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Abstract 

 

Reptiles and amphibians are in rapid, global decline but these declines are regionally and 

taxonomically disproportionate. North American pit vipers have low fecundity and rely on high 

adult survivorship, making them particularly vulnerable to anthropogenic threats. The rare, but 

potentially fatal consequences of human-viper interactions further compound this threat by 

increasing persecution and decreasing human tolerance for snake populations. The timber 

rattlesnake (Crotalus horridus) is the most broadly distributed venomous snake in North 

America, but has declined dramatically, especially at the periphery of its range in states like 

Ohio. Remaining populations in Ohio are largely found on relatively remote and expansive tracts 

of public land in the southeastern part of the state. These forests are managed for recreation, 

ecological diversity, and resource extraction (timber harvest), but the effects of silvicultural 

practices employed here are generally unknown for rattlesnakes. 

From 2016–2020, we captured and tracked timber rattlesnakes using VHF radiotelemetry 

to measure their habitat use in the context of disturbance-mediated changes to forest structure 

from past silviculture treatments and timber harvest. We also extensively monitored snakes 

during spring egress and fall ingress with radiotelemetry and game cameras to better understand 

spring and fall phenology and quantify their risk of exposure to prescribed fire. Finally, we 

surveyed Ohio residents during 2020 to measure their tolerance for rattlesnakes in Ohio and test 

psychological models of tolerance commonly used to better understand tolerance and risk 

acceptance of large, predatory mammals. 

We tracked 43 timber rattlesnakes multiple times per week for time periods ranging from 

a month to up to three years. Snakes at our study site disproportionally used warmer parts of the 
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landscape with greater solar radiation, higher mean tree basal area (larger trees), and more 

disturbance (lower canopy height). However, behavior and physiological state strongly mediated 

this trend with snakes selecting warmer and more heavily disturbed sites when thermoregulation 

was a priority (e.g., gestation, ecdysis) and more moderate temperatures when foraging. We also 

evaluated forest structure and composition metrics commonly used in the silvicultural decision 

support system SILVAH, but most (tree diversity, oak dominance, total DBH, total basal area) 

were not good predictors of site use. However, snakes were more likely to use sites with 

relatively low tree density, along upper slopes and on ridges making both relative tree density 

and ELTP (Ecological Land Type Phase) good predictors of snake site use. 

We were also able to model rattlesnake ingress and egress at our site using 

meteorological variables, but day of year was the most important variable in the model with 

temperature also having a modest effect on fall and spring phenology. Though the beginning of 

the state’s fall burning season (October 15th) overlapped aboveground activity, on average, for 

about half of our telemetered snakes, there was relatively little aboveground snake activity prior 

to the end of the spring burning season (April 15th). Additionally, we used our model to 

retrospectively predict the risk of exposure for rattlesnakes in southern Ohio during 12 previous 

prescribed burns and found that risk of exposure, on average, was low (< 30%) for a snake 

located within a burn unit. 

Finally, we collected 447 responses from our survey of Ohio residents’ attitudes toward 

rattlesnakes and were able to predictively model tolerance for rattlesnakes in Ohio using a 

psychological model of wildlife tolerance. However, our model only predicted the acceptable 

population level for rattlesnakes in Ohio (wildlife stakeholder acceptance capacity) but did not 

effectively predict acceptance or stewardship. Respondents were more likely to tolerate larger 
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rattlesnake populations if they perceived more benefits and fewer risks from the presence of 

rattlesnakes. Their perceptions of risks were negatively affected by their attitude toward 

rattlesnakes and positively affected by their domination-oriented wildlife values and their 

perceptions of benefits were positively associated with their attitude toward rattlesnakes. 

This research has generated the largest and most detailed dataset on any Ohio rattlesnake 

population and provides insight into their management. Timber rattlesnakes had relatively broad 

habitat associations and seemed to be minimally affected by past and present land use practices. 

In fact, we found that snakes were more likely to use sites with a recent history of canopy 

disturbance, likely due to thermoregulatory benefits. Our observations indicate most snakes do 

not emerge from hibernacula until after the close of Ohio’s burn season (April 15th) and snakes 

out before this date are more likely to be sheltered and at lower risk from fire. Ongoing forest 

management activities are therefore unlikely to negatively impact rattlesnake populations. 

However, intolerance of rattlesnakes in Ohio and resistance to their conservation may present a 

more substantial barrier to recovering the species in the future. Although sound land 

management should ensure the stability of remaining populations, broader population recovery in 

Ohio will be difficult without outreach efforts aimed at reducing intolerance for these now rare 

snakes. 
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Chapter 1: Variation in behavior drives multiscale responses to habitat conditions in timber 

rattlesnakes (Crotalus horridus) 

 

Abstract 

Variations in both the behavior of wildlife and the scale at which the environment most 

influences the space use of wild animals (i.e., scale of effect) are critical, but often overlooked in 

habitat selection modeling. Ecologists have proposed that biological responses happening over 

longer time frames are influenced by environmental variables at larger spatial scales, but this has 

rarely been empirically tested. Here, we hypothesized that long-term patterns of behavior (i.e., 

lasting multiple weeks to months) would be associated with larger scales of effect than more 

sporadic behaviors. We predicted site use by 43 radio-telemetered timber rattlesnakes (Crotalus 

horridus) exhibiting four distinct, time-varying behaviors (foraging, digestion, ecdysis, and 

gestation) using remotely sensed environmental variables related to forest structure and 

landscape topography. Among sites used by snakes, warmer temperatures and higher levels of 

forest disturbance were predictive of behaviors dependent on thermoregulation including 

gestation and ecdysis while more moderate temperatures and drier, more oak-dominated sites 

were predictive of foraging. Long-term behaviors were associated with larger spatial scales 

across most variables, supporting our hypothesis that the scale at which habitat selection occurs 

is linked to the temporal scale of relevant behaviors. Management recommendations based on 

single-scale models of habitat use that do not account for fine-scale variations in behavior may 

obscure the importance of potentially limiting habitat features needed for infrequent behaviors 

that are important for growth and reproduction of this and related species. 
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Introduction 

Organisms respond to environmental variation simultaneously across numerous temporal 

and spatial scales. Understanding habitat use across these scales is key to developing appropriate 

management strategies for rare or threatened wildlife. Modern telemetry and GIS technology 

allow for the collection of increasingly high-resolution data and can pair well with traditional 

point selection function (PSF) analyses (Boyce et al. 2002, Zeller et al. 2014). More recently, an 

increasing number of studies have stressed the importance of scale in such analyses and have 

highlighted that few studies empirically select appropriate scales for habitat models (Holland et 

al. 2004, Smith et al. 2011, Jackson and Fahrig 2015, McGarigal et al. 2016). Empirical testing 

of appropriate scales, especially the grain of environmental variables, is critical given the recent 

proliferation of and ready access to remotely sensed data that can help explain wildlife site use 

(Thompson and McGarigal 2002, Neumann et al. 2015). 

The appropriate spatial extent at which to measure habitat features is the “scale of effect” 

(Jackson and Fahrig 2012) and depends on species’ traits and the biological variable of interest 

(Miguet et al., 2016). Miguet et al. (2016) discuss a framework for assessing the scale of effect 

for different variables that might influence a species’ space use. The authors assert that 

biological processes occurring over longer time periods (e.g., occurrence) will have larger spatial 

scales of effect than those happening over short time periods (e.g., fecundity). Although 

relatively few studies have found support for this hypothesis (Cushman and McGarigal 2004, 

Jackson and Fahrig 2014), the general idea of a link between temporal and spatial scales is a 

foundational principal of landscape ecology (Peterson et al. 1998). 

A temporal-spatial scale connection should be evident within the temporally variable 

behavioral patterns of wildlife. For ectotherms, site-specific behavior is often related to 
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thermoregulation, which drives much of their habitat selection (Stevenson 1985, Huey 1991). 

Both the thermal landscape and energetic requirements of ectotherms fluctuate seasonally, 

contributing to variation in habitat use throughout the year (Waldron et al. 2006, George et al. 

2017). However, individuals within a single population often operate under different selective 

pressures at the same time of year, owing to variation in body condition or reproductive state 

(Lesmerises and St-Laurent 2017). Thus, generalizing population-level, seasonal shifts in 

behavior and site use may overlook important, fine-scale heterogeneity.  

Behavioral variation is often difficult to assess when direct observation is infrequent or 

may disrupt natural behaviors. Rattlesnakes are ideal subjects with which to study the effect 

behavior has on habitat selection as they can be directly observed using radio telemetry with 

minimal disturbance (Brown et al. 1982, Reinert and Zappalorti 1988) and they exhibit 

stereotyped behaviors (Clark 2004, Reinert et al. 2011a). While previous studies have detailed 

the effect that gestation has on space use in snakes (Charland and Gregory 1995, Reinert and 

Zappalorti 1988, Sprague and Bateman 2018), other behaviors have been largely ignored. 

Waldron et al. (2006) identified “seasons” based on foraging, breeding, and hibernation to 

describe space use in timber rattlesnakes (Crotalus horridus) but did not address changes in 

behavior within a season. 

Rattlesnakes are ovoviviparous with long (4–5 months), energetically-costly gestation 

periods (Ernst and Ernst 2003). Females reduce movements, seek out relatively warmer or more 

exposed sites than would normally be used, and decrease or stop foraging for food (Brown 1991, 

Martin 1993, Gardner-Santana and Beaupre 2009). Ecdysis and digestion occur over a shorter 

timeframe (7–14 days and 3–7 days, respectively) but these physiological states can also drive 

snakes to select more open habitats for thermoregulation (Greenwald and Kanter 1979, Semlitsch 
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1979). Foraging behavior may be even more sporadic and opportunistic, with associated changes 

in behavior during a single day (Clark 2004, Reinert et al. 2011a). Snakes making opportunistic 

site use decisions related to foraging and digestion may consequently select habitat at finer scales 

than snakes making decisions related to more predictable, long-term behavioral states (i.e., 

gestation and ecdysis). If this is true, we would expect gestating females to use different 

macrohabitats than non-gravid females (e.g., early successional parcels instead of mature 

forests). Conversely, foraging snakes would more opportunistically vary site use based on local 

or microhabitat features. We would expect snakes in ecdysis or those digesting a recent meal to 

represent an intermediate trend, either selecting features based on an intermediate spatial scale or 

exhibiting a mix of macrohabitat and microhabitat-level selection. 

We tested whether predictable, long-term behavior patterns have a larger scale of effect 

when compared to more sporadic, short-term behaviors in timber rattlesnakes. We considered a 

multi-scale framework to determine the appropriate scale of effect of several geospatial 

landscape features on four behaviors of interest in wild timber rattlesnakes. We hypothesized that 

snakes making short-term decisions (i.e., foraging or digestion) on site use would select habitat 

at finer scales than snakes making decisions related to predictable, long-term behaviors (i.e. 

gestation or ecdysis). 

 

Methods 

Study Site 

Vinton Furnace State Experimental Forest (VFSF) is a 4,892-ha property located in 

Vinton County, Ohio, USA, and within the Southern Unglaciated Allegheny Plateau Ecological 

section (Cleland et al. 2007). The landscape features a dissected topography, including sharp 
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ridges and valleys with relatively low relief (~100 m). The surrounding region is primarily 

forested, consisting of mostly second-growth stands recovering from heavy exploitation during 

the mid-to-late 1800s (Stout, 1933). The mixed-mesophytic forest type of the region is primarily 

dominated by oak species (Quercus spp.), especially on dry ridgetops and southwestern 

hillslopes, and transitions to mesophytic forest assemblages, including sugar maple (Acer 

saccharum), American beech (Fagus grandifolia), and yellow poplar (Liriodendron tulipifera), 

on opposing northeastern hillslopes and bottomlands (Hix and Pearcy 1997; Adams et al. 2019). 

The study site also includes small tracts of pine plantations, usually composed of monospecific 

stands of Pinus strobus, P. resinosa, or P. echinata, while other native conifers, including P. 

virginiana, P. rigida, and Tsuga canadensis, combine at low densities with deciduous 

hardwoods. In addition, the study site incorporates active, ongoing forest management, 

especially within the central Raccoon Ecological Management Area. Varying management 

approaches, including even- and uneven-aged silvicultural prescriptions, as well as prescribed 

fire, promote heterogeneity in habitat conditions within the study site (Ducey 1982). 

Telemetry 

We captured individual timber rattlesnakes and surgically implanted intraperitoneal 

transmitters (Holohil SI-2T) following procedures outlined by Reinert and Cundall (1982), using 

machine-administered isoflurane to anesthetize animals via inhalation. Transmitter weight did 

not exceed 5% of the snake’s body weight, and in most instances was < 2%. We released snakes 

at their original capture location within 24 hours of surgery and relocated individuals 2–3 times 

per week from April through October 2016–2019. We tracked snakes between dawn and dusk 

and regularly shifted the order in which individuals were tracked daily to avoid systematic bias, 

though site access issues made it impractical to fully randomize when individuals were tracked. 
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Upon visually locating a snake, we recorded the location with a Global Positioning System 

(Garmin GPSmap 64s) to an estimated < 5m spatial accuracy. 

