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ABSTRACT 

This dissertation delves into the multifaceted realm of wildlife conservation, with a 

specific focus on the amphibian and reptile populations inhabiting the Lake Champlain 

(Abenaki place name Bitawbagok) Basin. Comprising four interconnected chapters, I 

examine the impact of human activities, the efficacy of mitigation strategies and the 

importance of systematic monitoring in the pursuit of preserving biodiversity in a 

changing environment. 

Chapter 1 investigates the unintended consequences of human infrastructure, particularly 

roads on biodiversity and wildlife mortality. Roads, pervasive in the northeastern United 

States, induce habitat fragmentation, which alters wildlife behavior and causes road 

mortality. This study, conducted in Monkton, Vermont, evaluates the effectiveness of 

wildlife underpasses in mitigating amphibian road mortality, offering valuable insights 

for resource managers facing the challenges of infrastructure development. 

Chapters 2 and 3 address the ramifications of globalization, specifically the proliferation 

of aquatic invasive species (AIS) in the Lake Champlain Basin. Chapter 2 consists of a 

comprehensive and systematic literature review of the unintended consequences of AIS 

management and highlights the data gaps that very few studies explore the negative 

impacts of mechanical AIS management and even fewer explore the negative effects of 

AIS management on reptile populations. Chapter 3 attempts to fill these data gaps by 

evaluating the impacts of AIS mechanical harvesters on turtle populations within the 

Lake Champlain Basin. By quantifying the impact of mechanical harvesting on turtle 

populations, this research aims to inform targeted and effective aquatic nuisance control 

permit conditions, contributing Vermont-specific insights with potential broader 

applications in managing invasive species globally. 

Chapter 4 shifts the focus to the global threats of habitat degradation and loss, with a 

focus on gray treefrogs. This study employs PVC pipes, a passive trapping methodology, 

to understand habitat associations of gray treefrogs outside of their breeding season. This 

research not only contributes to filing knowledge gaps in gray treefrog natural history, but 

also provides a potential tool for long-term monitoring, which is crucial for informed land 

conservation strategies. 

Collectively, these chapters explain the interconnectedness of wildlife conservation, 

human activities, and ecosystem management. They emphasize the crucial need for 

evidence-based strategies, systematic monitoring, and proactive conservation measures to 

protect the delicate balance of herptile populations in the face of human induced 

environmental challenges. This dissertation contributes to the growing body of 

knowledge essential for the sustainable management and preservation of biodiversity in 

ecologically sensitive regions like the Lake Champlain Basin.
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INTRODUCTION 

Amphibians and reptiles, collectively known as herptiles, are vital to maintaining 

ecological balance, yet their populations face significant threats worldwide, especially in 

sensitive ecosystems like the Lake Champlain Basin. Compared to other vertebrates, a 

disproportionately high number of reptile and amphibian species are threatened or at risk 

of extinction (Cox et al. 2022). These species provide essential ecosystem services, such 

as pest control, and have contributed to advancements in pharmaceutical development. 

Beyond their ecological and medical importance, herptiles hold cultural, religious, and 

mythological significance across diverse human societies (Valencia-Aguilar et al. 2013; 

Hocking and Babbitt 2014). Their preservation is crucial not only for ecosystem health 

but also for their intrinsic and societal value. 

Despite decades of conservation research, significant gaps remain in 

understanding the unintended impacts of human activities on biodiversity and herptile 

populations (Grubisic et al. 2019; Mehring et al. 2020). Habitat fragmentation, biological 

invasions, and data deficiencies in species ecology are particularly pressing concerns for 

amphibians and reptiles, yet key knowledge gaps persist in evaluating their ecological 

consequences (IPBES 2023). Roads contribute to habitat fragmentation and wildlife 

mortality, but the effectiveness of mitigation strategies is not well understood (Fahrig and 

Rytwinski 2009; de Lima Filho et al. 2021). Similarly, management of aquatic invasive 

species (AIS) may unintentionally harm native wildlife, though little research has been 

done to quantify these effects (De Jonge et al. 2012; Morón-López 2021). Finally, 

conservation efforts often focus on amphibians during breeding seasons, limiting our 

understanding of their ecology and habitat needs throughout the year (Raithel 2019). 
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Addressing these challenges is critical for improving conservation outcomes and 

mitigating human-induced threats to herptile populations. 

Roads are a significant driver of habitat fragmentation and wildlife mortality, 

particularly for amphibians, whose seasonal migrations make them extremely vulnerable 

to vehicle induced mortality (Guilherme et al. 2007; Dutta 2018). Networks of roads have 

expanded globally, increasing mortality rates and population isolation, which in turn 

disrupts genetic connectivity and long-term species viability (Schwartz et al. 2020; 

Pokorny et al. 2022). Various mitigation techniques, such as road underpasses and 

fencing, have been implemented to reduce these impacts, but their effectiveness remains 

poorly quantified. While some studies suggest that road crossing structures benefit 

amphibian populations, there is a notable lack of before-and-after mortality comparisons 

that would provide robust evidence for their efficacy (Glista et al. 2008; Gagnon et al. 

2011). Without such data, it is difficult to determine whether current mitigation efforts are 

sufficient or if additional measures are needed to ensure population persistence. 

Invasive species are a leading cause of biodiversity loss and ecosystem disruption, 

prompting widespread management efforts to mitigate their impact (Linders et al. 2019). 

In aquatic systems, control methods such as mechanical harvesting, chemical treatments, 

and biological introductions are commonly used to reduce the ecological impacts of AIS 

populations (Simberloff 2011; Phelps et al. 2017; Codd-Downey et al. 2021). However, 

these management techniques can have unintended ecological consequences, potentially 

affecting non-target organisms, altering habitat structure, and disrupting food webs 

(Simberloff 2011; Phelps et al. 2017; Codd-Downey et al. 2021). Despite the widespread 

implementation of AIS management strategies, research on their broader ecological 
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impacts remains limited. In particular, little is known about how mechanical removal 

methods influence wildlife populations, including rates of bycatch and unintended 

mortalities. Addressing this knowledge gap is crucial for developing management 

strategies that minimize harm to native species while effectively controlling invasive 

species. 

Research on amphibian populations has largely focused on their breeding seasons, 

as individual amphibians are more detectable when they congregate at aquatic sites for 

reproduction (Raithel 2019). However, this seasonal bias limits our understanding of their 

ecology for the majority of the year, particularly in terrestrial environments where many 

species spend significant portions of their life cycle (Johnson et al. 2007). Outside of the 

breeding season, amphibians disperse across landscapes and use microhabitats that tend 

to be poorly documented due to logistical challenges in detection. This lack of data on 

non-breeding habitat use and survival rates hinders conservation planning, particularly in 

the context of habitat protection and land management (Santos et al. 2020). 

This dissertation addresses these gaps through four interconnected studies, each 

tackling a unique conservation challenge linked to a global herptile threat, but with local 

context in the Lake Champlain Basin. Chapter 1 focuses on the effectiveness of wildlife 

underpasses at reducing amphibian mortality during their spring breeding migration. 

Chapter 2 identifies data gaps surrounding the unintended ecological consequences of 

AIS management by systematically searching through the available literature. Chapter 3 

builds on Chapter 2 by examining the impact of mechanical harvesting of AIS on wildlife 

populations, with a particular focus on bycatch rates in the Lake Champlain Basin. Lastly, 

Chapter 4 investigates habitat associations and monitoring methods for a cryptic 
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amphibian species, emphasizing the importance of adopting a holistic approach to the 

conservation of common species. Together, these studies underscore the 

interconnectedness of human activities, wildlife conservation strategies, and broader 

ecosystem health. 

