC Bayes.P 

Year Covariate Year Covariate       

2001 for, wet 2019 rl 99.56 0.00 0.53 

2001 for, wet   99.67 0.11 0.54 

2001 wet   99.75 0.20 0.53 

2019 wet   100.43 0.87 0.55 

2019 for, wet   100.95 1.39 0.54 

2001 wet, lid   101.21 1.65 0.54 

2001 for 2019 rl 101.22 1.67 0.53 

2001 for, opd 2019 rl 101.62 2.07 0.53 

2001 wet, hid   101.69 2.13 0.54 

2019 for, wet 2019 rl 101.76 2.20 0.53 

2001 for, wet 2019 hpop 101.92 2.37 0.54 

2019 wet, lid   102.07 2.51 0.53 

2001 wet 2019 rl 102.10 2.54 0.54 

2001 for, lid   102.15 2.59 0.52 

2019 wet, hid   102.17 2.61 0.53 

2001 for, opd, wet   102.43 2.88 0.54 

2019 for 2019 rl 102.54 2.99 0.54 

2001 wet 2019 adt 102.55 3.00 0.53 

2019 wet 2019 adt 102.78 3.22 0.54 

2001 opd, wet 2019 rl 102.79 3.24 0.54 

2019 wet   103.23 3.67 0.53 

2001 opd, wet 2019 adt 103.33 3.77 0.53 

2019 for, opd, wet   103.62 4.06 0.53 

2019 for, lid   103.64 4.08 0.54 

2019 for, opd 2019 rl 103.64 4.08 0.55 

2019 for, wet 2019 hpop 103.66 4.10 0.54 

2019 shb   103.81 4.26 0.53 

2001 for, water 2019 rl 104.21 4.65 0.55 

2019 opd, wet 2019 rl 104.47 4.91 0.53 

2019 for, water 2019 rl 104.63 5.07 0.54 

2001 for   105.00 5.44 0.53 

2019 opd, wet 2019 adt 105.01 5.45 0.54 

2019 for   105.79 6.24 0.54 

2001 for, opd   106.28 6.72 0.54 

2001 for 2019 adt 106.31 6.75 0.54 

2019 for 2019 adt 106.97 7.41 0.54 

2019 for, opd   107.39 7.84 0.53 
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2019 opd   107.76 8.20 0.54 

2019 hid   107.88 8.32 0.53 

2001 opd   107.95 8.39 0.54 

  2019 adt 107.99 8.44 0.53 

2019 dev   107.99 8.44 0.54 

2001 hid   108.05 8.49 0.53 

2001 ag   108.07 8.52 0.53 

2019 lid   108.08 8.53 0.54 

2019 water   108.19 8.63 0.53 

2001 dev   108.21 8.65 0.54 

2001 shb   108.21 8.66 0.53 

2019 lid 2019 rl 108.22 8.66 0.55 

2001 lid   108.22 8.66 0.54 

  2019 rl 108.40 8.84 0.54 

  2019 hpop 108.50 8.95 0.54 

2019 ag   108.55 9.00 0.54 

2001 water   108.66 9.11 0.53 

2001 lid 2019 rl 108.85 9.29 0.54 

2001 opd 2019 rl 109.70 10.14 0.53 

2019 opd, hid   109.74 10.19 0.54 

2019 opd, lid   110.03 10.48 0.54 

2001 opd, hid   110.28 10.72 0.54 

2001 adt, lid   110.28 10.73 0.53 

2019 adt, lid   110.33 10.77 0.53 

2001 opd, lid   110.39 10.84 0.54 

2019 hid, lid   110.44 10.89 0.53 

2001 hid, lid   110.53 10.97 0.54 

2001 water 2019 rl 110.55 11.00 0.53 
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APPENDIX C 

R Code 

Appendix C.1 Bayesian closed-population capture-mark-recapture model with detection 

probability varying by trap occasion.  

# Parameter-expanded Data Augmentation 

nz <- 150 # Number of lines added. 