Behavior Classification 

We identified four behavioral and physiological states (hereafter referred to as 

“behaviors”): foraging, digestion, ecdysis, and gestation. We considered snakes to be foraging 

when they were observed in a stereotyped foraging posture (Reinert et al. 2011a, Tutterow et al. 

2020). Our observations of snakes digesting a recent meal are limited by the difficulty in 

detecting a small bolus in a large-bodied snake, but we noted this whenever possible. These 

observations are, therefore, inherently biased toward snakes digesting larger, more obvious meals 

and may be prone to a high false negative detection rate. We noted observations of snakes in 

ecdysis as indicated by snakes having blue-gray eyes and dusky skin coloration. We confirmed 

observations of gestating females by sonogram shortly after snake emergence in April and May. 

We excluded all locations in which a snake was not visible and presumably underground or 

actively moving. When not moving and not clearly participating in the aforementioned 

behaviors, we designated snake behavior as resting. We excluded snake observations from 

analyses when there was uncertainty about behavioral classification. 

Geospatial Habitat Features 

We incorporated 15 geospatial habitat features, characterizing vegetation structure, plant 

species composition, and environmental variation, at varying resolutions (5-30 m), in our 

analysis of multiscale rattlesnake habitat use (Table 1). Digital canopy height (CHM) and 

elevation (DEM) models were developed from LiDAR data provided by the Ohio Geospatial 

Reference Program, collected in 2007 (http://ogrip.oit.ohio.gov/; accessed 13 October 2014). The 

LiDAR data featured two returns pulse-1 with an average spacing and density of 1.27 m and 0.27 
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returns m-2, respectively. The CHM and DEM models incorporated conventional methods, using 

bilinear interpolation, at 5 m resolution. From the DEM, we developed layers on slope (°), solar 

radiation, and the Beer’s transformed aspect (an index ranging 0–2, corresponding to 

southwestern to northeastern aspects, respectively). In addition to canopy height represented 

within the CHM, we developed three penetration ratios (number of returns <2 m in height 

divided by the number of returns <50 m and <10 m, including returns <2m; and the number of 

returns <1 m divided by the number of returns <5 m, including returns <1 m) to characterize 

overstory, midstory, and understory vegetation density at 30 m resolution (Adams and Matthews, 

2019; Müller et al. 2010, Melin et al. 2018).  

Woody plant composition was represented by three ordination axes within a gradient 

modeling approach developed from a separate study within the study area (Adams et al. 2019). 

Vegetation plot data, incorporating relative abundance profiles of trees and shrubs, including 99 

woody plant taxa, were ordinated by non-metric multidimensional scaling (NMDS) and 

projected onto the landscape with terrain data and seasonal multispectral imagery provided by 

Landsat 8/OLI. Three subsequent floristic gradients synthesized moisture (NMDS1), 

successional (NMDS2), and elevational (NMDS3) variation among species responses within the 

vegetation data, at 30-m resolution. In addition, the plot data were used to develop geospatial 

layers on mean tree basal area (m2 ha-1) and density (stems ha-1). 

From April 2017 to December 2017, we collected temperature data across the property 

using HOBO Pendant data loggers (Model # UA-001-08) set to one-hour logging intervals. We 

placed 150 loggers randomly across our study site by staking each logger in place at ground level 

on the north side of a tree to limit the influence of canopy structure on thermal data. Following 

Fridley (2009) and George et al. (2015), we used these temperature data as a response variable in 
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a linear mixed effects model with topographic and LiDAR-derived variables serving as 

predictive covariates. The final fitted model was used to predict the mean near-ground mid-

summer temperature across our landscape. The purpose of this temperature variable was to 

capture relative differences in temperatures experienced by snakes between sites and, since 

temperature values were highly correlated across season and with snake body temperatures, we 

were able to use a single mid-summer date as an index value for these relative temperature 

differences. Finally, stand age was provided from the ODNR and a flowlines layer was 

transformed to a spatial grid (5 m) and used to summarize distances to the nearest stream 

(https://nationalmap.gov/). We extracted values for each covariate at all snake locations within 

different spatial scales of effect and centered and scaled all covariates prior to fitting statistical 

models. We assessed the relationship between these variables using a correlation matrix to 

ensure that all correlation coefficients were between -0.75 and 0.75. 

Data Analysis 

We modeled site use with generalized linear mixed effects Bernoulli models in a 

Bayesian framework using the brms package in R (Bürkner 2016; R Core Team 2020). For 

general habitat use models, we generated three non-use points for every use point by randomly 

shifting both the x and y coordinates of snake locations by up to ± 100 m. We fit a general 

habitat use model including observed snake locations and associated random points and 

considered snake site use as the response variable and the 15 environmental covariates as 

explanatory variables (Table 1). We ran each model with variables resampled at four 

representative spatial scales (5 m, 25 m, 55 m, and 105 m) using a moving window analysis 

(Miguet et al. 2016). We assessed the spatial scale at which each variable had the largest effect 

size and included these in a final multi-scale model. We also fit behavioral models to evaluate 
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the relationship between habitat variables and the four focal behaviors (foraging, gestation, 

digestion, and ecdysis). For behavioral models, we used only observed snake locations. For each 

behavioral model, we coded snake locations according to the observed behavior and excluded all 

male snakes from the gravid snake model. All behavioral models included the 15 environmental 

variables used in the general site use model. We included snake identity as a random effect to 

account for individual variation between snakes. We ran models with four chains for 15,000 

iterations with a warmup of 3,000 and no thinning. We visually inspected chains to confirm 

adequate mixing, and we confirmed convergence using the Gelman-Rubin statistic (all Rhat 

values=1). We used the Region of Practical Equivalence (ROPE) defined as ±0.1*SD of the 

response variable (Kruschke 2018) to guide our interpretation of the most influential covariates 

in each model and considered variables for which <11% of the posterior distribution was inside 

of ROPE to be particularly influential. 

 To generate multi-scale models, we ran four global, single-scale (5 m, 25 m, 55 

m, and 105 m) models for a given response variable (general site use, gestation, ecdysis, 

digestion, or foraging). We then compared posterior distributions of parameters within each of 

these four models and selected the scale at which each variable had the largest estimated effect 

size for inclusion in the final, multi-scale model. We excluded any variables that had <95% of 

the posterior distribution with the same sign as the mean parameter estimate (probability of 

direction, PD). 

We projected the probability of general site use, gestation, ecdysis, digestion, and 

foraging across the landscape using the posterior mean estimate from the most-supported 

behavioral models described above. To ensure we captured the most relevant parts of the 

landscape used by snakes, we buffered each observed snake location by 500 m and scaled each 
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spatial layer by the mean and SD of the observed snake locations. We included each spatial 

covariate from Table 1, excluding only those parameters whose PD were < 95%. We then 

extracted the parts of the landscape that encompassed the top 20% most suitable habitat for each 

of the four behaviors and subsequently determined the percent overlap of each behavior on the 

landscape. 

 

Results 

We modeled the probability of site use by 43 timber rattlesnakes (19 males, 16 females, 8 

juveniles) across four active seasons in relation to 15 environmental covariates (Table 2). Most 

snakes included in this analysis (30/43) were in our study for at least one full active season 

(mean days tracked = 512 ± 318 days, range = 6–1,020 days). Four covariates were strongly 

predictive of site use and ten other covariates were modestly predictive of site use (>11% of the 

posterior distribution inside of ROPE, but with a PD >95%) at one or more scales (Table 2). 

Solar radiation and slope (r =-0.68) and mean tree basal area and tree density (r = 0.74) were 

moderately correlated but were retained in our final models. We removed Beers transformed 

aspect from our final site use models because it was not predictive of site use at any scale. 

Overall, snakes were most likely to use warmer sites with greater solar radiation, greater mean 

tree basal area, but also increased disturbance as indicated by lower scores on NMDS 2 (Figure 

1). Our single-scale model with all variables at the resolution of our original raster data (5 m) 

was the best supported model based on leave-one-out Information Criterion (LOOIC; Table 3). 

Behavioral models fit the data well, and each behavior could be meaningfully predicted 

by a unique combination of variables assessed at different spatial scales (Table 4). A different 

suite of variables proved to be good predictors for each behavior, but no single variable or scale 
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was useful for predicting all behaviors (Figures 2–5). Unlike the general habitat use model, 

observed snake behaviors were best predicted by variables assessed at multiple scales for all but 

foraging, which was best predicted when all variables were assessed at the 25-m scale (Table 3). 

Our spatial projection of behaviors across the landscape found no more than 44% overlap 

between any two behaviors, with considerable variation between behaviors (Figure 6). Foraging 

was the most unique behavior (36.17% overlap with all other behaviors, collectively) and ecdysis 

was the least unique behavior (67.47% overlap with all other behaviors, collectively). Gestation 

and ecdysis had the most overlap of any two individual behaviors (44% overlap). By 

comparison, foraging and digestion had relatively little overlap (8.5% overlap). 

 

Discussion 

We found limited support for our hypothesis that snakes exhibiting more predictable 

patterns of behavior related to longer-term physiological states would be most affected by 

environmental variables at a larger spatial scale of effect. The best-supported model predicting 

our finest temporal scale behavior (foraging) only included variables at relatively fine spatial 

scales of effect (25 m). Conversely, the best-supported model predicting our coarsest temporal 

scale behavior (gestation) mostly included variables assessed at the 105 m scale. Importantly, 

mean tree basal area, tree density, and maximum canopy height were among the most important 

predictors of gestation and were included in the final model at our two coarsest scales. 

Collectively, low mean tree basal area, high tree density, and low maximum canopy height are 

indicative of early successional habitats and, given that these effects generally increased with 

scale, gestating females are clearly selecting for more disturbed macrohabitats. However, both 

digestion and ecdysis were also best predicted by variables assessed mostly at our coarsest scale 
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(105 m). Though these three behaviors do occur over longer temporal scales and were best 

predicted by covariates at larger spatial scales than foraging, it is important to also consider that 

foraging snakes are selecting habitat based on prey availability (Tutterow et al. 2020) and not 

necessarily on how suitable the habitat is for their own physiology.  

Our behavioral models also shed light on the space use of timber rattlesnakes in a 

nuanced way that captures important habitat associations that traditional habitat use models 

might overlook. Our behavioral models indicate that within the generally warmer sites selected 

by snakes across the landscape, a temperature gradient exists that snakes are non-randomly 

exploiting based on their physiological state and behavior. Warmer mean temperatures were 

predictive of snakes that were gestating, undergoing ecdysis, or digesting a meal and the strength 

of this relationship increased with increasing spatial scale. These patterns indicate that snakes are 

moving to warmer parts of the landscape during these times, and not simply selecting warm 

microhabitats (e.g., canopy gaps). During ecdysis, gestation, and while digesting a meal, snakes 

maintain higher body temperatures (Gibson et al. 1989, Brown 1991), which was reflected in our 

behavioral models where temperature had a relatively strong effect on the probability of a snake 

exhibiting these behaviors. Conversely, our general site use model found a more modest effect of 

temperature on the probability of site use, likely because snakes are more likely to forage in 

relatively cool to moderate parts of the landscape and foraging locations accounted for 18% of 

our snake observations. 

LiDAR-derived measures of canopy height and density were only moderately predictive 

of site use and site-specific behavior and generally only at finer scales. We suspect a disconnect 

exists in the scale at which these data are obtained and the scale at which vegetative structure 

influences snake habitat use. Plot-based, ground-collected data are typically used to describe the 
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vegetative structure or microhabitat characteristics of sites used by snakes (Moore and 

Gillingham 2006, Sutton et al 2017) and remotely sensed data are likely less precisely capturing 

this fine-scale variability. Our best site use model also only included variables measured at the 

immediate snake location, further indicating that characteristics of the immediate environment 

(microhabitat) may be more important for timber rattlesnakes than variation in habitat at a larger 

scale (i.e., macrohabitat), as in other snake species (Steen et al. 2010, Bauder et al. 2018). 

Stand age had no discernable effect on the probability of foraging or digesting a meal, but 

gestating females and snakes in ecdysis tended to use younger stands. While stand age had an 

increasingly positive effect on the probability of gestation with increasing spatial scale, the 

probability of ecdysis declined for stand age with increasing spatial scale. Both gestating snakes 

and snakes digesting meals were more likely to use sites with lower mean tree basal area, and 

this effect increased with increasing scale. 

The forest successional metric NDMS 2 was also negatively predictive of gestation, 

which indicated that gravid snakes used disturbed sites with lower canopy height more 

frequently than non-gravid females. Snakes broadly selected for slightly more disturbed sites, 

synthesized among the vegetation data, suggesting this preference is even more pronounced in 

gravid females. Our results align with the known thermal requirements for gestating snakes 

(Charland and Gregory 1995, Reinert and Zappalorti 1988, Sprague and Bateman 2018). While 

snakes exhibiting thermoregulation-related behaviors generally selected warmer, more exposed 

sites, there are behavior-specific differences in the variables that influence their site use and the 

scale of effect for each of these variables. Ordination axis NMDS 1 had a relatively strong 

influence on the probability of foraging and indicates that snakes tended to forage at drier, oak-

dominated sites relative to sites selected for other behaviors. 
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Our findings also emphasize the importance of multiple spatial scales for rattlesnake 

habitat use, especially for thermoregulation. Previous studies have also used multi-scale models 

to study the hierarchical nature of habitat selection in snakes (Moore and Gillingham 2006, Steen 

et al. 2010, Sutton et al 2017, Bauder et al. 2018), but ours is the first to present a temporal 

hierarchy of space use where scale of effect is dependent on behavior and synthesized 

simultaneously across a range of spatial scales. While fine-scale environmental data better 

predicted snake site use across the landscape and foraging behavior, multi-scale models were the 

best predictors of thermoregulation behavior. This indicates that resource selection by individual 

rattlesnakes is complex and influenced by environmental variation at different spatial scales. 