To address these challenges, this dissertation integrates field studies, a systematic 

review, and data-driven analyses. A before-after control-impact design is used to evaluate 

mitigation strategies and provide robust evidence for their effectiveness. A 

comprehensive literature review identified critical gaps in AIS management, while multi-

taxa surveys quantify bycatch impacts during AIS mitigation. Lastly, passive monitoring 

techniques are also employed to inform long-term habitat studies for a cryptic amphibian, 

offering practical approaches for future research. 

By addressing these critical conservation challenges, this dissertation provides 

actionable insights to support herptile conservation in the Lake Champlain Basin and 

beyond. Its findings offer practical guidance for policymakers, resource managers, and 

conservationists in shaping sustainable practices and policies. Furthermore, the 

methodologies employed in this research serve as a template for biodiversity 

conservation studies in similar ecosystems worldwide. Ultimately, this work underscores 

the importance of integrating science-based strategies into management decisions to 

safeguard amphibian and reptile populations for future generations. 
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CHAPTER 1: ASSESSING THE EFFICACY OF WILDLIFE UNDERPASSES IN 

MITIGATING AMPHIBIAN ROAD MORTALITY: A CASE STUDY FROM THE 

NORTHEASTERN UNITED STATES 

Abstract 

Roads pose significant threats to wildlife populations worldwide, leading to habitat 

fragmentation and high mortality rates among various species. Mitigation strategies such 

as wildlife underpasses have been implemented to alleviate these impacts, yet few studies 

have assessed their effectiveness before and after implementation. We conducted a case 

study in the northeastern United States to evaluate the efficacy of a wildlife underpass 

complex in mitigating amphibian road mortality. The study area encompassed a 1.3 km 

stretch of road, where two underpasses were constructed to facilitate amphibian passage. 

Through a comprehensive survey spanning five years pre-construction and seven years 

post-construction, we collected data on amphibian mortality and environmental factors. 

Linear-mixed effects models were used to assess changes in mortality rates before and 

after underpass construction using a before-after control-impact design. Our findings 

indicate a substantial reduction in mortality across the entire amphibian community and 

for non-arboreal amphibians within the treatment areas post-construction. While arboreal 

amphibian mortality decreased, the difference was not statistically significant. The 

underpasses effectively facilitated amphibian movement. Overall, our study provides 

empirical evidence of the effectiveness of wildlife underpasses in reducing amphibian 

road mortality, highlighting them as a potentially important conservation action. These 

findings underscore the significance of incorporating underpass structures into 

transportation planning and infrastructure development to mitigate negative impacts on 
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wildlife populations. Moreover, our study contributes valuable insights for future 

research and informs policy initiatives aimed at enhancing habitat connectivity and 

safeguarding vulnerable amphibian populations in environments bisected by roadways. 

Key Words – underpass, wildlife crossing, road mortality, mitigation, migration, amphibian, conservation 
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Introduction 

Human infrastructure tends to have unintended negative consequences on the 

natural world (Sun and Narins, 2005; Egea-Serrano et al., 2012; Woinarski et al., 2020; 

Niebuhr et al., 2022). The creation of human infrastructure, such as roads, often leads to 

habitat fragmentation, degradation, and destruction; which are the primary causes of 

biodiversity loss globally (Andrén, 1994; Wilson et al., 2016; Crooks et al., 2017; de 

Lima Filho et al., 2021). As human populations continue to grow, more and more 

infrastructure will be built (McDonald et al., 2020). Human development and 

infrastructure may cause unintended negative impacts on many wildlife taxa (Andrén, 

1994; Moore et al., 2023). 

Roads can have detrimental impacts on wildlife species in multiple ways (Lodé, 

2000; Lester, 2015). Roads may cause reduced genetic exchange between populations, 

change wildlife behavior, and can lead to local extirpations of wildlife populations (Riley 

et al., 2014; Schwartz et al., 2020; Driessen, 2021; Pokorny et al. 2022). Very few species 

are immune to the effects of roads. For example, large and mobile species, such as 

ungulates, are killed in large numbers by vehicular collisions, even at low traffic densities 

(Riley et al., 2014; Poulin et al., 2023). As human populations continue to grow, more 

vehicles will be used on roadways. Therefore, the negative impacts of roads on wildlife 

are likely to increase without implementing mitigation strategies (Riley et al., 2014; 

Lester, 2015; Schwartz et al., 2020; Pokorny et al. 2022). 

Many mitigation techniques have been implemented successfully across the globe 

to reduce wildlife road mortality. These techniques include drift fences, making bridges 

and culverts passable by wildlife, tunnels, overpasses, fencing, underpasses, and many 
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more (Glista et al., 2009). All of these techniques provide opportunities for wildlife to 

safely cross roads (Bager and Fontoura, 2013; Bellis et al., 2013; Lester, 2015). Large 

wildlife underpass and overpass complexes, used in tandem with fencing, have been 

successful in reducing road mortality of large mammals in North America (Sawaya et al., 

2014; Sawyer et al., 2016; Simpson et al., 2016). Unfortunately, these techniques are 

harder to implement in the northeastern United States, where increased human densities 

and associated infrastructure (e.g., driveways) make it difficult for transportation agencies 

to install large overpass and underpass structures, especially in tandem with fencing. 

Despite record funding for wildlife crossings (Infrastructure Investment & Jobs, 

2021), large crossing structures are expensive, ranging from $500,000 to $2.7 million for 

underpasses and $2.7 million to $6.2 million for overpasses in the United States; making 

them challenging for state and local governments to implement (Sugiarto, 2022). 

However, wildlife crossing structures designed for small wildlife, like amphibians, can be 

quite small and are relatively easy to install, especially when repairing roads (Fairbank, 

2014; Huijser et al., 2016; Seiler et al., 2016). Wildlife underpasses are one of the most 

implemented infrastructural mitigation techniques used to prevent wildlife mortality on 

roads (Pimm et al., 2021). Despite this, very few studies have compared wildlife 

mortality levels before and after the installation of underpasses (Glista et al., 2008; 

Gagnon et al., 2011). Therefore, there is great importance in evaluating whether wildlife 

underpasses are an effective means of mitigating road mortality, especially considering 

the high cost of building them. 

Amphibians are the most vulnerable group of vertebrates, with approximately 

40.7 % of amphibian species being susceptible to extinction (Wren et al., 2015; Churko et 
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al., 2020; Luedtke et al., 2023). Roads negatively impact multiple life stages of 

amphibians (i.e., waterbody salinification via road salt, traffic noise impacting frog 

mating calls, etc.) (Taylor and Goldingay, 2010; Coelho et al., 2012; Beebee, 2013; Kioko 

et al., 2015). Temperate amphibians generally have two distinct life stages: an aquatic 

egg/larval stage and a terrestrial (or semi-terrestrial) adult stage (Gibbs and Shriver, 

2005). Therefore, most amphibians require a habitat matrix that includes both wetlands 

and upland habitats to persist (Bradford, 1983; Lamoureux and Madison, 1999; Joly et 

al., 2003). The loss and fragmentation of these critical habitats is the most immediate 

threat to amphibians in the northeastern United States and across the globe (Gibbs, 1998; 

Cushman, 2006; Guilherme et al., 2007; Gu et al., 2011; Dutta, 2018). 