T <- as.numeric(ncol(CH)) # T = Number of sample occasions, CH = site capture history 

yaug <- rbind(CH, array(0, dim = c(nz,T)))  

 

# Specify model in BUGS language 

sink("model.jags") 

cat(" 

model { 

# Priors 

omega ~ dunif(0, 1) 

for (i in 1:T){ 

   p[i] ~ dunif(0, 1) 

   } 

 

# Likelihood 

for (i in 1:M){ 

   z[i] ~ dbern(omega) 

   for (j in 1:T){ 

      yaug[i,j] ~ dbern(p.eff[i,j]) 

      p.eff[i,j] <- z[i] * p[j] 

      } #j 

   } #i 

 

# Derived quantities 
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N <- sum(z[]) 

} # end model 

",fill = TRUE) 

sink() 

 

# Bundle data 

win.data <- list(yaug = yaug, M = nrow(yaug), T = ncol(yaug)) 

 

# Initial values 

inits <- function() list(z = rep(1, nrow(yaug)), p = runif(T, 0, 1)) 

 

# Parameters monitored 

params <- c("N", "p", "omega") 

 

# MCMC settings 

ni <- 2500; nt <- 2; nb <- 500; nc <- 3 

 

# Call JAGS from R (BRT <1 min) 

out <- jags(win.data, inits, params, "model.jags", n.chains = nc, n.thin = nt, n.iter = ni, n.burnin = 

nb, working.directory = getwd()) 
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Appendix C.2 Example Bayesian distance-weighted smoothing model for the effect proportion 

forest on turtle density. The same priors and MCMC settings were used for all historic (2000-

2001) and modern (2019-2021) turtle density models.  

# JAGS model 

sink("landscape.d_model_for.txt") 

cat(" 

    model { 

 

    # PRIORS 

    B0 ~ dnorm(0,0.001) 

    B_FOR ~ dnorm(0,0.001) 

    sigma_for ~ dunif(1,500) 

    tau <- 1/sigma^2 

    sigma ~ dunif(0,10) 

    

    

    # LIKELIHOOD 

    for(i in 1:n){ 

    N[i] ~ dnorm(mu[i],tau)  

     

    mu[i] <- B0 + B_FOR * FOR_w[i] 

 

    # Calculate Ring Weights, (bufs = distance to ring around sites) 

    for (u in 1:U){ 

    w0_for[i,u] <-exp(-bufs[i,u]^2 /(2*sigma_for^2)) * ring_area[i,u] 

    } 

     

    w_for[i,1:U] <- w0_for[i,1:U]/sum(w0_for[i,1:U]) 

 

    # Calculate Weighted Land Cover / Land Use Covariates 
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    FOR_w[i] <- sum(w_for[i,1:U]*for_m[i,1:U]) 

 

    # CHECK MODEL FIT 

    N.new[i] ~ dnorm(mu[i], tau) 

     

    sq.data[i] <- (N[i] - mu[i])^2 

    sq.new[i] <- (N.new[i] - mu[i])^2 

 

    } # i 

 

    # CHECK MODEL FIT - BAYESIAN P-VALUE 

    sos.data <- sum(sq.data[]) 

    sos.new <- sum(sq.new[]) 

    Bayes.P <- step(sos.new/sos.data -1) 

 

    } # end of model 

    ",fill = TRUE) 

sink() 

 

win.data <- list(N = log(turtle.dat$N), 

                 n  = nrow(turtle.dat), 

                 U = ncol(for_rings), 

                 for_m = for_rings, 

                 bufs = bufs, 

                 ring_area = ring_area) 

 

 

# Initial values 

inits <- function()list(B0  = rnorm(1,30), 

                        B_FOR  = rnorm(1), 
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                        sigma_for = 50) 

 

 

# Parameters monitored 

params <- c("B0", 

            "B_FOR", 

            "sigma_for", 

            "Bayes.P") 

 

# MCMC settings 

ni <- 5000; nt <- 1; nb <- 500; nc <- 3 

 

out.d_for <- jags(win.data, inits, params, "landscape.d_model_for.txt", 

                n.chains = nc, n.thin = nt, n.iter = ni, n.burnin = nb, 

                working.directory = getwd()) 

 


	Legacy effects of land cover and land use on painted turtle (Chrysemys picta) populations over a 20-year period in southeastern New Hampshire
	Recommended Citation

	tmp.1695737882.pdf.OIxA7