To more precisely define potentially important habitats for timber rattlesnakes, we also 

spatially extrapolated our models across our study site to predict areas that are most suitable for 

each behavior. By calculating the overlap in site suitability between behaviors, we determined 

which behaviors were the most unique in their habitat associations. There was considerable 

overlap (26%) between our predicted most suitable regions for ecdysis and gestation, which is 

unsurprising given we often find gestating females in the same logs as snakes undergoing ecdysis 

(personal observation). There was considerably less overlap between other behaviors. The 

majority of regions (70%) identified as most suitable for foraging or digestion did not overlap 

our best predicted regions for either ecdysis or gestation. 

Foraging is clearly a critical component of survival for rattlesnakes, but foraging snakes 

use habitat they would not normally use for thermoregulation. Without explicitly identifying 

these foraging locations, the importance of such habitats might be obscured in space use models. 

Our results highlight the importance of contextualizing models of space use for wildlife by 

explicitly accounting for both spatial and temporal variation in behavior. Traditional habitat 
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selection and site use modeling weights the importance of a habitat based on its frequency of use 

rather than how important the use of a site is to the survival or reproduction of an animal. Short-

term behaviors (such as foraging or digesting a meal) reliant on more subtle changes in local 

habitats may be infrequent, relatively cryptic, and easily lost in a larger dataset of point locations. 

We found that foraging rattlesnakes select for different habitat features and operate at a more 

localized scale than snakes primarily concerned with thermoregulation.  This not only 

emphasizes the importance of a heterogeneous landscape, but also of interpreting the reasons an 

animal uses a given site. 

Although this approach may not be suitable for animals that are more difficult to directly 

observe, we believe this is a good model for studying wild snakes and some other ectotherms 

where direct observation is possible. By modeling predictors of site use, researchers can define 

the general habitat preferences for a species and then situate predictive models of behavior, or 

physiological state, within this broader context. This not only defines the preferred habitat types 

for a species, but also pinpoints the more localized habitat features that may be important to 

maintain within that preferred habitat type. Such models would ensure that managers are better 

able to accommodate these specialized habitat needs and could lead to better outcomes for 

threatened and endangered species. 
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Figure 1.1. The effects of the six most influential environmental covariates (5-m scale) on the 
probability of general site use by timber rattlesnakes (Crotalus horridus) in southern Ohio. The 
probability of site use by snakes increases with increasing temperature (A), solar radiation (B), 
tree basal area (D), and maximum canopy height (E) and decreases with increasing distance to 
stream (C) and later forest successional stages (NMDS 2, F). 
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Figure 1.2. The effects of the six most influential covariates on the probability of timber 
rattlesnake (Crotalus horridus) foraging at a given site in southern Ohio. The probability of 
foraging decreases with increasing temperature (A), solar radiation (B), slope (C), and moisture 
(F) and increases with increasing distance to stream (D) and maximum canopy height (E).  
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Figure 1.3. The effects of the six most influential covariates on the probability of timber 
rattlesnakes (Crotalus horridus) digesting a meal at a given site in southern Ohio. The 
probability of digestion increases with increasing temperature (A), solar radiation (B), and 
maximum canopy height (E) and decreases with increasing slope (C), tree basal area (D), and 
elevation (NMDS 3, F). 
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Figure 1.4. The effects of the six most influential covariates on the probability of timber 
rattlesnakes (Crotalus horridus) being in ecdysis at a given site in southern Ohio. The probability 
of ecdysis increases with increasing temperature (A) and overstory density (E) and decreases 
with increasing solar radiation (B), slope (C), values for Beers index (D), and midstory density 
(F). 
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Figure 1.5. The effects of the six most influential covariates on the probability of female timber 
rattlesnakes (Crotalus horridus) gestating at a given site in southern Ohio. Probability of 
gestation decreases with increasing slope (A), solar radiation (B), and tree basal area (D) and 
increases with increasing distance to stream (C), tree density (E), and maximum canopy height 
(F). 
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Figure 1.6. Venn diagram showing the spatial overlap in the most suitable (top 20%) habitat for 
timber rattlesnakes exhibiting four unique, time-varying behaviors in southern Ohio. Numbers 
represent the amount of land area (in hectares) in each category. 
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Table 1.1. List of geospatial habitat features used in modeling timber rattlesnake (Crotalus 
horridus) site use in southern Ohio. Covariate names are given alongside their data source, value 
range and units, and a summary of what each variable measures. Non-metric multidimensional 
scaled variables (NMDS) represent ordination axes.  

Covariate Source Resolution Value Range Summary 

Mean Temperature Data Loggers 3 m 20–23⁰ C 
Mean ground temperature 
(measured on July 15) estimated 
from linear mixed effects model 

Solar Radiation DEM 3 m 29,708–41,129 
WH/m2 

Cumulative solar radiation across 
active season (May to August) 

Stand Age Forestry 5 m 2–151 years Year since plot was last clearcut 
as of 2019 

Slope DEM 3 m 0–41 degrees Slope grade 
Stream Distance DEM 3 m 0–370 m Distance to nearest stream 
Beers DEM 3 m 0–2 Beers transformed aspect 
Tree Basal Area Landsat 30 m 1–52 m2 ha-1 Mean tree basal area per hectare 

Tree Density Landsat 30 m 30–1,046 
stems ha-1 Mean stem density per hectare 

Canopy Height LiDAR 5 m  0–42 m Maximum canopy height 

Overstory LiDAR 5 m 0–109 Proportion of LiDAR hits at 
canopy height 

Midstory LiDAR 5 m 0–210 Proportion of LiDAR hits at 
midstory height 

Understory LiDAR 5 m 32–385 Proportion of LiDAR hits at 
understory height 

NMDS 1 Landsat 30 m -0.50–1.03 
Index related to moisture 
gradient; high values correspond 
to wetter soils and fewer oaks 

NMDS 2 Landsat 30 m -0.75–0.53 

Index related to structure and 
forest succession; high values 
correspond to higher canopy 
height and less disturbance 

NMDS 3 Landsat 30 m -0.39–0.36 
Index related to elevation; higher 
values correspond to higher 
elevations 
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Table 1.2. Estimated effects of environmental covariates on the probability of general site use by 
timber rattlesnakes (Crotalus horridus) in southern Ohio. Results represent our best-supported 
model with all covariates at their original 5-m resolution. The lower and upper 95% highest 
density intervals (HDI-low and HDI-high respectively) are presented alongside the probability of 
direction (PD), percent of the posterior distribution inside of the Region of Practical Equivalence 
(ROPE) using 89% of the posterior distribution. Bolded parameters represent covariates with < 
1% of their posterior distribution inside ROPE. 

Parameter Estimate  HDI-low HDI-high PD ROPE  
Intercept -1.15 -1.18 -1.11 1.00 0.00 
Mean Temperature 0.27 0.22 0.31 1.00 0.00 
Solar Radiation 0.36 0.31 0.42 1.00 0.00 
Stand Age -0.04 -0.08 0.00 0.95 1.00 
Slope 0.11 0.06 0.16 1.00 1.00 
Stream Distance -0.15 -0.19 -0.10 1.00 0.97 
Tree Basal Area 0.24 0.17 0.31 1.00 0.05 
Tree Density -0.07 -0.13 -0.01 0.98 1.00 
Canopy Height 0.13 0.08 0.18 1.00 1.00 
Overstory 0.01 -0.04 0.06 0.64 1.00 
Midstory -0.06 -0.11 -0.02 0.99 1.00 
Understory 0.09 0.05 0.13 1.00 1.00 
NMDS 1 0.12 0.07 0.16 1.00 1.00 
NMDS 2 -0.23 -0.28 -0.17 1.00 0.05 
NMDS 3 0.04 0.00 0.08 0.97 1.00 
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Table 1.3. Model comparisons using leave one out information criteria (LOOIC) for timber 
rattlesnake site use (Use) and behavior in southern Ohio. For behavioral models, model name 
prefixes correspond to particular behaviors (For = foraging, Dig = digestion, Ecd = ecdysis, Ges 
= gestation) and all model names end with an indication of the scale at which variables were 
smoothed (5 m, 25 m, 55 m, 105 m, MS = multi-scale). 

 

 

 

 

 

 

 

Model K LOOIC ∆LOOIC w 
Use_5 14 14485.780 0.0000 0.9837 
Use_25 14 14493.990 -8.2012 0.0163 
Use_MS 14 14507.060 -21.2710 0.0000 
Use_55 14 14553.550 -67.7608 0.0000 
Use_105 14 14664.840 179.0595 0.0000 
For_25 7 2385.960 0.0000 0.7460 
For_5 7 2388.816 -2.8561 0.1789 
For_MS 7 2391.541 -5.5805 0.0458 
For_55 7 2392.488 -6.5276 0.0285 
For_105 7 2399.574 -13.6133 0.0008 
Dig_MS 6 785.212 0.0000 0.4679 
Dig_105 6 785.239 -0.0271 0.4616 
Dig_55 6 789.039 -3.8273 0.0690 
Dig_25 6 796.768 -11.5562 0.0014 
Dig_5 6 802.412 -17.2000 0.0001 
Ecd_MS 13 2230.439 0.0000 1.0000 
Ecd_105 13 2252.125 -21.6862 0.0000 
Ecd_5 13 2264.357 -33.9181 0.0000 
Ecd_55 13 2265.355 -34.9162 0.0000 
Ecd_25 13 2271.700 -41.2613 0.0000 
Ges_MS 14 673.375 0.0000 0.9891 
Ges_5 14 683.946 -10.5707 0.0050 
Ges_25 14 684.047 -10.6715 0.0048 
Ges_55 14 686.966 -13.5909 0.0011 
Ges_105 14 726.450 -53.0745 0.0000 
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Table 1.4. Model-specific effects of each covariate on the probability of timber rattlesnakes 
(Crotalus horridus) exhibiting one of four distinct behaviors. Parameter estimates are given 
alongside 89% highest density intervals and the scale at which each variable had the greatest 
effect. All listed variables have strong support for having the estimated effect on behavior 
(probability of direction ≥95%). Bolded text indicates that greater than 89% of the posterior 
distribution fell outside of the ROPE for that variable. Results presented are from reduced, multi-
scale models for digestion, ecdysis and gestation and for a reduced, single-scale model (25-m) 
for foraging. The identified scale (5–105 m) for each covariate is indicated below the parameter 
estimate. 

Parameter Foraging Digestion Ecdysis Gestation 

Mean Temperature -0.44 (-0.56 to -0.32) 
25 m 

0.17 (-0.01 to 0.35) 
5 m 

0.25 (0.13 to 0.37) 
5 m 

0.94 (0.55 to 1.33) 
105 m  

Solar Radiation -0.17 (-0.32 to -0.03) 
25 m 

0.21 (0.01 to 0.42) 
105 m 

-0.35 (-0.54 to -0.17) 
105 m 

-1.50 (-2.06 to -0.92) 
105 m 

Stand Age   -0.16 (-0.27 to -0.04) 
25 m 

-0.07 (-0.42 to -0.29) 
105 m 

Slope -0.16 (-0.29 to -0.03) 
25 m 

-0.19 (-0.41 to 0.02) 
55 m 

-0.70 (-0.87 to -0.54) 
105 m 

-1.25 (-1.72 to -0.81) 
105 m 

Stream Distance 0.14 (0.03 to 0.24) 
25 m 

 -0.19 (-0.32 to -0.06) 
105 m 

1.79 (1.41 to 2.20) 
25 m 

Beers 0.11 (-0.01 to 0.24) 
25 m 

 -0.33 (-0.48 to -0.16) 
105 m 

-0.74 (-1.18 to -0.32) 
105 m 

Tree Basal Area  -0.52 (-0.73 to -0.32) 
105 m 

 -3.31 (-4.00 to -2.60) 
55 m 

Tree Density   -0.24 (-0.35 to -0.13) 
105 m 

1.92 (1.40 t0 2.45) 
105 m 

Canopy Height 0.16 (-0.02 to 0.36) 
25 m 

0.42 (0.22 to 0.63) 
105 m 

-0.16 (-0.52 to 0.18) 
105 m 

1.51 (0.56 to 2.47) 
105 m 

Overstory   0.29 (0.05 to 0.53) 
105 m 

0.53 (0.00 to 1.04) 
25 m 

Midstory   -0.28 (-0.48 to -0.08) 
5 m 

0.16 (-0.41 to 0.76) 
25 m 

Understory   0.15 (0.03 to 0.29) 
5 m 

1.20 (0.80 to 1.59) 
105 m 

NMDS 1 -0.34 (-0.48 to -0.21) 
25 m 

 -0.18 (-0.35 to -0.01) 
55 m 

0.47 (0.06 to 0.92) 
105 m 

NMDS 2    -0.70 (-1.21 to -0.18) 
5 m 

NMDS 3  -0.18 (-0.36 to -0.01) 
105 m 

0.09 (-0.01 to 0.20) 
5 m 
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Chapter 2: Using forest structure and composition metrics to predict timber rattlesnake (Crotalus 

horridus) site use 

 

Abstract 

Researchers often model wildlife movements and habitat use using different variables 

than those that ultimately inform the management of wildlife habitat. This can make it difficult to 

anticipate the potential impacts of management activities on species of interest. Timber 

rattlesnakes (Crotalus horridus) are a broadly declining, regionally protected species that forest 

managers are often asked to consider in their management plans. Though this species is 

relatively well-studied, our understanding of their response to active forest management is 

coarse. Alongside commonly measured snake micro-habitat variables, we used metrics employed 

by foresters to measure and assess forest parcels to model habitat selection in timber rattlesnakes 

and provide guidance on managing forests where this species is present. We tested whether five 

forest structure and composition metrics and eight structural micro-habitat metrics were 

predictive of rattlesnake site use. We predicted that snakes would be more likely to use oak-

dominated sites due to greater prey availability and increased canopy light penetration.  