Throughout the northeastern United States, many wetlands are separated from 

upland habitats due to roads. Fragmentation due to roads can lead to extreme mortality 

events when amphibians cross roads to breed and return to the uplands on rainy nights in 

the spring, summer and fall (Mazerolle, 2004; Sterrett et al., 2018). This mortality can be 

severe enough to cause local extirpations (Gibbs and Shriver, 2005). Conservationists 

have attempted to reduce road-induced mortality by building amphibian/wildlife 

underpasses on roads that intersect important habitats for amphibians (Schmidt and 

Zumbach, 2008; Woltz et al., 2008; Pomezanski, 2018). Very few studies have 

investigated amphibian mortality before and after the installation of underpasses (Fahrig 

and Rytwinski, 2009). However, there is some evidence that they are effective at reducing 

mortality (Jackson, 2000). 

In this study, we used linear mixed effects models to analyze amphibian mortality 

data collected prior to and after the installation of a wildlife underpass complex in 
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Monkton, Vermont. The objectives of this study were 1) to determine if there was a 

significant decrease in amphibian mortality in the treatment areas after the construction of 

the underpasses; 2) to understand whether underpasses are equally effective for all 

amphibian species; and 3) to determine whether the underpass wing walls in so-called 

“buffer” areas impacted mortality more like treatment or control areas. We hypothesized 

that the total amphibian mortality would be significantly less than in control areas after 

underpass construction, and that reductions in mortality would be most pronounced for 

non-arboreal species, because arboreal species may climb over the structure. We also 

hypothesized that buffer areas would act more like control areas than treatment areas. Our 

research provides resource managers with valuable information about the effectiveness of 

underpasses for amphibians, which is essential given the concerning impacts of road-

induced wildlife mortality and the high cost of these structures. 

Methods 

Background 

In 1997, biologists in Vermont (Abenaki place name, N’dakinna) identified a 

segment of Monkton Road in the town of Monkton, as one of the State’s most important 

and vulnerable amphibian crossings. During just two nights in the spring of 2006, more 

than 1,000 amphibians were estimated to have been killed by automobiles (unpublished 

data). This prompted the Monkton Conservation Commission and partners to apply for 

grants, which allowed them to design and construct the underpasses on Monkton Road. 

The structures were built in 2015 and cost $342,397. Data were collected for five years 

prior to construction (from 2011-15) and for seven years post construction (2016–22). 
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Study Area 

 The underpasses are located on a 1.3 km stretch of Monkton Road that runs north 

to south. There is a wetland to the west of the underpasses and upland habitat to the east 

of the underpasses. The underpass complex is composed of two separate underpass 

structures about 0.5 km apart, with wing walls on both the upland and wetland sides of 

the road that are intended to funnel amphibians to the tunnel openings (Figure 1-1). The 

underpass structures are made of solid concrete. The northern crossing site covers 220.7 

linear meters of the road, and the southern crossing site covers 243.3 linear meters of the 

road. These measurements encompass the entire crossing sites, including the treatment 

areas (where underpasses and walls were installed), and buffer areas. Each of the eight 

wing walls end with hard plastic oriented in semi-circles designed to turn amphibians 

back toward the underpass tunnels. When the underpass structures were installed, issues 

with rock ledge resulted in some design changes to the wing walls that were intended to 

guide amphibians to the tunnel openings, making the wing walls on the wetland and 

upland side unmatched in length and less angled than initially planned. The underpass 

tunnels form an upside down “U” shape and were partially buried in the substrate. The 

northern tunnel is ~ 1.5 m tall, while the southern tunnel is ~ 0.9 m tall. Both tunnels are 

~ 1.5 m wide and the wing walls are ~ 1 m high. 

For the purposes of our study, the crossing site was divided into two crossing 

areas (north and south), each with controls, treatments, and buffers (located at both ends 

of the treatment areas) (Figures 1-1 and 1-2). The control areas were referred to as the 

northern control area (NC) and the southern control area (SC) and were separated from 

the treatment areas by more than 50 m to maintain independence and avoid potential in 
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direct effects from the structures. While small control areas (e.g., 50 m or 100 m) could 

theoretically be used, our approach ensured that the full crossing zone was adequately 

represented. The treatment areas were referred to as the northern treatment area (NTR) 

and the southern treatment area (STR). Treatment areas included both the walls and 

tunnels of the underpass structures. The buffer areas were referred to as the southern 

buffer 1 (SB1), the southern buffer 2 (SB2), the northern buffer 1 (NB1), and the northern 

buffer 2 (NB2). NB1 and SB1 were located on the northern side of their respective 

treatment areas, while NB2 and SB2 were located on the southern side of their respective 

treatment areas. The purpose of the buffer areas is described in detail below. In total, the 

walls and tunnels (the structures in the “treatment” and “buffer” areas) account for 18.5% 

of the total crossing area (Figure 1-1). 

The buffers were created to account for the possibility that some animals would 

turn away from the tunnel openings when encountering the wing walls rather than turning 

toward the openings and eventually through the underpass tunnels – especially 

considering that the wing walls angled only slightly and were largely parallel to the road 

due in part to the design change. Furthermore, the land’s topography may have allowed 

amphibians to enter the buffer areas from the sides opposite the treatment areas. The 

buffer areas included both walled and unwalled sections to assess whether amphibians 

were bypassing the walls in significant numbers. The key distinction between treatment 

and buffer areas is that treatment areas contain both underpasses and wing walls, whereas 

buffer areas include only the terminal ends of treatment walls that extend beyond the core 

treatment zone. Evaluating buffers separately helps determine whether the wing walls 

effectively extended the functional size of the treatment area. Additionally, If amphibian 
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mortality is lower in the treatment areas than in the controls, and not higher in the buffer 

areas than in the controls, we can conclude that the underpass complex was successful. 

The habitat to the west of the underpasses is characterized by a marsh with 

emergent vegetation that drains into a tributary of Little Otter Creek, VT. The habitat to 

the east of the underpasses is characterized by upland northern hardwood forest that is 

primarily composed of maple (Acer spp.), American beech (Fagus grandifolia), birch 

(Betula spp.), and rocky ledges. Monkton Road is a relatively busy, paved two-lane road, 

with a speed limit of 64 km per hour. 

Study Species 

We anticipated encountering mole salamanders (Ambystoma spp.), eastern newts 

(Notophthalmus viridescens), wood frogs (Lithobates sylvaticus), green frogs (Lithobates 

clamitans), pickerel frogs (Lithobates palustris), American toads (Anaxyrus americanus), 

gray treefrogs (Hyla versicolor) and spring peepers (Pseudacris crucifer) based on their 

known distribution, habitat preferences, and breeding ecology. These species are 

commonly found in temperate forested landscapes with seasonal wetlands and ponds, 

similar to our study area (Gibbs 1998). Among these species, spring peepers and gray 

treefrogs are arboreal and were expected to be able to climb over the underpass 

structures, thus bypassing their benefit. Animals were handled in accordance with the 

approved guidelines of the Institutional Animal Care and Use Committee at the 

University of Vermont. 

Survey Methods 
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The Monkton Road amphibian crossing area was monitored for five years prior to 

the construction of the underpasses (2011–2015) and seven years after the construction of 

the underpasses (2016–2022). Surveys were completed in the same manner prior to and 

after the construction of the Monkton Road underpasses. The monitoring primarily 

occurred between 20:30 and 22:30 when nighttime, rain, road traffic, and amphibian 

movement occurred in conjunction. Four to five surveys were conducted each year 

between late March and early May on nights that it rained, and where temperatures were 

above 1.67 ˚C. During the surveys, between one and eight people were involved with 

data collection. The crossing areas were divided into the eight transects described above 

(Figure 1-2). Surveyors collected data by walking along the road surface, completing a 

single pass through each transect from south to north, using the same methodology for 

each survey. Data collected during each transect included the date, how many minutes 

were spent completing the surveys, how many cars went by during the surveys, what 

species were encountered, and whether encountered individuals were dead or alive. We 

also acquired the minimum and maximum temperature for the survey day, and the total 

amount of precipitation (rain or snow) that occurred on the survey day from the National 

Oceanic Atmospheric Administration (NOAA) (Table 1-1). 

Statistical Analysis 

 We transformed the amphibian mortality count data to the number of amphibians 

killed per meter of road in each transect type, due to the differences in linear sizes among 

transects. We hypothesized that there may have been a difference in mortality between 

arboreal and non-arboreal amphibians because arboreal amphibians could climb over the 

underpass structure rather than pass through it. Therefore, we conducted all analyses on 
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three subsets of data: total amphibian mortality per meter of road; non-arboreal 

amphibian (all species except spring peepers and gray treefrogs) mortality per meter of 

road; and arboreal amphibian (only spring peepers and gray treefrogs) mortality per meter 

of road. We predicted stronger differences between treatment and control areas for all 

amphibian and non-arboreal amphibian analyses. 

We used the lme4 package in R to perform repeated-measures linear mixed-

effects modeling with a Gaussian response variable (Bates et al., 2015; R Core Team, 

2021). We were primarily interested in evaluating an interaction between transect type 

(i.e., control, treatment, or buffer) and period (interaction between pre- and post-

construction and transect type), based on our before-after control-impact (BACI) design. 

However, we also explored covariates including minimum temperature, maximum 

temperature, and precipitation as fixed effects and day of year (DOY) and year as random 

effects. DOY and year were treated as random effects to account for the variability in 

amphibian migration intensity that was associated with each specific day and each 

specific year that we collected data. We scaled the minimum temperature, maximum 

temperature, and precipitation covariates. We pooled transect types across the northern 

and southern crossing areas (i.e., treatment = NTR + STR, control = NC + SC, etc.) 

during the modeling process. We hypothesized that the treatments would reduce mortality 

rates, while temperature and precipitation would have a positive relationship with 

mortality. In other words, we expected that both higher maximum and minimum 

temperatures, as well as increased precipitation, would correspond to increased mortality 

rates. We also hypothesized that there would not be an increase in mortality in the buffers 

after the construction of the underpass complex. 
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Model Selection 

 We fit 40 models for all combinations of our covariates for each of the three 

subsets of data (all amphibians, arboreal amphibians only, non-arboreal amphibians 

only). We included single random effects and additive and interactive fixed effects of up 

to six covariates for each model (Table 1-A1). We calculated the Akaike Information 

Criterion Corrected (AICc) for each model, which is a measure that balances goodness-

of-fit and model complexity. Lower AICc values indicate more parsimonious models 

(Burnham and Anderson 2004). We compared AICc values by calculating the difference 

in AICc values (ΔAICc) and assessing AICc weights. A difference of two or more in 

AICc suggests substantial evidence in favor of the model with the lower AICc value 

(Akaike, 1974). We applied the Bonferroni correction to lower the family-wise error rate 

and avoid false significant results. 

Results 

Species Encountered 

 During the course of the study, 5,273 amphibians were encountered; 3,053 

anurans, 2,110 salamanders, and 110 which could not be identified due to damage 

suffered during the mortality event. In total, 62.9% of all encountered amphibians were 

dead (69.4% of encountered frogs and 51.6% of encountered salamanders) (Figure 1-3 

and Table 1-2). The highest mortality recorded on a single survey night was 167 

amphibians across the 464 m of transects. Surveys were conducted on rainy nights; 

however, we never experienced rainfall heavy enough to wash away carcasses, so 

weather conditions did not contribute to data loss. There was an 80.2% decrease in total 
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amphibian mortality, a 94.3% decrease in non-arboreal amphibian mortality, and a 73.6% 

decrease in arboreal amphibian mortality in the treatment areas during the post-

construction period. 

We encountered 12 amphibian species during our surveys. These species 

included: spotted salamanders (Ambystoma maculatum), blue spotted salamander 

complex (Ambystoma laterale x jeffersonianum), eastern newts, four-toed salamanders 

(Hemidactylium scutatum), northern two-lined salamanders (Eurycea bislineata), wood 

frogs, spring peepers, northern leopard frogs (Lithobates pipiens), pickerel frogs, 

American toads, green frogs, and gray treefrogs (Table 1-2). Blue spotted salamander 

complex and four-toed salamanders are classified as uncommon and rare, respectively, in 

Vermont. We classified spring peepers and gray treefrogs as arboreal amphibians, while 

the other 10 species were classified as non-arboreal amphibians. 

Mixed-effects Modeling 

 Our best total amphibian mortality model received 39% of the model weight and 

included the interaction between transect type and period, and maximum temperature as 

fixed effects; and DOY as a random effect (Table 1-3). This model suggests that there 

was no difference in total amphibian mortality between transect types during the pre-

construction period, and that there was no difference in pre- and post-construction 

mortality for the control and buffer areas. Although amphibian mortality nearly increased 

significantly across the entire crossing area during the post-construction period (p = 

0.057), this increase was primarily driven by higher mortality in the control areas. 

Meanwhile, total amphibian mortality significantly decreased in the treatment areas 

during the post-construction period (Table 1-4). The results of our Bonferroni correction 
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also support that there was a significant decrease in total amphibian mortality in 

treatment areas between periods (Figure 1-4). The second-best supported model received 

32% of the model weight and was identical to the top model except that it included 

minimum temperature instead of maximum temperature. All top 4 models included a 

transect by period interaction, supporting the idea that the amount of mortality per 

transect varied by period. 

Our best non-arboreal amphibian mortality model received 49% of the model 

weight and included the interaction between transect type and period, precipitation, and 

maximum temperature as fixed effects, and DOY as a random effect (Table 1-3). This 

model suggests that there was no difference in non-arboreal amphibian mortality between 

transect types during the pre-construction period, and that there was no difference in 

mortality in the control and buffer areas in the post-construction period. However, there 

was a significant decrease in non-arboreal amphibian mortality in the treatment areas 

from the pre-construction to the post-construction period (Table 1-4). The results of our 

Bonferroni correction further support that there was a significant decrease in total 

amphibian mortality in treatment areas between periods (Figure 1-4). The second-best 

supported model received 22% of the model weight and was identical to the top model 

except that it included minimum temperature instead of maximum temperature. All top 5 

models included a transect by period interaction, supporting the idea that the amount of 

mortality per transect for non-arboreal amphibians varied by period. 

Our best arboreal amphibian mortality model received 48% of the model weight 

and included transect type, precipitation, and maximum temperature as fixed effects, and 

year as a random effect (Table 1-3). This model suggests that there was not a statistically 
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significant reduction in arboreal amphibian mortality between the two study periods 

(Table 1-4). The results of our Bonferroni correction also supports that transect type did 

not significantly reduce arboreal amphibian mortality (Figure 1-4). However, the 

reduction in mortality was almost significant (p-value = 0.056, CI = 7.45 – 0.09), 

meaning that treatment areas almost differed from control areas significantly due to a 

large proportion of arboreal amphibians using the underpasses. The second-best 

supported model received 22% of the model weight, but did not include transect type. 

However, 3 of the top 4 models included transect type, supporting the idea that the 

treatment areas are having somewhat of a negative effect on arboreal amphibian mortality 

(i.e., reducing mortality). 