We found relative tree density, ecological land cover type phases, and vegetative and 

downed woody debris cover to be particularly good metrics for predicting site use in this species. 

Oak dominance did not directly impact the probability of site use for timber rattlesnakes, but 

snakes were more likely to use dry ridgetops and upper slopes with lower tree density. These are 

generally oak-dominated environments indicating there is substantial overlap in preferred 

rattlesnake habitat and priority oak management sites. Management efforts aimed at combatting 

the effects of mesophication may benefit this species, but management activities are likely to 
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overlap sites frequently used by timber rattlesnakes. Foresters should take efforts to minimize 

snake mortality wherever possible, through rattlesnake education and training programs, to 

ensure the benefits of their management activities are not offset by increased adult mortality. 

 

Introduction 

Modern forest management practices are focused on affecting ecosystem-scale changes 

by monitoring and subsequently altering tree communities. In eastern North America, this often 

means restoring oak-dominated forests and combatting forest mesophication through the use of 

prescribed fire and selective timber harvest (Nowacki and Abrams 2008, Arthur et al. 2015). A 

shift away from oak-dominated forests is undesirable because oaks are economically valuable for 

the timber industry, promote biodiversity, and produce the most ecologically important type of 

hard mast food resource for wildlife (McShea and Healy 2002, Fralish, 2004, Smith 2006, Brose 

et al. 2008). In order to maintain or promote oak dominance, land managers use forest stand 

structure metrics (e.g. basal area, relative density) to monitor oak regrowth and stocking and 

prioritize management of sites where oak regrowth will be most effective (Brose et al. 2008, 

Iverson et al. 2019). 

The Silviculture of Alleghany Hardwoods (SILVAH; Marquis 1992) program introduced 

a means by which to standardize measurement of forest structure, growth, and development and 

provide silvicultural prescriptions for forests across much of eastern North America (Stout and 

Brose 2014). This has since been adapted to more explicitly generate silvicultural prescriptions 

for oak regeneration (Iverson et al. 2018, Brose 2019). Though some metrics used in this 

program, such as basal area and tree density, are commonly used by wildlife researchers to 

describe wildlife habitat use (Payer and Harrison 2003, Hyslop 2007), fewer wildlife studies 
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more comprehensively incorporate this framework in modeling spatial ecology of forest species 

(Adams et al. 2019, Adams and Matthews 2019). 

Throughout many eastern deciduous forests, timber rattlesnakes (Crotalus horridus) are a 

species that foresters are asked to consider in their management plans (IDFW 2015, IDNR 2015, 

ODW 2015). Though not federally protected, timber rattlesnakes have declined throughout their 

range due to persecution and habitat loss and are considered a protected species in multiple states 

(Ulev 2008). Previous studies have found little effect of forest management activities on timber 

rattlesnakes (Reinert et al. 2011b, MacGowan et al. 2017), but most studies on this species have 

focused on describing the extent of their movements and the importance of microhabitat features 

on their habitat use (Reinert and Zappalorti 1988, Adams 2005, Ashley 2020). No attempts have 

yet been made to holistically incorporate well-studied metrics of forest structure and composition 

to better understand habitat use in this forest-reliant species. 

In order to more directly link the management of forest ecosystems in the eastern United 

States to the habitat needs of timber rattlesnakes, we paired traditional point-based snake 

telemetry data with both variable-radius prism plot data and non-plot based micro-habitat data, 

allowing us to estimate tree diversity, size, and density at sites used by rattlesnakes. Although 

measuring understory tree regeneration is an important component of SILVAH prescriptions 

(Marquis 1992), we did not include this in our macrohabitat sampling because we believed our 

microhabitat measures would capture understory vegetative density at a scale that would be more 

relevant to snakes. Our behavior-mediated habitat selection models gave some indication that 

forest structure was important for timber rattlesnakes so we hypothesized that this structure 

might also be linked to forest composition (see Chapter 1 or Hoffman et al. 2020). Given that 

gestating and shedding timber rattlesnakes selected for the kind of dry, open, and disturbed sites 
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where oaks often thrive, we predicted that snakes might also specifically select for oak-

dominated sites. 

 

Methods 

Study Site 

Vinton Furnace State Forest (VFSF) is a 4,892-ha property located in the heavily 

dissected unglaciated hills of southeastern Ohio. The region is comprised largely of second 

growth, mixed-mesophytic forests recovering from widespread exploitation during the 1800’s 

(Stout 1933). Oaks (Quercus spp.) are the dominant tree species, especially on ridges and 

southwest slopes, while sugar maple (Acer saccharum), American beech (Fagus grandifolia), 

and yellow poplar (Liriodendron tulipifera) are more prevalent on the mesophytic northeast 

slopes and bottomlands (Hix and Pearcy 1997; Adams et al. 2019). There are active and ongoing 

forest management activities at VFSF to promote habitat heterogeneity, including even- and 

uneven-aged silvicultural prescriptions and prescribed fire (Ducey 1982). 

Data Collection 

We collected data on forest structure and tree species composition across a randomly 

stratified sample of points from a database including 43 timber rattlesnakes tracked over the 

course of four years (2016–2019), and at an equal number of paired random points that ranged 

from 50 to 150 meters from each snake point. We stratified selection by behavior (foraging), 

condition (gravid or in ecdysis), and individual, to capture variability known to influence site 

selection (Hoffman et al. 2020). We used a variable-radius plot with a 10-factor prism and 

recorded tree species and DBH for each tree within the selected plots. 
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We collected micro-habitat data during 2016 and 2017 at locations used by 23 radio-

telemetered timber rattlesnakes and at associated random points. Each random point was located 

at a random distance (1–30 m) and random bearing (0 – 360°) from its associated snake location. 

All snake locations had at least one paired random point and we collected data at three associated 

random points for locations at which snakes were observed foraging, in ecdysis, or gravid. Upon 

locating a snake, we flagged the location and returned to collect micro-habitat data after the 

snake had left to avoid unnecessary disturbance. We used two meter-long PVC poles to visually 

delineate a 1 m2 plot around each location when collecting data. 

Variables 

We calculated five site-level covariates from the variable radius plot data related to forest 

composition and structure including total DBH for all trees within the plot, tree density (number 

of trees/ha), relative tree density (Stout et al. 1987), a white oak importance score calculated as 

the sum of both the relative dominance of white oak (total white oak basal area/total tree basal 

area) and the relative density of white oak (number of white oak/number of trees), and Shannon’s 

Diversity Index to estimate tree diversity. We also included ecological land type phases (ELTP) 

to classify each site on a topographic vegetational gradient. ELTP is derived from a digital 

elevation model and broken down into topographic categories based largely off of four 

commonly used indices (Beer’s Index, topographic position index, and slope percent; Iverson et 

al. 2019). 

We calculated eight site-level covariates from the micro-habitat data collected from 

2016–2017. Within a 1-m2 plot centered on each location, we estimated the percent coverage of 

herbaceous vegetation (< 1 m tall), downed woody debris, exposed rock, and tree trunks. We 

also measured the distance from the plot’s center point to the nearest overstory tree (DBH > 7 
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cm), understory tree (DBH < 7 cm), and fallen log. Finally, we used densiometers (during 2016) 

and smart phone cameras with attached fisheye lenses (during 2017) to measure canopy cover at 

each location, facing due north. We used the image processing package ‘EBImage’ (Pau et al., 

2010) to analyze all smart phone canopy cover images. This program assigned pixel intensity 

values based on the average difference in the gray level of the canopy vegetation and the sky 

background to estimate percent canopy cover. 

Data Analysis 

We evaluated site use by rattlesnakes using generalized linear mixed effects Bernoulli 

models fit in a Bayesian framework using the brms package in R (Bürkner 2016; R Core Team 

2020). We fit two models including observed snake locations and associated random points and 

considered snake site use as the response variable for both models. We used six forest structure 

and composition covariates as explanatory variables in one model and eight microhabitat 

covariates as explanatory variables in our other model. We included snake (individual), sex 

(male or female), behavior (foraging or not), and condition (gravid/in ecdysis or not) as random 

effects to account for individual variation between snakes and fine-scale behavioral-state 

variation in both models. We ran models with four chains for 15,000 iterations with a warmup of 

3,000 and no thinning. We visually inspected chains to confirm adequate mixing, and we 

confirmed convergence using the Gelman-Rubin statistic (all Rhat values≤1). We used an 89% 

Region of Practical Equivalence (ROPE) defined as ±0.1*SD of the response variable (Kruschke 

2018) to guide our interpretation of the most influential covariates in each model and considered 

variables for which <15% of the posterior distribution was inside of ROPE to be particularly 

influential. 
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Results 

We collected forest structure and composition data from a total of 356 plots representing 

178 sites used by 43 radio-telemetered snakes (19 males, 16 females, 8 juveniles) and 178 paired 

random points. We modeled the probability of snake site use across this sample using six forest 

structure and composition measures as predictor variables. Of the six covariates related to 

vegetation and/or topography we included in the model, only two were influential (<15% of 

posterior distribution inside ROPE) in predicting snake site use (Table 2.1). There was a 

moderate probability of snakes using sites with low relative tree density and a very low 

probability of snakes using sites with high relative tree density (Figure 2.1). Snakes were also 

more likely to use drier, more upland land cover types over mesic bottomlands (Figure 2.2). 

Metrics related to tree basal area and DBH, tree species diversity, and oak dominance were not 

informative in our model. 

We collected micro-habitat data from a total of 775 points representing 337 sites used by 

23 radio-telemetered snakes (10 males, 9 females, 4 juveniles) and 438 associated random points. 

We modeled the probability of snake site use across this sample using eight micro-habitat 

metrics as predictor variables. Of these eight covariates, only three were influential (<15% of 

posterior distribution inside ROPE) in predicting snake site use (Table 2.2). Snakes were more 

likely to use sites with a higher percentage of herbaceous ground cover (Figure 2.3) and downed 

woody debris in the form of logs and fallen limbs (Figure 2.4) and were more likely to use sites 

that were closer to fallen logs (Figure 2.5). 
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Discussion 

Relative tree density and ELTP were useful in predicting timber rattlesnake site use in 

southern Ohio. A relative tree density metric first developed by Stout (1987), which accounts for 

variation in growth structure between different tree species, was consistently predictive of snake 

site use, though its impact was modest (Figure 2.1). Higher forest densities appear to have a 

negative effect on the probability that rattlesnakes will use a site, indicating an aversion to overly 

dense forest habitat. Though this metric is not a direct correlate of canopy openness or incoming 

solar radiation, more densely stocked stands will generally experience less light penetration 

through the canopy layers (Brose et al. 2008). Likewise, canopy cover was not an important 

predictor of site use in our micro-habitat model, but snakes were more likely to use sites with 

more herbaceous ground cover. Denser and more diverse undergrowth is often associated with 

canopy gaps in otherwise closed-canopy forests (Goldblum 1997). These findings are not 

surprising given that temperature plays a critical role in the efficiency of prey digestion and 

metabolization for snakes (Beaupre and Zaidan 2012) and that timber rattlesnakes generally seek 

out and bask in more open, disturbed sites, except when foraging (Hoffman et al. 2020). 

The ELTP land classification system was the single most predictive variable in our forest 

structure and composition model, indicating timber rattlesnakes preferably use the more exposed 

ridges, and upper/southwest slopes over bottomlands. This land cover classification system is a 

critical component of oak restoration efforts because it describes the landscape largely along a 

topographic-moisture gradient that closely matches floristic gradients and communities (Iverson 

et al. 2018). Our model indicates that the land cover types rattlesnakes prefer are also likely to be 

sites that are high priority sites for oak restoration. Given that white oak dominance did not 

affect site use, it is likely that this trend reflects an overlap in preferred habitat between oaks and 
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rattlesnakes. However, we believe that the combined importance of more topographically 

exposed habitats and less dense tree communities is indicative of a preference for forests 

dominated by more open-growing tree species, including most oaks. 

Snakes were also much more likely to use sites with more downed woody debris, and 

sites nearer to fallen logs. Downed logs are frequently used by rattlesnakes to ambush prey 

(Reinert et al. 2011a, Tutterow et al. 2020), and by gravid females during gestation (Reinert and 

Zappalorti 1988), but our results indicate that snakes more broadly select sites with more downed 

woody debris cover. At our study site, snakes sheltered in or under logs throughout the year, but 

especially during cold weather or when the surrounding landscape was relatively open (i.e., little 

vegetative cover). Therefore, we believe it will generally benefit timber rattlesnakes to leave 

woody debris on the ground following timber harvest, and to keep log piles further from road 

edges to minimize road mortality. 

Our results highlight two broadly important considerations for forest managers in areas 

where timber rattlesnakes are present. Timber rattlesnakes are more likely to use and be present 

at upland sites that would be conducive to oak regeneration efforts and may therefore experience 

more timber harvesting and prescribed fire. However, these management activities are ultimately 

contributing to maintaining the more open sites that rattlesnakes prefer (Iverson et al. 2017). 

Although snakes using these areas, could experience increased mortality rates from management 

activities, Reinert et al. (2011b) did not observe increased mortality in a Pennsylvania rattlesnake 

population during timber harvesting operations. He attributed this largely to his communication 

with foresters which ultimately increased their awareness and avoidance of rattlesnakes, 

suggesting that promoting rattlesnake awareness may be key to mitigating mortality associated 

with forest management activity. Likewise, the mortality observed by Beaupre and Douglas 
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(2012) following a prescribed fire could be largely attributed to a lack of communication 

between managers and researchers.  

Our findings highlight that timber rattlesnake habitat use is best predicted by a relatively 

small subset of commonly used forest structure metrics. We believe that forest management 

aimed at reducing the effects of mesophication is likely to benefit timber rattlesnakes, but such 

treatments should be conducted under the guidance of, or in communication with, wildlife 

biologists and researchers that can help lower the mortality risk for resident rattlesnakes. 
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Figure 2.1. The effect of relative tree density on the probability of site use by timber rattlesnakes 
in southern Ohio. Timber rattlesnakes were more likely to use sites with lower relative tree 
density. Shaded areas represent 95% credible intervals. 
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Figure 2.2. The effect of Ecological Land Type Phases (ELTP) on the probability of site use by 
timber rattlesnakes in southern Ohio. ELTP categories included bottomland, lower northeast 
slope (Lower-NE), lower southwest slope (Lower-SW), ridge, upper northeast slope (Upper-NE), 
and upper southwest slope (Upper-SW). Timber rattlesnakes were more likely to use upper slope 
and ridge sites than bottomland sites. 
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Figure 2.3. The effect of percent vegetative cover (< 1 m height) on the probability of site use by 
timber rattlesnakes in southern Ohio. Timber rattlesnakes were more likely to use sites with more 
vegetative ground cover. Shaded areas represent 95% credible intervals. 
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Figure 2.4. The effect of percent downed woody debris cover on the probability of site use by 
timber rattlesnakes in southern Ohio. Timber rattlesnakes were more likely to use sites with more 
downed woody debris. Shaded areas represent 95% credible intervals. 
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Figure 2.5. The effect of distance to nearest fallen log on the probability of site use by timber 
rattlesnakes in southern Ohio. Timber rattlesnakes were more likely to use sites nearer to fallen 
logs. Shaded areas represent 95% credible intervals. 
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Table 2.1. Estimated effects of six covariates on the probability of site use, in our forest structure 
and composition model, by timber rattlesnakes (Crotalus horridus) in southern Ohio. The lower 
and upper 95% highest density intervals (HDI-low and HDI-high respectively) are presented 
alongside the probability of direction (PD), and percent of the posterior distribution inside of the 
Region of Practical Equivalence (ROPE) using 89% of the posterior distribution. Bolded 
parameters represent covariates with < 15% of their posterior distribution inside ROPE. We 
included the Ecological Land Type Phases land cover class as a factor where the ridges (RID), 
SW upper slope (USW), NE upper slopes (UNE), SW lower slopes (LSW), and NE lower slopes 
(LNE) categories were compared against the bottomland (BTM) category individually. 

Parameter Estimate HDI-high HDI-low PD ROPE 
Total DBH 0.15 0.38 -0.07 0.86 0.59 
Total Basal Area 0.06 0.28 -0.16 0.67 0.85 
Relative Density -0.47 -0.24 -0.71 1.00 0.00 
White Oak Importance 0.06 0.27 -0.13 0.69 0.87 
Shannon's Div. Index 0.07 0.28 -0.14 0.71 0.84 
RID-BTM 1.15 1.70 0.57 1.00 0.00 
USW-BTM 1.15 1.76 0.56 0.99 0.00 
UNE-BTM 1.00 1.62 0.28 0.98 0.00 
LSW-BTM 0.89 1.53 0.24 0.98 0.00 
LNE-BTM 0.41 1.25 -0.42 0.79 0.22 
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Table 2.2. Estimated effects of eight covariates on the probability of site use, in our micro-habitat 
model, by timber rattlesnakes (Crotalus horridus) in southern Ohio. The lower and upper 95% 
highest density intervals (HDI-low and HDI-high respectively) are presented alongside the 
probability of direction (PD), and percent of the posterior distribution inside of the Region of 
Practical Equivalence (ROPE) using 89% of the posterior distribution. Bolded parameters 
represent covariates with < 15% of their posterior distribution inside ROPE. 

Parameter Estimate HDI-high HDI-low PD ROPE 
% Vegetative Cover 0.33 0.49 0.18 1.00 0.00 
% Woody Debris Cover 0.64 0.82 0.46 1.00 0.00 
% Rock Cover -0.08 0.07 -0.24 0.83 0.90 
% Tree Cover 0.19 0.32 0.05 0.99 0.49 
Distance to Overstory Tree -0.01 0.14 -0.16 0.56 1.00 
Distance to Understory Tree -0.03 0.14 -0.19 0.61 0.99 
Distance to Log -0.38 -0.18 -0.58 1.00 0.01 
% Canopy Cover 0.04 0.20 -0.13 0.64 0.97 
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Chapter 3: Modeling ingress and egress of timber rattlesnakes (Crotalus horridus) to predict 

their exposure to prescribed fire 

 

Abstract 

Wildlife phenology is often intricately linked to seasons and temperature and is subject to 

disruption from climate change. Though the phenology underlying some systems (migratory 

birds, mammal hibernation) is relatively well-studied, phenology of small and cryptic animals is 

more difficult to assess. Egress and ingress of snakes from and to their winter hibernacula in 

temperate climates represent particularly vulnerable events to climate change and, in some 

regions, to anthropogenic land disturbance. We used VHF radiotelemetry and game cameras to 

monitor timber rattlesnakes during egress and ingress in southern Ohio across multiple den sites 

and over five years to predict their potential exposure to seasonally applied prescribed fire 

treatments. 

 Rattlesnakes at our study site emerged and dispersed from dens during April and returned 

to dens during October. Though most snakes were still underground when Ohio’s spring burn 

season ended each year (April 15th), roughly half of the snakes were still aboveground at the start 

of fall burning season (October 15th). Additionally, we predicted a low to moderate risk of 

exposure to fire for individual snakes across multiple spring burns that occurred over the last two 

decades. Growing degree day was the single best predictor of snake exposure to fire, but 

temperature was also important and, generally, few snakes emerged prior to the last freezing 

spring night and few snakes remained aboveground after the first freezing fall night. Timber 

rattlesnakes have some flexibility to adjust the timing of ingress and egress with annual 
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variations in temperature which has important implications both in context of ongoing land 

management and potential impacts of climate change. 

 

Introduction 

Understanding phenology in wildlife populations is important, especially in ecosystems 

under pressure from climate change and anthropogenic disturbance. Phenology is the study of the 

natural activities and cycles of plants and animals and is concerned primarily with the timing and 

drivers of recurring events (Lieth 2013). Ecosystem and plant phenology has become 

increasingly studied as the global climate shifts and temperatures warm, causing changes in 

when plants advance through developmental phases during spring and fall (Badeck et al. 2004). 

Generally, in the northern hemisphere, bud burst, flowering, and green-up are advancing earlier 

in the spring although there is substantial regional variation (Peñuelas and Filella 2009, Piao et 

al. 2019). Climate change is also driving phenological shifts in bird migration (Cotton 2003, 

Gordo 2007) and mammal hibernation (Barnes et al. 2011, Pigeon et al. 2016, Delgado et al. 

2018), but its impacts on smaller, more cryptic animals are still poorly understood. A growing 

body of literature on trends in amphibian breeding indicates many species in temperate regions 

are breeding earlier in the spring (Blaustein et al. 2001, Blaustein et al. 2002, Greene 2017). 

Although the effects of climate change on snakes and lizards are relatively understudied, there is 

mounting evidence that climate change is likely to impact these reptiles broadly, but variably 

(Gibbons et al. 2000, Winter et al. 2016). 

To better understand climate-related risks, it is important to understand the timing and 

drivers of key phenological events in populations of threatened or declining reptiles. In temperate 

regions, snakes must brumate or undergo a hibernation-like state of inactivity during cold 
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weather, to survive the winter months (Nordberg and Cobb 2017). Their spring emergence and 

dispersal away from hibernacula is referred to as egress, and the return to hibernacula in the fall 

is termed ingress (Brown 1992, Nordberg and Cobb 2017, Burger 2019). Timber rattlesnakes 

(Crotalus horridus) are a broadly distributed but rapidly declining species of snake found 

throughout eastern North America and, in many places, they are highly dependent on long-term, 

stabile overwintering sites and large communal dens (Galligan and Dunson 1979, Martin 2002). 

Ingress and egress represent critical periods for these snakes and must be timed precisely to 

avoid freezing temperatures (Shine and Mason 2004) and minimize exposure to predators at 

open-canopy sites (Herr et al. 2020), especially when snakes are sluggish. Although the thermal, 

and behavioral dynamics surrounding den use are well-studied (Brown 1982, Brown 1992, 

Nordberg 2013, Nordberg and Cobb 2017), predictive models of egress and ingress have not 

been published. Such a model would not only be useful in predicting future effects of climate 

change, but also in guiding forest management, especially pertaining to the use of prescribed fire. 

Prescribed fire is a common management tool across many of the forests that timber 

rattlesnakes inhabit and is usually applied during the spring or fall, generally around the time 

snakes emerge from or return to dens (Knapp et al. 2009, Beaupre and Douglas 2012). These 

prescribed burns have the potential to cause extensive snake mortality if poorly timed (Beaupre 

and Douglas 2012), but fire is an important source of forest disturbance that can help maintain 

open habitats frequently used by gestating timber rattlesnakes (Hoffman et al. 2020) and has 

generally positive impacts on thermoregulation in reptiles (Russell et al. 1999). Fire is also an 

important tool used to combat mesophication, or the gradual increase in moisture and shade in 

the absence of forest disturbance due to increasing dominance of dense-canopied, shade tolerant 

trees, like beech or maple, and subsequent loss of shade-intolerant species like many oaks 
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(Abrams 1992, Nowacki and Abrams 2008, Alexander et al. 2021). Oaks are among the most 

important and, historically, dominant trees in forests throughout the range of timber rattlesnakes 

(Hanberry and Nowacki 2016), and oak acorns are an important food source for wildlife. In fact, 

oak masting cycles can drive population fluctuations of the small mammals timber rattlesnake 

feed on and may consequently impact rattlesnake populations (McShea and Schwede 1993, Elias 

et al. 2004, Olson et al. 2015). 

Prescribed fire is periodically applied as a management tool in southern Ohio forests 

where the state’s few remaining timber rattlesnake populations persist despite dramatic declines 

elsewhere in the state (ODW 2011, Wynn 2012). Concerns over the use of prescribed fire on 

these properties have arisen in the past, but the cryptic nature of snakes and the unpredictability 

of opportune fire conditions makes a robust experimental study of fire’s direct impact on snakes 

impractical. We used multi-year radio-telemetry observations and game cameras placed on 

known den sites alongside locally measured meteorologic data to generate a predictive model of 

spring egress and fall ingress for timber rattlesnakes in southern Ohio. We hypothesized that 

egress and ingress would be strongly driven by fluctuations in temperature, and that growing 

degree day (GDD), a phenological measure of seasonally increasing cumulative mean daily 

temperature, would be a good predictor of rattlesnake emergence, as it is for phenological events 

with plants and insects (Miller et al. 2001, Herms 2004). Currently state agencies in Ohio may 

not conduct prescribed burns on state properties after April 15th or before October 15th although 

more stringent limitations have been proposed for properties where timber rattlesnakes occur. 