Discussion 

Amphibian populations are extremely susceptible to extirpation due to roads 

intersecting their critical habitat (Fahrig et al., 1995). Biologists and concerned 

community members have attempted to reduce road induced mortality on amphibian 

populations by encouraging the construction of wildlife underpasses. However, despite 

being one of the most implemented mitigation techniques used, very few studies have 

used a BACI design to evaluate whether these structures are effective at reducing 

amphibian mortality (Pimm et al., 2021). The question of whether or not structures are 

the right choice depends on many factors – cost, species impacted, traffic mortality, etc., 

but should also include consideration of the potential for structure efficacy. 

 We found that the underpass structures significantly reduced the amount of 

amphibian mortality on the road, which suggests that amphibian underpasses are an 

effective mitigation strategy for combating road-related amphibian declines. We saw an 
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80.2% decrease in mortality in the treatment areas among all amphibians after the 

underpass structures were constructed, and a 94.3% decrease in mortality among non-

arboreal amphibians. However, the underpass structures were not as effective at reducing 

mortality for arboreal amphibians, the majority of which in our study were spring 

peepers. Despite this, we still observed a 73.6% decrease in mortality among arboreal 

amphibians in the treatment areas after the construction of the underpass complex. 

Arboreal amphibian mortality may be further reduced by modifying the underpass 

structure design. Hughes et al. (2021) found that fences with aluminum flashing and a 10 

cm horizontal lip at the top were effective at preventing Pacific treefrogs (Hyliola regilla) 

from getting into agricultural fields. So, perhaps this methodology could be adapted for 

other crossing structures. 

 There was some concern that amphibians would work their way to the ends of the 

walls and onto the road surface, negating the positive impact of the treatment areas and 

leading to unintended consequences (Meshaka et al., 2007; Gilhooly et al., 2019). 

However, if this were the case, we would expect to see a significant increase in 

amphibian mortality in the buffer areas between the two time periods. Instead, we found 

that the lengths and angles of the walls in our study caused the buffer area to function 

similarly to a control. While the buffers did not appear to increase road mortality, they 

also did not extend the benefits of the treatment area. This implies that project managers 

should ensure that wing walls are angled away from the road, as much as is feasible given 

other constraints, to funnel amphibians towards tunnel openings in future construction 

projects focused on reducing amphibian mortality; especially if there are unexpected 

design changes during the construction phase of the project. Furthermore, project 
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managers should also ensure that wing walls are matched on both sides of the road to 

safeguard the passage of amphibians moving both to the breeding pools and to the 

uplands. Future wildlife underpass studies could look at the effectiveness of “amphibian 

turnarounds” and what modifications would prevent arboreal amphibians from getting 

over the underpass wing walls. 

 Another concern would be whether underpass structures are effective at reducing 

fall migration mortality, especially considering that many migrating amphibian 

populations are recruitment-driven (Sterrett et al., 2018). However, Pagnucco (2010) 

observed that long-toed salamander (Ambystoma macrodactylum) mortality was 

substantially reduced during their fall migration after installing fencing and a tunnel. 

Therefore, we suspect that underpass structures would be effective for fall migrants, but 

we only collected data in the spring so further research would need to be conducted to 

confirm or deny their effectiveness in the fall. 

 Very few studies have compared wildlife mortality before and after the 

implementation of wildlife structures (Jackson, 2000; Fahrig and Rytwinski, 2009; 

Fitzsimmons and Breisch, 2015). Despite this, most studies focus on the effectiveness of 

crossing structures after they are built. For example: Allaback and Laabs (2003) focused 

on how far salamanders will travel along a wall before they give up on crossing the road; 

while Mata (2004) focused on what kind of structures are most used by wildlife. Even 

though there are a multitude of empirical studies regarding the effectiveness of wildlife 

crossing structures after construction (Huijser et al., 2016; Simpson et al., 2016; 

Denneboom et al., 2021), resource managers could greatly benefit from more BACI 
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design projects focusing on comparing before and after mortality at wildlife crossing 

structures. 

 Our BACI study design (Smith et al., 1993) adds strength to the evidence we 

present that the underpass structures reduced amphibian mortality. Observations were 

made before and after the underpass construction and we had unimpacted control sites 

that we compared to impacted treatment sites. This should have accounted for any natural 

or preexisting differences between the transects, meaning that we should have been able 

to estimate the “true” effect that the treatments had on mortality (Smith et al., 1993). 

Based on the assumption of this type of experimental design, the trajectories of the 

control and treatment areas should have been exactly parallel in the absence of the 

intervention (Smith et al., 1993). 

 Crossing structures may also benefit many other wildlife taxa (Caldwell and Klip, 

2019). At our study location, wildlife cameras from a different study observed many 

mammal species, including American black bear (Ursus americanus), bobcats (Lynx 

rufus), racoons (Procyon lotor), and North American porcupines (Erethizon dorsatum) 

using the underpass complex to safely cross the road. We also observed a few bird 

species and common gartersnakes (Thamnophis sirtalis) using the underpass structures. 

Additionally, the Lewis Creek Association counted 2,208 amphibians using one of the 

underpasses via wildlife cameras between March 10th – May 3rd, 2016 (unpublished 

data). 

 Because underpasses may attract a large density of amphibians and many species 

use underpasses, there may be a risk of increased predation (Mata et al., 2020). However, 

mortality from predations should be much less significant than the mortality caused by 
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impacts with vehicles (Edwards et al., 2022). Furthermore, there is still a high degree of 

mortality in nearby areas where there are no underpass structures. So, theoretically the 

predators would still scavenge on animals that have already been killed (Muszynska et 

al., 2022). Additionally, predation could be reduced by installing “anti-predation” devices 

inside of the underpass tunnels (Tissier et al., 2016). In our study area, the underpass 

complex had large slate slabs in each tunnel and along the wing walls to provide cover 

for amphibians. 

 In 2021 the U.S. Senate passed the Infrastructure Investment and Jobs Act that 

will provide $350 million to municipalities, states, tribal governments, federal agencies, 

and nonprofit organizations to fund wildlife underpasses, as well as improving habitat 

connectivity (Bies, 2021). This study provides valuable information to resource managers 

and transportation agencies considering the construction of wildlife underpasses in 

important amphibian crossing areas. 

Implications for Management and Design of Amphibian Underpasses 

Design Considerations for Maximum Effectiveness 

The effectiveness of amphibian underpasses is influenced by their design. The 

study results suggest that the angle and length of wing walls play a crucial role in guiding 

amphibians toward tunnel entrances. Walls that angle outward from the road rather than 

parallel may more effectively funnel individuals toward safe passage through the 

underpass structures. Additionally, ensuring symmetry in wing walls on both sides of the 

road is critical to facilitate movement in both directions. 
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Arboreal amphibians, such as spring peepers and gray treefrogs, showed a smaller 

but notable reduction in mortality compared to non-arboreal species. This suggests that 

some individuals bypassed the underpasses by climbing over the wing walls. To improve 

their effectiveness for arboreal species, modifications such as aluminum flashing with a 

horizontal lip at the top of the wingwalls, as suggested by Hughes et al. (2021), could be 

incorporated into future designs to prevent climbing and redirect individuals toward the 

underpass tunnel entrances. 

A key concern in underpass implementation is whether amphibians bypass the 

tunnels and enter roadways at the end of wing walls, potentially increasing mortality in 

buffer areas. Our study found no significant increase in mortality in buffer zones, 

suggesting that amphibians were not disproportionately bypassing the walls. However, 

buffer zones did not extend the effectiveness of the treatment areas, suggesting that 

further research should examine whether additional modifications, such as extended wing 

walls or vegetation barriers, could improve the system’s functionality. 

Broader Applications for Conservation Planning 

 These findings provide valuable insights for conservation practitioners, 

transportation agencies, and policymakers seeking to mitigate amphibian road mortality. 

When planning new road infrastructure or retrofitting existing roads, incorporating 

amphibian underpasses should be prioritized. Given the substantial reduction in mortality, 

the investment in such structures is justified, particularly in areas with known high-

density amphibian migrations. Furthermore, these structures will also benefit other taxa 

of wildlife. 
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 With the passage of the Infrastructure Investment and Jobs Act (2021), significant 

funding has been allocated for wildlife crossings, providing an opportunity for 

municipalities, state agencies, and conservation organizations to implement amphibian-

friendly infrastructure. The demonstrated effectiveness of underpasses in this study 

supports their inclusion in transportation planning and policy initiatives aimed at 

reducing road mortality and enhancing habitat connectivity. Future research should 

continue refining underpass designs to maximize their efficacy for a broader range of 

species and environmental conditions. 

Conclusion 

This study evaluated the efficacy of wildlife underpasses in mitigating amphibian 

road mortality along a 1.3 km stretch of Monkton Road in Vermont. The construction of 

underpasses led to an 80.2 % decrease in total amphibian mortality and 94.3 % decrease 

in non-arboreal amphibian mortality in treatment areas. Although the reduction in 

arboreal amphibian mortality was not statistically significant, a 73.6 % decrease was 

observed. The underpasses were effective for various amphibian species, including non-

arboreal and arboreal species. However, modifications to the design could further reduce 

arboreal amphibian mortality. The buffer areas did not increase mortality, indicating that 

the wing walls effectively funneled amphibians towards the underpasses without causing 

unintended consequences. 

 These findings support the incorporation of wildlife underpasses into 

transportation planning and infrastructure development to enhance habitat connectivity 

and reduce wildlife mortality. The study provides empirical evidence that can inform 

policy initiatives aimed at protecting vulnerable amphibian populations. Overall, this 



 29 

 

study highlights the importance of wildlife underpasses as a conservation strategy to 

mitigate the negative impacts of roads on wildlife populations and underscores the need 

for continued research and policy support to enhance their effectiveness.  
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Tables 

Table 1-1. Covariates used to predict amphibian mortality at the Monkton Road 

underpass complex in Monkton, Vermont. 

Covariate Code Description Data Source 

Transect Tran Transect type (treatment, buffer, control). Field data 

    

Day of year DOY The day of year starting from January 1st (day 1) 

and ending on December 31st (day 365). 

Field data 

    

Year Year The year of the survey. Field data 

    

Period Period Interaction between period the survey took place 

(i.e., pre- or post-construction) and transect type. 

Field data 

    

Minimum Temperature TempMn The minimum temperature of the given survey 

measured in Celsius. 

NOAA* 

    

Maximum Temperature TempMx The maximum temperature of the given survey 

measured in Celsius. 

NOAA* 

    

Precipitation Precip The total amount of precipitation (rain or snow) 

of the given survey. Measured in centimeters. 

NOAA* 

Note: Transect, day of year, year, and period are categorical variables, while minimum 

temperature, maximum temperature, and precipitation are continuous variables. 
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Table 1-2. The total number (N) of amphibians encountered at the Monkton Road 

underpass complex in Monkton, Vermont between 2011-2022. 

Species N % Dead 

Caudata   

Ambystoma laterale x jeffersonianum 184 35.9% 

Ambystoma maculatum 1,702 49.2% 

Eurycea bislineata 3 33.0% 

Hemidactylium scutatum 4 25.0% 

Notophthalmus viridescens 217 84.3% 

Anura   

Anaxyrus americanus 10 50.0% 

Hyla versicolor 5 40.0% 

Lithobates clamitans 13 69.2% 

Lithobates palustris 7 28.6% 

Lithobates pipiens 4 25.0% 

Lithobates sylvaticus 469 72.3% 

Pseudacris crucifer 2,545 69.2% 
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Table 1-3. Top 5 models for predicting the total, non-arboreal, and arboreal amphibian mortality at the Monkton Road 

underpass complex in Monkton, Vermont. 

Fixed Effects Random Effects N Parameters AICc Δ AICc Weight 

Total Mortality      

Tran + MaxTemp + Tran * Period DOY 9 3454.90 0 0.39 

Tran + MinTemp + Tran * Period DOY 9 3455.29 0.39 0.32 

Tran + Precip + MaxTemp + Tran * Period DOY 10 3456.96 2.07 0.14 

Tran + Precip + MinTemp + Tran * Period DOY 10 3457.35 2.45 0.11 

Tran + MaxTemp DOY 6 3462.15 7.25 0.01 

      

Non-arboreal Mortality      

Tran + Precip + MaxTemp + Tran * Period DOY 10 2915.41 0 0.49 

Tran + Precip + MinTemp + Tran * Period DOY 10 2916.98 1.57 0.22 

Tran + MaxTemp + Tran * Period DOY 9 2917.43 2.02 0.18 

Tran + MinTemp + Tran * Period DOY 9 2918.94 3.53 0.08 

Tran + Precip + Tran * Period DOY 9 2922.52 7.10 0.01 

      

Arboreal Mortality      

Tran + Precip + MaxTemp Year 7 3187.27 0 0.48 

Precip + MaxTemp Year 5 3188.81 1.54 0.22 

Tran + Precip + MinTemp Year 7 3190.54 3.27 0.09 

Tran + Precip + MaxTemp + Tran * Period Year 10 3190.60 3.33 0.09 

Precip + MinTemp Year 5 3192.03 4.76 0.04 
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Table 1-4. Top model results for total, non-arboreal, and arboreal mortality at the 

Monkton Road underpass complex in Monkton, Vermont. The “Estimate” column 

contains the regression coefficient estimate while the “95%  CI" column includes the 

95% confidence interval for the coefficient. 

  Estimate 95% CI t-value p-value 

Total Mortality  
 

  

TransTypeControl (Intercept) 11.86 4.58 – 19.18 3.21 0.003 

TransTypeBuffer 0.65 -6.28 – 7.58 0.18 0.854 

TransTypeTreatment -3.13 -11.13 – 4.87 -0.77 0.442 

TempMxScale 4.30 1.57 – 7.02 3.12 0.002 

PeriodPost 7.99 -0.23 – 16.21 1.91 0.057 

TranstTypeBuffer: PeriodPost 1.27 -7.73 – 10.28 0.28 0.782 

TransTypeTreatment: PeriodPost -12.30 -22.69 – -1.90 -2.32 0.021 

  
 

  

Non-arboreal Mortality  
 

  

TransTypeControl (Intercept) 4.26 0.68 – 7.82 2.35 0.0200 

TransTypeBuffer 1.66 -1.83 – 5.15 0.93 0.351 

TransTypeTreatment -1.70 -5.73 – 2.33 -0.83 0.408 

PrecipScale -1.24 -2.45 – -0.04 -2.05 0.041 

PeriodPost 6.97 2.85 – 11.09 3.33 <0.001 

TempMxScale 2.11 0.76 – 3.46 3.09 0.002 

TransTypeBuffer: PeriodPost -0.60 -5.14 – 3.94 -0.26 0.796 

TransTypeTreatment: PeriodPost -8.47 -13.71 – -3.22  -3.17 0.002 

  
 

  

Arboreal Mortality  
 

  

TransTypeControl (Intercept) 8.92 4.28 – 13.56 3.95 0.001 

TransTypeBuffer 0.10 -3.17 – 3.36 0.58 0.954 

TransTypeTreatment -3.68 -7.45 – 0.09 -1.92 0.056 

PrecipScale 2.48 1.03 – 3.94 3.36 <0.001 

TempMxScale 2.69 1.19 – 4.20 3.52 <0.001 
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Figures 

 

Figure 1-1. Schematic showing the configuration of the Monkton Road, Vermont amphibian 

underpasses. Solid horizontal lines represent walls, while dashed lines indicate the location of the 

buffer and control areas. *Indicates the location of the tunnel openings. 
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Figure 1-2. Control, treatment, and buffer areas at the Monkton Road, Vermont amphibian 

underpasses. 
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Figure 1-3. Mean number of amphibians killed per meter of road pre- and post-construction at the 

Monkton, Vermont amphibian underpasses. 
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Figure 1-4. Difference in means of top model results after Bonferroni correction for amphibians 

killed per meter of road at the Monkton, Vermont amphibian underpass. Error bars are 95% 

confidence intervals for the model estimate. 
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Appendix 

Table 1-A1. All covariate combinations for mixed modeling for amphibian mortality at 

the Monkton Road underpass complex in Monkton, Vermont. 