Our goal was to model the risk of exposure to rattlesnakes in a way that allowed for decisions 

regarding prescribed fire on these properties to be more nuanced and precise. 
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Methods 

Study Site 

We conducted our research at Vinton Furnace State Experimental Forest (VFSF), a 

4,892-ha property located in Vinton County, Ohio, USA. VFSF is part of the Southern 

Unglaciated Allegheny Plateau Ecological section, a primarily forested region typified by 

heavily dissected topography (Cleland et al. 2007). Forests here are largely second-growth stands 

recovering from exploitation during the 1800s (Stout, 1933), now actively managed to promote 

habitat heterogeneity and oak regrowth. On-site research and management includes even- and 

uneven-aged silvicultural treatments and prescribed fire (Ducey 1982). 

Telemetry 

We surgically implanted captured timber rattlesnakes with radio transmitters (Holohil SI-

2T) following procedures outlined by Reinert and Cundall (1982), using machine-administered 

isoflurane to anesthetize animals via inhalation. Transmitter weight never exceeded 5% of the 

snake’s body weight, and in most instances was < 2%. We released snakes at their original 

capture location within 24 hours of surgery and relocated individuals 2–3 times per week from 

April through October 2016–2020. Upon visually locating a snake, we recorded the location with 

a Global Positioning System (Garmin GPSmap 64s) to an estimated < 5m spatial accuracy. We 

typically began checking dens during the spring on April 1st and stopped tracking telemetered 

snakes during the fall after locating them underground at their den sites. 

For each snake observation during egress (prior to June 1st) and ingress (after October 

31st), we used detailed field notes to categorize each snake as either exposed (1) or sheltered (0). 

We categorized snakes as sheltered if they were underground, inside a log, in a rock crevice, 
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under a rock, or coiled within one meter of their den or other known shelter spot. In all other 

cases, we categorized snakes as exposed. Snakes were almost always near downed woody debris, 

so we only classified them as sheltered if they were coiled immediately outside of a known 

shelter they were observed using at other times. Although we are confident sheltered snakes 

would be at much lower risk from fire, some snakes classified as exposed would potentially have 

a means to reduce their exposure to or escape approaching fire; our model is therefore 

conservative and may overestimate risk. 

Remote Cameras 

We selectively deployed two models of trail cameras at dens during both the spring and 

the fall, usually attached to trees, stumps, or rocks to avoid driving stakes into the ground and 

potentially into dens. We used Day 6 Outdoors brand game cameras (TLC-200-C PlotWatcher) 

to capture time-lapse imagery over long periods of time, especially at relatively remote or 

inaccessible sites. These cameras only needed to be checked monthly but were only able to 

capture daytime imagery. Conversely, we used Moultrie Feeders brand game cameras (M-888 

Mini Game Cams) cameras to capture time-lapse imagery during both day and night at most den 

sites. These cameras had to be checked multiple times per week and were therefore not practical 

for deployment at more remote sites. Placing cameras on dens with dense vegetation or steep 

topography, few trees, and thin soil was impractical, so some dens were not monitored via 

camera. 

We used 30 second time-lapse intervals, as this was sufficient to capture the movement of 

snakes in and out of their dens while preserving battery life to allow for longer deployment. We 

tested the functionality of the motion-trigger setting on these cameras but found that, when 
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paired with cameras set on time-lapse, cameras often did not trigger when snakes entered and 

exited dens due to their slow movements. 

We typically deployed cameras during the first week of April and again during the first 

week of October, taking them back down when all telemetered snakes had exited or entered their 

dens, respectively. Given the imperfect record provided by PlotWatchers (no nighttime imagery), 

occasional camera malfunctions, and the numerous entry holes present at most dens, these 

cameras provide us with an imperfect record of den activity during the spring and fall. We 

therefore used these data to reduce uncertainty and increase our precision in defining when 

telemetered snakes entered or left their dens and did not attempt to quantify ingress and egress 

patterns of non-telemetered snakes captured on camera. 

Meteorological Data 

We collected weather data from an established Western Regional Climate Center Remote 

Automatic Weather Station (RAWS) in the middle of our study site. For our purposes, we used 

daily summaries of mean air temperature, mean relative percent humidity, mean wind speed, 

total daily precipitation, and daily high and low air temperatures. We used daily mean air 

temperature values to calculate GDD using a the widely used base temperature of 5° C (Raulier 

and Bernier 2000, Herms 2004). 

Data Analysis 

We modeled potential exposure to prescribed fire for timber rattlesnakes at our study site 

by using a generalized linear mixed effects Bernoulli model in a Bayesian framework using the 

brms package in R (Bürkner 2016; R Core Team 2020). We considered exposure (sheltered vs. 

exposed) as the response variable with GDD, mean daily relative humidity, mean daily solar 

radiation, mean daily wind speed, and mean daily temperature as predictor variables, and 
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allowed for random variation by year and individual snake. We excluded both high and low daily 

air temperatures as they were highly correlated with mean daily air temperature, but less 

predictive of ingress and egress. We ran models with four MCMC chains for 15,000 iterations 

with a warmup of 3,000 and no thinning. We visually inspected chains to confirm adequate 

mixing, and we confirmed convergence using the Gelman-Rubin statistic (all Rhat values=1). 

We used the Region of Practical Equivalence (ROPE) defined as ±0.1*SD of the response 

variable (Kruschke 2018) to guide our interpretation of the most influential covariates in each 

model and considered variables for which <15% of the posterior distribution was inside of ROPE 

to be particularly influential. We then used this model and weather data from twelve dates from 

2004–2016 where prescribed fire was applied on properties with known rattlesnake populations 

to predict the risk of fire exposure for timber rattlesnakes.  

 

Results 

We tracked 43 snakes to 28 hibernacula sites across the landscape (mean of 1.6 

telemetered snakes per hibernacula). Rattlesnakes at our study site rarely emerged from their 

hibernacula prior to April 1st (day of year 90) and rarely returned to dens prior to September 1st 

(day of year 245), although there was considerable variation in timing over the subsequent two 

months for egress (Figure 3.1) and ingress (Figure 3.2) respectively. From 2017–2020, a mean 

proportion of 34.3% ± 16.5% SD of telemetered snakes had emerged from hibernacula by the 

close of the state’s spring burn window (April 15th). From 2016–2020, a mean proportion of 

52.1% ± 23.5% SD of telemetered snakes remained aboveground at the start of the state’s fall 

burn window (October 15th). 
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We were able to track 33 of our 43 telemetered snakes to hibernacula over at least two 

years, allowing us to assess site fidelity. Of the 33 snakes monitored during two to four winters, 

five snakes switched dens a single time (mean site fidelity = 90.4 % ± 26 % SD). All five of 

these snakes were males and we were able to confirm that four successfully overwintered, but 

one died just weeks after emerging due to complications related to snake fungal disease. The 

fifth snake’s transmitter presumably died shortly after ingress so we could not confirm his fate. 

In most cases, the second den was over 1 km from the first den used by a snake (den relocation 

distance mean = 848.4 m, range = 91–1,410 m). 

Meteorologic covariates for both our ingress and egress models had similar predictive 

power in discriminating how likely a given snake was to be aboveground and exposed (Table 

3.1, 3.2).  GDD was the single best predictor of snake exposure during both ingress and egress; 

snakes were more likely to be aboveground and exposed with increasing GDD during the spring 

and less likely to be aboveground and exposed with increasing GDD in the fall (Figure 3.3, 3.4). 

Snakes were also more likely to be exposed during both spring and fall with increasing mean 

daily temperature (Figure 3.3, 3.4). Using the model fit to our five years of telemetry data, we 

predicted a mean risk of fire exposure of 33.4 % ± 13.9 % SD (range =5 %–52 %) for timber 

rattlesnakes located within a burn unit during the 12 most recent spring prescribed fires occurring 

on properties with known rattlesnake populations in southern Ohio (there was only a single fall 

prescribed fire during this time). 

 

Discussion 

Our telemetered snakes used twenty-five different den sites, some of which were 

apparently only used by a single snake. Most dens were nondescript, small holes with no 
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associated aboveground rock, although a few were in more typical rock outcroppings on steep 

slopes. Given the diffuse and diverse presentation of hibernacula at our study site, and that 

snakes occasionally switched dens year to year over great distances, den sites may not be a 

limiting factor on the landscape for timber rattlesnakes in Ohio. We also saw very little winter 

mortality and only ever in association with emaciated or sickly snakes. Rattlesnakes at high 

elevations and latitudes typically den communally at discrete dens with narrowly defined 

topographic and thermal characteristics (Martin 2002) whereas populations toward the southern 

extreme of the species’ distribution often brumate singly and in scattered refugia (Waldron et al. 

2006). Our observations indicate that timber rattlesnakes in Ohio exhibit an intermediary trend 

by denning in small groups or singly at numerous dens across the landscape, similar to those in 

the piedmont of North Carolina (Sealy 2002). 

Spring egress typically began around April 1st, and progressed steadily, but variably 

depending on temperature fluctuations with drops in temperature delaying emergence and 

warming trends accelerating egress. The pattern was similar for ingress beginning in late 

September, but slightly more variable in timing and with a much more deliberate and 

synchronous movement during mid-October, around the time of the first freezing night. The last 

day during spring and first day during fall of each year in which temperatures fell below freezing 

were good markers for the beginning of egress and end of ingress, respectively. Although most 

snakes remained underground until the end of the spring burn window (April 15th), about half of 

our telemetered snakes, on average, were still aboveground at the start of the fall burning 

window (October 15th). However, this number rapidly decreased over the following two weeks 

with almost all snakes underground by November 1st. As with den site characteristics and 

distribution, timing of egress and ingress in Ohio more closely matches that of central North 



64 
 

Carolina, where egress peaks in mid-April and ingress peaks during mid-October and is 

intermediary to trends observed in populations in the Appalachian Mountains and Coastal Plain 

(Martin 2002, Sealy 2002, Waldron et al. 2006). 

We were further able to refine these observations by developing a predictive model of 

snake “exposure risk” wherein snakes underground or in a large log or rock outcrop were 

considered sheltered (and presumed to have a high probability of surviving a prescribed burn), 

and snakes aboveground and away from shelter were considered “exposed”. Snake risk was best 

predicted by GDD and, to a lesser extent, by temperature. Our model predicted that a snake’s 

probability of exposure rose rapidly starting at around GDD 250 and approached 100% around 

GDD 750, at which point most snakes were surface active, with fluctuations in temperature 

mediating this trend. Risk of exposure during the fall remained relatively high until GDD 2,800, 

at which point it dropped rapidly. 

We used this model to retrospectively predict the risk of fire exposure for snakes during 

spring egress for the 12 most recent years where prescribed burns occurred on properties with 

known timber rattlesnake populations in Ohio and predicted a low to moderate risk of fire 

exposure for individual snakes within burn units on these days. However, given that snakes 

brumate diffusely across the property and that prescribed fires are conducted infrequently in 

relatively small areas, we speculate that this low to moderate risk of exposure for individual 

snakes likely translates to very infrequent rattlesnake mortalities and none have yet been 

observed. 

This is not surprising, given that all burns occurred before April 16th, prior to most snakes 

leaving their dens and when those that have left are often near or in burrows, logs, or other 

shelters. Taken collectively, our observations and model indicate that current prescribed fire 
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practices likely pose a low risk to timber rattlesnake populations in southern Ohio. An additional 

observation worth noting is that we monitored a den with multiple large adult rattlesnakes 

situated within one of the most frequently burned units on the property (4 burns conducted 

between 2001 and 2016) which was also located within a several hectare area that was recently 

exposed to a high severity fire with extensive overstory mortality. Snakes only infrequently 

switch dens, and most of the adults at this den had likely survived multiple fires burning over 

their hibernacula, indicating some level of resilience to fire, even when dens are burned directly 

over. Further, although we know little about behavioral fire responses in reptiles, there is 

evidence that snakes can respond to and mitigate their risk from fire (Russell et al. 1999, Smith 

et al. 2001). We believe our results can help guide forest management and inform prescribed fire 

protocol which has had to operate under very little guidance regarding timber rattlesnakes until 

now. 

Our results also indicate some level of flexibility for rattlesnakes to adjust the timing of 

ingress and egress based on changes in temperature which may result in altered phenology in 

association with climate change, as has been show in Mediterranean vipers (Rugiero et al. 2013). 

Future studies should seek to better understand how flexible ingress and egress are across a 

broader time frame with more extreme fluctuations in temperature. Erratic or extreme weather 

patterns might disrupt natural cycles and lead to long-term decline as has been implied for 

massasaugas (Sistrurus catenatus), and climate change has been proposed as a contributing 

factor to the decline of timber rattlesnakes in New Hampshire (Clark et al. 2011, Pomara et al. 