Fixed Effects Random Effects 

- Year 

TransType Year 

Period Year 

TempMn Year 

TempMx Year 

Precip Year 

TransType + Period Year 

TransType + TempMn Year 

TransType + TempMx Year 

TransType + Precip Year 

TransType + Precip + TempMn Year 

TransType + Precip + TempMx Year 

Precip + TempMn Year 

Precip + TempMx Year 

TransType + TransType * Period Year 

TransType + TempMn + TransType * Period Year 

TransType + TempMx + TransType * Period Year 

TransType + Precip + TransType * Period Year 

TransType + Precip + TempMn + TransType * Period Year 

TransType + Precip + TempMx + TransType * Period Year 

- DOY 

TransType DOY 

Period DOY 

TempMn DOY 

TempMx DOY 

Precip DOY 

TransType + Period DOY 

TransType + TempMn DOY 

TransType + TempMx DOY 

TransType + Precip DOY 

TransType + Precip + TempMn DOY 

TransType + Precip + TempMx DOY 

Precip + TempMn DOY 

Precip + TempMx DOY 

TransType + TransType * Period DOY 

TransType + TempMn + TransType * Period DOY 
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TransType + TempMx + TransType * Period DOY 

TransType + Precip + TransType * Period DOY 

TransType + Precip + TempMn + TransType * Period DOY 

TransType + Precip + TempMx + TransType * Period DOY 
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CHAPTER 2: COLLATERAL DAMAGE: EVALUATING THE ECOLOGICAL 

COSTS OF AQUATIC INVASIVE SPECIES MANAGEMENT 

Abstract 

Aquatic invasive species (AIS) management is essential for preserving ecosystem health 

and supporting human activities, but it can also have unintended ecological 

consequences. This systematic review synthesizes existing literature to examine these 

unintended impacts of AIS management, with a focus on mechanical harvesting. This 

review identifies critical gaps in understanding the ecological costs of AIS management, 

particularly regarding less-studied taxa such as reptiles. Mechanical harvesting, while 

effective for controlling invasive aquatic plants, has limited research assessing its bycatch 

and effects on long-lived species with slow reproduction rates. Additionally, the literature 

overemphasizes chemical control methods and studies conducted in North America, 

neglecting global perspectives and diverse taxa. This study reveals that management 

strategies often prioritize economic and recreational benefits over ecological integrity. To 

address these challenges, this review highlights the need for holistic, ecosystem-based 

approaches that incorporate bycatch monitoring and consider the ecological, economic, 

and social dimensions of AIS management. By emphasizing the importance of 

interdisciplinary research and standardized protocols, this work provides a foundation for 

improving AIS control practices and achieving sustainable ecosystem management. 

Key Words – invasive species management, ecological consequences, mechanical harvesting, holistic 

management, bycatch 
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Introduction 

Globalization and more connected human societies have facilitated and greatly 

increased the spread of invasive species (Cambray 2003; Meyerson and Mooney 2007; 

Ram and Palazzolo 2008; Hulme 2009; Thomaz et al. 2014; Bertelsmeier 2021). Invasive 

species are non-native species that harm ecosystems, local economies, and human health 

(Beck et al. 2017). These invaders are known to reduce biodiversity and negatively 

impact ecosystem functioning across the globe (Molnar et al. 2008; Clavero et al. 2009; 

Linders et al. 2019). Unfortunately for resource managers, invasive species are extremely 

hard to manage once established (Williams and Grosholz 2008; Büyüktahtakın 2017). 

Furthermore, there are often unintended negative consequences associated with invasive 

species management (Bergstrom et al. 2009; Dexter et al. 2013; Coulter et al. 2018; 

Baquero et al. 2023). 

Aquatic invasive species (AIS) management has been particularly salient for 

resource managers for the past century with billions being spent on management yearly 

(Marten and Moore 2011). Aquatic invasive plants tend to form dense mats of vegetation 

the degrade wildlife habitat, reduce biodiversity, and impede anglers and recreational 

boaters (Marsden and Hauser 2009; Lake George Association 2022). Hoagland and Jin 

(2006) highlight the importance of integrating both economic benefits and ecological 

health into management efforts, critiquing instances where economic considerations 

dominate without adequate ecological grounding. For example, many AIS management 

projects are implemented primarily for human recreation (i.e., boating, swimming, 

fishing, etc.) and/or preserving the value of lakeside properties (Zhang and Boyle 2010; 

Lantry et al. 2015). This has led organizations to implement management techniques 
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without considering their impact on the entire ecosystem (de Jonge et al. 2012). 

Fortunately, this seems to be shifting, and more resource managers are taking all of the 

complexities associated with a particular ecosystem into account before implementing 

management programs (Morón-López 2021). 

Management programs tend to consist of three different “families” of techniques: 

chemical, biological, and mechanical. Each type of technique has costs and benefits 

associated with them. Chemicals, such as herbicides, can be effective at reducing and 

controlling AIS in waterbodies. However, they aren’t always selective, can pose a risk to 

humans, and may inadvertently kill wildlife (Mikulyuk et al. 2020; Codd-Downey et al. 

2021). Biological controls, when done correctly, can quickly reduce AIS within a 

waterbody, but can be extremely risky (Simberloff and Stiling 1996; Simberloff 2011). 

For instance, bighead carp (Hypophthalmichthys nobilis), black carp (Mylopharyngodon 

piceus), grass carp (Ctenopharyngodon idella), and silver carp (Hypopthalmichthys 

molitrix) were all introduced as biological controls and have themselves become invasive 

(Phelps et al. 2017). Mechanical control techniques, which can also be quite effective, 

primarily consist of hand pulling plants and deploying benthic barrier mats. However, 

both methods are quite expensive (mats need to be maintained and hand harvesting 

requires many person hours) and tend to be limited to small areas (Boylen et al. 1996; 

Laitala et al. 2017; Codd-Downey et al. 2021). The aforementioned costs associated with 

the methodologies above have led resource managers to employ technologies, such as 

mechanical harvesters, that don’t use chemicals and are able to harvest large amounts of 

plant materials quickly (Lishawa et al. 2017). 
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Mechanical harvesters are used to control aquatic invasive plant infestations 

throughout the globe (Figure 2-1) (Alam et al. 1996; Howard-Williams et al. 1996). They 

are primarily used to open areas for human recreation (NHDES 2018). Mechanical 

harvesters work by cutting the plant below the surface of the water and gathering the 

plant material as its cut. The gathered plant material is stored in the harvester or on a 

barge, before being disposed of offsite (VTDEC 2008; NHDES 2018). Despite their 

benefit, mechanical harvesters are not immune to bycatch and can negatively impact fish 

and wildlife populations (Booms 1999; Sharp et al. 2006; NHDES 2018). 