2014). This study introduces as many questions as it answers, but our model and multi-year 

observations will serve as an important framework for better understanding the role of 

temperature and day of year on the phenology of brumation in snakes. 
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Figure 3.1. Cumulative emergence of radio-telemetered timber rattlesnakes (Crotalus horridus) 
from multiple hibernacula in southern Ohio during April and May across four years. The solid 
black line represents the number of snakes known to have emerged from hibernacula on a given 
day and the dashed lines represents the current April 15th cutoff for burning on state properties in 
Ohio. Although the number of telemetered snakes monitored varied by year (see secondary axis), 
the cumulative trend lines displayed are directly comparable between years as they effectively 
illustrate the proportion of monitored snakes currently above ground at any given time. 
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Figure 3.2. Cumulative ingress of radio-telemetered timber rattlesnakes (Crotalus horridus) to 
multiple hibernacula in southern Ohio during April and May across five years. The solid black 
line represents the number of snakes known to still be aboveground on a given day and the 
dashed lines represents the current October 15th cutoff for beginning fall burns on state properties 
in Ohio. Although the number of telemetered snakes monitored varied by year (see secondary 
axis), the cumulative trend lines displayed are directly comparable between years as they 
effectively illustrate the proportion of monitored snakes currently above ground at any given 
time. 



74 
 

 

Figure 3.3. The effects of the two most influential covariates on the probability of fire exposure 
to timber rattlesnakes (Crotalus horridus) during spring egress in southern Ohio. The probability 
of exposure increases with increasing growing degree day (A) and mean daily temperature (B). 
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Figure 3.4. The effects of the two most influential covariates on the probability of fire exposure 
to timber rattlesnakes (Crotalus horridus) during fall ingress in southern Ohio. The probability of 
exposure decreases with increasing growing degree day (A) and increases with mean daily 
temperature (B). 
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Table 3.1. Estimated effects of environmental covariates on the probability of exposure to fire 
during spring egress by timber rattlesnakes (Crotalus horridus) in southern Ohio. We present the 
lower and upper 95% highest density intervals (HDI-low and HDI-high respectively), the 
probability of direction (PD), and percent of the posterior distribution inside of the Region of 
Practical Equivalence (ROPE) using 89% of the posterior distribution. Bolded parameters 
represent covariates with < 1% of their posterior distribution inside ROPE. 
Parameter Estimate  HDI-low HDI-high PD ROPE  

Intercept 0.77 0.39 1.16 1.00 0.00 

Growing Degree Day 1.57 1.24 1.90 1.00 0.00 

Relative Humidity 0.30 -0.03 0.53 0.93 0.31 

Mean Temperature 0.70 0.59 0.91 1.00 0.00 

Solar Radiation 0.19 -0.06 0.44 0. 89 0.47 

Wind Speed -0.25 -0.45 -0.05 0.98 0.27 

 

 

 

 

 

 

 

 

 

 

 

 

 



77 
 

Table 3.2. Estimated effects of environmental covariates on the probability of exposure to fire 
during fall ingress by timber rattlesnakes (Crotalus horridus) in southern Ohio. We present the 
lower and upper 95% highest density intervals (HDI-low and HDI-high respectively), the 
probability of direction (PD), and percent of the posterior distribution inside of the Region of 
Practical Equivalence (ROPE) using 89% of the posterior distribution. Bolded parameters 
represent covariates with < 1% of their posterior distribution inside ROPE. 
Parameter Estimate  HDI-low HDI-high PD ROPE  

Intercept 1.32 0.94 1.73 1.00 0.00 

Growing Degree Day - 1.13 - 1.44 -0.83 1.00 0.00 

Relative Humidity 0.24 - 0.09 0.56 0.88 0.38 

Mean Temperature 0.82 0.59 1.04 1.00 0.00 

Solar Radiation - 0.11 - 0.46 0.25 0.69 0.60 

Wind Speed - 0.08 - 0.25 0.10 0.75 0.87 
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Chapter 4: Assessing social tolerance for rattlesnakes in Ohio with a psychological model and 

multiple measures of tolerance 

 

Abstract 

Ophidiophobia, or fear of snakes, is the most common specific phobia worldwide and has 

likely contributed to global declines in snake populations. However, venomous snake bites in 

developed nations are rare and very rarely fatal. Timber rattlesnakes are found throughout the 

eastern deciduous forests of North America but have declined dramatically due in part to a long 

history of fear-driven persecution. This decline has been particularly severe in Ohio where 

populations were almost completely eradicated. We surveyed Ohio residents concerning 

rattlesnakes and assessed their tolerance of rattlesnakes using psychological models commonly 

used with large mammals. We assessed three measures of tolerance: desired rattlesnake 

population, hypothetical encounter-responses to rattlesnakes, and support for rattlesnake 

conservation. Though an individual’s perception of the risks and benefits associated with 

rattlesnakes was predictive of their desired rattlesnake populations, this model was not useful in 

predicting either encounter-response to rattlesnakes or support for their conservation. This work 

is the first detailed assessment of its type for snakes and fills a major gap in our understanding of 

public resistance to rattlesnake conservation specifically, and snake conservation generally. 

 

Introduction 

Research increasingly reveals a link between extinction risk for wild animals and human 

activities.  Human threats are particularly relevant for species know to threaten humans, or the 

things we value (e.g., livestock).  These circumstances have led to rapid growth in interest of 
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applying psychological models to better understand tolerance for wildlife—particularly large, 

predatory mammals (Zajac et al. 2012, Bruskotter and Wilson 2014, Lischka et al. 2019). The 

term “tolerance” has been applied to a broad range of phenomena (Treves and Bruskotter 2014) 

including attitudes toward species, intentions to engage in behaviors related to those species, as 

well as attitudes toward species management (Bruskotter and Fulton 2012, Slagle and Bruskotter 

2019).  Most commonly, tolerance is employed as a synonym for “acceptance” as measured by 

wildlife acceptance capacity (Decker and Purdy 1988, Kansky et al. 2016) or wildlife 

stakeholder acceptance capacity (Riley and Decker 2000) and is essentially a measure of an 

individual’s willingness to accept risks or costs associated with the presence of a given wild 

animal (Bruskotter et al. 2015, Kansky et al. 2016, Lischka et al. 2019).  

Evidence indicates that an individual’s perception of the potential risks and benefits 

associated with the presence of potentially dangerous wildlife can strongly influence their 

tolerance for wild animals (Zajac et al. 2012, Bruskotter and Wilson 2014, Lischka et al. 2019) 

and their support for its conservation (Slagle et al. 2013). Tolerance for wildlife can also be 

influenced by one’s wildlife value orientations (Zinn et al. 2000, Manfredo et al. 2009)—that is, 

their perceptions about the ideal relationships between humans and wildlife, as well as previous 

interactions with wild animals (Riley et al. 2002). Research suggests risk and benefit perceptions 

are the best predictors of acceptance for large mammalian predators (Lischka et al. 2019; Inskip 

et al. 2016, Bruskotter and Wilson 2014, Kansky et al 2016). Yet, while these models have 

established a critical framework for understanding human dimensions in conserving persecuted 

and declining large mammals, they have rarely been applied to smaller, less charismatic taxa, 

like snakes. 
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Fear of snakes is the most prevalent phobia worldwide (Agras et al. 1969; Ceríaco 2012) 

and this fear may be evolutionary in origin (DeLoache and LoBue 2009; Öhman and Mineka 

2003). The ubiquity and strength of fear towards snakes can hamper conservation efforts aimed 

at recovering this group of animals in rapid, global decline (Gibbons et al. 2000, Reading et al. 

2010). Seigel and Mullin (2009), emphasize that snakes are broadly threatened and that fear or 

intolerance toward snakes is a significant barrier to their conservation. While there is a growing 

database and consensus on the global decline of snakes, there is little information on the role 

widespread fear and persecution may play in this decline. 

Studies from Portugal (Ceríaco 2012), Nepal (Pandey et al. 2016), Slovakia and Turkey 

(Prokop et al. 2010), and the United States (Agras et al. 1969) all found negative public attitudes 

towards snakes and snake conservation were widespread. Seigel and Mullin (2009) urged snake 

ecologists to become advocates for snake conservation but offered no science-based guidance on 

assessing or addressing barriers to acceptance. However, the relatively robust literature on 

tolerance with large mammals could be used to inform our assessment of the psychological 

mechanisms underlying negative perceptions of snakes. 

Timber rattlesnakes (Crotalus horridus) in Ohio make for an appealing case study to 

better understand tolerance for snakes. Over the past century, timber rattlesnakes declined by at 

least 66% in Ohio (ODW 2011), but some evidence points to more than a 90% decline (Wynn, 

2012). Though data on the scale of historic extermination efforts are scarce, direct persecution 

(i.e., human intolerance) was clearly a factor in this decline (Levin 2016). Given that these 

snakes were once legally harvested for bounties but are now protected in Ohio and elsewhere, the 

state of their conservation has clearly improved. However, the perception of snakes as hazards 

continues to be a real barrier to recovering species which have disappeared from most of their 
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former range (Norris 2017), as it has with large mammalian carnivores (Kellert et al. 1996). In 

fact, The Ohio Division of Wildlife’s current conservation efforts are directed at protecting 

“existing populations” of snakes—effectively excluding the potential for recovering extirpated 

rattlesnake populations within their former range (ODW 2011). Although the perceived risk from 

snakes far outweighs the actual danger venomous snakes present (Forrester et al. 2018), 

accurately conveying this level of risk will likely not be enough to promote broad social 

tolerance for snakes (Slagle et al. 2013). 

To improve outreach efforts for threatened and endangered snakes, we must first 

understand the basis for resistance to their conservation. Following psychological models of 

‘hazard acceptance’ used to predict tolerance for large predators (Zajac et al. 2012, Bruskotter 

and Wilson 2014, Lischka et al. 2019), we surveyed public perception of timber rattlesnakes in 

Ohio to better understand the mechanisms underlying tolerance for rattlesnakes and support for 

conservation efforts that could help ensure the long-term conservation of this species. Following 

these models, we hypothesized that an individual’s acceptance of rattlesnakes would be affected 

by their perception of the potential risks and benefits of having rattlesnakes on the landscape 

which would be influenced by higher order attitudes and wildlife value orientations (Figure 4.1).  

Beyond their acceptance of rattlesnakes, some research suggests that hazard models can 

predict people’s intentions to engage in supportive (e.g., stewardship/conservation) or 

oppositional actions.  Thus, we also assessed intentions to support rattlesnake conservation 

through the same conceptual framework. Though these three concepts (desired rattlesnake 

population, encounter-response scenarios, and support for conservation) are distinct, they are 

closely related (Bruskotter and Fulton 2012, Bruskotter et al. 2015) and we predicted that an 
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individual’s perceptions of risks and benefits associated with rattlesnakes would be similarly 

important in understanding all three variables. 

 

Methods 

Data Collection 

We used a private sampling firm (Qualtrics XM, Inc., Seattle, WA) to gain access to a 

panel of Ohio adults and distributed an online survey to sampled individuals via the Qualtrics 

platform. Our primary aim was obtaining results reflective of a general cross section of Ohio’s 

adult residents, rather than smaller or more specifically motivated groups (e.g., hunters, anglers) 

that are more likely to respond to traditional mail surveys (e.g., Thompson 1991). Qualtrics 

provides panelists recruited to participate with a cash-equivalent-incentive for completing the 

survey in order to improve response rates and ensure respondents completed the survey 

thoroughly, regardless of their interest level. Our survey began on 11/11/2020 and ran until 

11/30/2020, when we collected our target 400 completed responses (total of 447 surveys 

completed). 

Variables 

Wildlife value orientations. We measured wildlife value orientations by asking study 

participants to indicate their level of agreement, on a 5-point bi-polar response scale (i.e., 

2=agree, 1=somewhat agree, 0=neither agree nor disagree, -1=somewhat disagree, -2=disagree), 

with a subset of response items used by Manfredo et al. (2009) to measure mutualism and 

domination-based wildlife values. We selected four items from each category to ultimately 

measure mutualism and domination, respectively, based on factor loadings in our confirmatory 

analysis (Table 4.1). 
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Attitudes toward rattlesnakes. We measured general attitudes toward rattlesnakes by 

asking study participants to indicate their level of agreement, on a 5-point bipolar response scale 

(2=strongly agree, 1=somewhat agree, 0=unsure, -2=somewhat disagree, -1=strongly disagree), 

to belief statements about rattlesnakes, half of which have previously been used to measure 

coexistence and concerns pertaining to tolerance of rattlesnakes (Christoffel 2007, Keener-Eck 

2017). We also measured study participants’ attitudes toward various animals (rattlesnake, 

mosquito, cat, dog, etc.), on a 7-point bipolar response (3=strongly like, 2= like, 1=somewhat 

like, 0= neither like nor dislike, -1=somewhat dislike, -2=dislike, -3=strongly dislike), by asking 

how much they like or dislike each animal (see Kellert 1985). We used five items from these 

response items to measure attitudes toward rattlesnakes (Table 4.1). 

Perception of Benefits & Risks. We used two response items related to potential benefits 

associated with rattlesnakes relating to ecosystem services to measure perceived benefits from 

rattlesnakes (Table 4.1). We selected four response items related to potential risks associated 

with rattlesnakes to measure perceived risks from rattlesnakes (Table 4.1). 

Desired rattlesnake population. We measured respondents’ desired rattlesnake population 

by asking study participants to indicate what they would consider an ideal population of 

rattlesnakes in Ohio on a four-point Likert scale (3=healthy and abundant population, frequent 

sightings, 2=small and isolated population, occasional sightings, 1=population risks extinction, 

sightings are rare, 0=no rattlesnakes). We also asked study participants to indicate the kind of 

population trajectory they would most prefer to see in Ohio rattlesnakes on a four-point scale that 

is slightly modified from the traditional “wildlife acceptance capacity measure” (1=increase, 

0=stay about the same, -1=decrease, -2=go away). We used these two items for our first measure 

of tolerance: desired population (Table 4.1). 
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Encounter-response scenarios. We asked participants to indicate how they would respond 

to a series of hypothetical scenarios involving encounters with snakes (Christoffel 2007, Keener-

Eck 2017). Response options included: do nothing (coded as 0), call local snake volunteer (coded 

as 0), call Ohio DNR (coded as 0), attempt to move the snake (coded as -1); call animal control 

or police (coded as -2), or kill the snake (coded as -3). We used all three items from this section 

that directly reference a scenario involving a venomous snake for our second measure of 

tolerance: encounter-response scenarios toward rattlesnakes (Table 4.1). 

Support for rattlesnake conservation. We measured stewardship for rattlesnakes by 

asking study participants to indicate their level of support, on a 5-point bipolar response scale 

(2=strongly support, 1=somewhat support, 0=unsure, -1=somewhat against, -2=strongly against), 

to items used by Keener-Eck (2017) and two response items we generated dealing specifically 

with reintroduction and translocation efforts. We selected four items from this section that most 

directly deal with legal protections and translocation efforts of rattlesnakes as our third measure 

of tolerance: support for rattlesnake conservation (Table 4.1). 

We conducted confirmatory factor analyses to describe scale dimensionality for all latent 

variables (Table 4.1). After removing two items with low factor loadings contributing to poor 

model fit, all multi-item measures were unidimensional with good model fit (CFI > 0.95) and 

each item had acceptable factor loadings (β > 0.50).  

Data Analysis 

We built and analyzed a structural equation model (SEM) using maximum likelihood 

estimation with the lavaan package in R (R Core Team 2020). We built one model and used it to 

predict three separate measures of tolerance (i.e., desired rattlesnake population, encounter-

response scenarios, and support for conservation) for timber rattlesnakes. We assessed model fit 
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with the Comparative Fit Index (CFI) and a parsimony-adjusted measure, the Root Mean 

Squared Error of Approximation (RMSEA). We considered CFI values over 0.90 and RMSEA 

values less than 0.08 to be indicative of an acceptable fit (Hu and Bentler 1999). 

 

Results 

Response 

We collected a total of 447 completed surveys. All respondents in our study were 

residents of Ohio with a mean age of 47 and equal representation (50%) of respondents 

identifying as male or female. Roughly two-thirds (74%) of respondents had completed some 

post-secondary education and under half (41%) held a bachelor’s degree or higher. All 

respondents reported engaging in at least one outdoor activity with most (80%) participating in 

consumptive outdoor activities (hunting, fishing, mushroom hunting, etc.) and nearly all (90%) 

participating in non-consumptive outdoor activities (hiking, kayaking, birdwatching, etc.). A 

very small number of respondents (6%) reported purposefully searching for reptiles and 

amphibians, or “herping”, while over a quarter (27%) reported doing some birdwatching. Over a 

quarter of respondents (39%) reported having visited one of six public properties known to have 

harbored timber rattlesnake populations in recent years with 33 of these respondents (7% of total 

sample) reporting encounters with wild timber rattlesnakes in Ohio. 

Structural Equation Models 

We fit three models explaining each of the three measures of tolerance for rattlesnakes. 

Though all three models showed good model fit (CFI > 0.9, RMSEA < 0.08), risks and benefits 

were only significant predictors for one measure of tolerance: desired population (CFI = 0.94, 

RMSEA = 0.051; Figure 4.2). As predicted, an individual’s perception of the risks posed by 



86 
 

rattlesnakes had a negative effect on tolerance (β = -0.46) and their perception of associated 

benefits had a positive effect on tolerance (β = 0.52). An individual’s attitude toward rattlesnakes 

had the strongest effect on both perceived risks (β = -0.63) and benefits (β = 0.63). Though 

domination wildlife value orientations had a notable positive effect on perceived risks (β = 0.40), 

mutualism-based value orientations had a weak positive effect on both perceived benefits (β = 

0.11) and risks (β = 0.25). 

 

Discussion 

We modeled tolerance for timber rattlesnakes among Ohio residents and found that an 

individual’s perception of the risks and benefits associated with rattlesnake presence on the 

landscape were strong predictors of their tolerance for rattlesnakes. To our knowledge, this is the 

first test of the risks-benefits psychological model of tolerance (Lischka et al.2019), used 

commonly with large predatory mammals (Zajac et al. 2012, Bruskotter and Wilson 2014), in 

snakes. We also used wildlife value orientations (Zinn et al. 2000, Manfredo et al. 2009), 

alongside attitudes toward rattlesnakes, to predict perceptions of risks and benefits. Though 

mutualism was only modestly predictive of perceived benefits associated with rattlesnakes, 

domination had a stronger effect on perceived risks, indicating that wildlife value orientations are 

useful in understanding tolerance of rattlesnakes. We also characterized attitude using response 

items that gauged respondents’ level of positivity (e.g., “to what extent do you like or dislike this 

animal?”) and interest (e.g., “I would enjoy seeing a rattlesnake in the wild”) toward rattlesnakes 

and found that it influenced perceptions of risks and benefits even more than a person’s wildlife 

value orientations. Similarly, Keener-Eck et al. (2020) found that attitudes toward rattlesnakes 
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specifically were better predictors of tolerant behavioral intentions toward rattlesnakes than 

wildlife value orientations. 

However, our model was only significantly predictive of tolerance when measured as the 

desired population of rattlesnakes in Ohio. Perceptions of risks and benefits did not significantly 

impact either encounter-response scenarios toward rattlesnakes, or support for rattlesnake 

conservation efforts. In practice, ‘tolerance’ has been assessed using a variety of measures—

from an individual’s attitudes toward a particular species to over behaviors; however, these are 

rarely assessed in the same study (Bruskotter et al. 2015). Our findings indicate that, at least for 

some species, common indicators of tolerance (e.g., wildlife stakeholder acceptance capacity, 

encounter-responses, and support for conservation measures) are not closely related or affected 

by the same variables. 

We believe this may be related to the disproportionate fear associated with snakes (Agras 

et al. 1969; Ceríaco 2012, Forrester et al. 2018), which may be relatively unrelated to the 

perception of actual risk posed by an animal. Venomous snakebites are a rare phenomenon in the 

United States (3,000–9,000 bites treated per year; O’Neil et al. 2007) and deaths caused by 

venomous snakes are even rarer (~ 5 deaths reported per year, Langley 2005). Venomous snakes 

in Ohio are found predominantly in the least populated, most rural parts of the state and 

rattlesnakes were reportedly encountered by less than 10% of our respondents. Yet about half of 

respondents expressed that rattlesnakes posed an unacceptable threat to either pets (48%) or 

children (53%), almost half (44%) expressed reluctance to visit a park where rattlesnakes 

occurred, and some (16%) expressed reluctance to visit a nature center housing a captive 

rattlesnake. A variety of studies indicate that risks and benefits can be relatively strongly 

associated with emotional responses (particularly affect).  Here we used a measure of attitudes, 
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as opposed to emotional measures, to capture one’s general disposition toward snakes. As in 

prior studies, this measure was strongly related with perceptions of risk and benefit. 

Humans assess and perceive risk through analytical (logic and rational thought) and 

experiential (emotions and associations) means (Slovic et al. 2004), but the latter often 

overshadows the former via a mechanism known as the affect heuristic (Slovic et al. 2007). This 

emotional reaction toward specific types of wildlife can be more important in determining 

tolerance for wildlife than the realized costs of living alongside an animal (Slovic 1982, Jacobs et 

al. 2012). Given that phobias, such as ophidiophobia, are emotionally based (Agras et al. 1969), 

acceptance or tolerance of snakes may be helped very little by fact-based messages (i.e., 

conveying how low an individual’s risk of snakebite is). 

The conservation of timber rattlesnakes in Ohio depends on both sound land management 

and sufficient public support to carry out conservation objectives. Our results indicate that many 

Ohio residents are in support of reintroducing rattlesnakes where populations have been 

extirpated (38% support, 28% against) and introducing more snakes into existing populations 

that are declining (33% support, 35% against) but about half of respondents would not enjoy 

encountering (45%) or living near rattlesnakes (51%). Given the disconnect between our three 

measures of tolerance, acceptance of rattlesnakes in the state likely does not equate to support for 

the conservation of rattlesnakes or tolerance of snakes in the wild when an individual is 

personally impacted. More research needs to be done, especially on the role that affect, and fear 

play in predicting tolerance of rattlesnakes. However, respondents with higher domination scores 

were more likely to perceive greater risks associated with rattlesnakes and therefore desired 

lower populations. Wildlife value orientations are rapidly shifting from predominantly use-based 

domination values to more tolerant mutualism-based values (Manfredo et al. 2016, Manfredo et 
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al. 2020), and our model indicates that this could result in Ohio residents being more open to the 

idea of timber rattlesnake populations being preserved or even increasing. This framework can 

serve as a critical a starting point for understanding, and ultimately combatting, resistance to the 

conservation of venomous snakes. 
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Figure 4.1. Conceptual model for tolerance of rattlesnakes based on our understanding of the 
latent variables affecting tolerance in large, predatory mammals. 
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Figure 4.2. Our hypothesized model of tolerance for rattlesnake in Ohio fit to questionnaires 
from a random sample of residents in the state. The coefficients on each pathway in the model 
can be interpreted as standardized regression weights. Straight lines represent hypothesized 
causal pathways and double-headed, curved lines represent hypothesized covariance. We fit 
three separate models for each of our three measures of tolerance but represent the relationships 
between perceived risks and benefits and both conservation support and encounter response-
scenarios alongside the full model for desired population here. 
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Table 4.1. Item factor loadings for each of the eight latent variables assessed to model tolerance of timber rattlesnakes (Crotalus 
horridus) by a random sample of Ohio residents. The factor loadings can be interpreted as β from multiple regression output. The 
Comparative Fit Index (CFI) results present the model fit for the confirmatory factor analysis of each latent variable. The factor 
analysis results provide the test of unidimensionality in the scales (when CFI scores are closer to 1 the model fits better). * indicates 
items drawn from the “attitudes toward rattlesnakes” section and operationalized across multiple latent variables. 
 
 

Latent Variable and Measurement Item Test CFI Factor 
Loadings SE 

Wildlife Value Orientations - Domination    

     The needs of humans should take priority over fish and wildlife protection. 0.96 0.574 0.046 
     It is acceptable for people to kill wildlife if they think it poses a threat to their property. 0.96 0.610 0.045 
     Fish and wildlife are on earth primarily for people to use. 0.96 0.559 0.046 
     Hunting does not respect the lives of animals Removed from analysis 
     People who want to hunt should be provided the opportunity to do so 0.96 0.619 0.045 
Wildlife Value Orientations - Mutualism    

     I view all living things as part of one big family. 1.00 0.791 0.026 
     Animals should have rights similar to the rights of humans. 1.00 0.712 0.030 
     Wildlife are like my family and I want to protect them. 1.00 0.783 0.026 
     I take great comfort in the relationships I have with animals 1.00 0.624 0.035 
     I value the sense of companionship I receive from animals Removed from analysis 
Attitude    

     To what extent do you like or dislike…rattlesnakes 0.99 0.684 0.029 
     I am personally interested in rattlesnakes 0.99 0.820 0.021 
     I would enjoy seeing a rattlesnake in the wild 0.99 0.797 0.022 
     Even if I never seen one, I enjoy just knowing that rattlesnakes exist 0.99 0.702 0.028 
     I take pride in knowing that a rattlesnake lives near my home 0.99 0.727 0.027 
Perception of Benefits    

     Rattlesnakes help to control pest populations NA 0.639 NA 
     Rattlesnakes are important to the Ohio ecosystem NA 0.866 NA 
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Perception of Risks    

     Rattlesnakes pose an unacceptable threat to pets 0.95 0.791 0.031 
     Rattlesnakes pose an unacceptable threat to children 0.95 0.757 0.033 
     If I knew that a rattlesnake lived near my home, it would decrease my enjoyment of living 
there 0.95 0.622 0.036 

     I am less likely to visit a park where rattlesnakes occur 0.95 0.556 0.039 
Desired Rattlesnake Population    

     Do you think rattlesnake populations in Ohio should... NA 0.877 NA 
     What would you consider an ideal population of rattlesnakes in Ohio? NA 0.719 NA 
Behavioral Intentions Toward Rattlesnakes    

     You find a venomous snake on your property 1.00 0.550 0.035 
     You find a venomous snake crossing a road 1.00 0.813 0.035 
     You find a venomous snake along a trail on public property 1.00 0.819 0.035 
Support for Rattlesnake Conservation    

     Laws that prohibit killing rattlesnakes 1.00 0.712 0.031 
     Laws protecting rattlesnakes that restrict a landowner’s right to develop private property 1.00 0.667 0.033 
     Reintroduction of rattlesnakes at sites where they've dissappeared 1.00 0.752 0.029 
     Introduction of more rattlesnakes into a declining population 1.00 0.740 0.030 
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