To our knowledge, very few studies have evaluated the impacts of different 

management techniques on plants and animals. Therefore, we do not know if the 

ecological costs of various management techniques are greater than the benefits. 

Theoretically, plants and fast reproducing fish (r-selected) should not be greatly impacted 

by various management techniques (Chiu and Kuo 2012). However, longer living, 

slower-reproducing organisms (K-selected) may suffer irreversible damage to their 

populations (Chiu and Kuo 2012; Li Veli et al. 2024). For example, turtles are long-lived 

and have fairly slow reproduction rates. Therefore, losing only a few individuals could 

potentially lead to the decline and extirpation of turtle populations (Nickerson and Pitt 

2012; Bougie et al. 2022). In particular, most turtles are proficient swimmers and can 

likely avoid mechanical harvesters or chemical application sites (Pace et al. 2001). 

However, small cryptic species may be unable to escape capture and may not be easily 

seen by the operators or applicators of the various management techniques. For instance, 

eastern musk turtles (Sternotherus odoratus) are poor swimmers that occupy shallow, 

heavily vegetated areas of waterbodies where they slowly walk along the bottom (Figure 
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2-2) (Ernst and Lovich 2009). Unfortunately, this makes them highly susceptible to 

bycatch and other unintended management impacts. 

Resource managers must navigate complex ecological and social landscapes when 

making decisions about AIS management (de Jonge et al. 2012; Morón-López 2021). 

These decisions are often complicated by scientific uncertainties, competing stakeholder 

interests, and unintended ecological consequences. Therefore, the objectives of this 

literature review are: 1) provide an overview of common AIS management techniques, 

particularly focusing on mechanical harvesting; 2) summarize current knowledge about 

the unintended consequences of AIS management; and 3) identify gaps in research related 

to mechanical AIS harvesting. This literature review will help resource managers to think 

critically about how to best manage AIS in the aquatic ecosystems within their 

jurisdiction. 

Methods 

Rationale 

A formal literature review was conducted on the existing literature to examine the 

unintended ecological consequences of AIS management, with a specific focus on 

mechanical harvesting. The intent of this review was to highlight the existing research on 

bycatch and non-target impacts to assess whether a significant data gap exists regarding 

the effects of mechanical harvesting and other AIS management techniques on native 

species. By synthesizing relevant findings, this review informs the broader context of AIS 

management impacts and underscores the necessity of incorporating bycatch assessments 
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into management strategies to ensure that management is beneficial, rather than harmful 

to native flora and fauna. 

Search strategy 

To ensure reproducibility and accessibility to those without access to a paid 

database, we used Google Scholar (Google, Mountain View, CA, USA) to conduct our 

literature review search. While searching through the literature, we recorded each search 

term and selected relevant articles based on their titles and abstracts. We then created a 

brief summary of the article, created an evaluation that recorded the scientific merit and 

relevance of the study, and recorded any key concepts from each article. To provide a 

comprehensive evaluation of non-target impacts, we examined mechanical harvesting 

within the field of ecology as well as adjacent AIS management methodologies and 

scientific fields, such as economics and toxicology. Additionally, to ensure a 

comprehensive review, we incorporated studies from multiple disciplines using 

predefined criteria for relevance and scientific merit. Lastly, we tried to primarily use 

peer-reviewed publications; however, we also included grey literature (i.e., government 

and non-government reports, graduate theses and dissertations, conference proceedings, 

technical reports, etc.). The structure of our literature review ensured that we 

encompassed different methodologies, historical contexts, and policies; and highlighted 

any data gaps. 

Screening and data extraction 

To ensure a comprehensive and relevant literature review on AIS management, 

particularly focusing on mechanical harvesting, we established the following inclusion 
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criteria. Studies must specifically address AIS management, and ideally discussed, 

measured, assessed, or evaluated the unintended consequences of each technique. Our 

review encompassed research from diverse geographic locations, ensuring a global 

perspective on AIS management practices within the scope of available literature. The 

review considered studies examining a wide range of species, including both flora and 

fauna, to understand the broader ecological impacts. Our review prioritized recent 

publications to ensure the relevance of findings, while also incorporating older studies 

when they met our inclusion criteria. Additionally, we included studies that assessed both 

the intended and unintended ecological consequences of AIS management practices, 

providing a holistic view of their impacts. 

Literature Review and Data Synthesis 

We analyzed the number of manuscripts by country, continent, and publication 

year, as well as by targeted invasive species, AIS control methods, and impacted non-

target taxa. Control methods were categorized into five groups: biological (e.g., 

introduction of species), chemical (e.g., lampricide or herbicide), mechanical (mechanical 

harvesting), other (e.g., cultural practices or literature reviews), and physical (e.g., 

barriers such as physical containment, electric, chemical, acoustic, etc.; habitat 

manipulation; benthic barriers; and removal methods like electrofishing, netting, angling, 

etc.). Additionally, we quantified the number of studies focusing on mechanical 

harvesting and the non-target taxa impacted by this method. Then, we calculated the 

proportion of manuscripts – both overall and those specifically addressing mechanical 

harvesting – that involved data collection. Finally, we performed Chi-Square tests of 

independence to determine if any country, continent, targeted AIS, control method, and 
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impacted taxa were more frequently reported in the literature. If there were any 

significant results, we conducted post-hoc pairwise comparisons using the 

RVAideMemoire package in R (Herve 2021) to adjust comparisons and identify specific 

differences between country, continent, targeted AIS, control method, and impacted taxa. 

Results 

Our keyword/term search (performed between 2 September 2024 and 21 

November 2024) initially generated a list of 1,851,740 articles using broad search terms. 

This prompted us to use a list of 33 fairly specific search terms (Table 2-A1), that 

allowed us to narrow this list down substantially (Figure 2-2). We then narrowed this list 

down to 824 articles by removing any articles that did not include or imply invasive 

species management in their titles. The next step included reviewing the remaining article 

abstracts, which eliminated any articles that weren’t relevant. Then we reviewed the full 

text of the remaining 127 articles and evaluated them against the objectives of this 

literature review (adapted from Larson et al. 2016 and Page et al. 2021). 47 of the 127 

articles were included in our systematic literature review, with the remaining 80 being 

excluded because they didn’t mention unintended consequences, or they couldn’t be 

accessed (Figure 2-2). From the 47 articles, we extracted information on the countries 

and continents where the study occurred, the targeted AIS, the control methodology used, 

whether data were generated, the consequences discussed (including both unintended and 

no impact), and the non-target taxa that were affected by management. 

Only 37% of publications from our eligible literature were accepted for review 

(Figure 2-2). Our Chi-Square test indicated that there was a significant relationship 

between continent of origin and the frequency of publication (X2
(5, N = 84) = 83.14, p < 
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0.001). Significantly more manuscripts involved studies in North America (p < 0.001) 

compared to the other continents (Figure 2-3). 

There also was a significant relationship between the country of origin and the 

frequency of publication (X2
(16, N = 84) = 193.26, p < 0.001). The United States of America 

(USA) was more frequently represented in the literature compared to other countries (p < 

0.001) (Table 2-1). Most studies were published after 2010, with very few being 

published before 2000 (Figure 2-4). 

There was a significant relationship between targeted taxa and the frequency of 

publication (X2
(5, N = 48) = 102.50, p < 0.001). Aquatic invasive plants were the target of 

management significantly more than other taxa (p = 0.01) (Table 2-2). 

There was also a significant relationship between treatment methodology and the 

frequency of publication (X2
(5, N = 75) = 42.36, p < 0.001). Chemical control was published 

significantly more than any other control methodology (Table 2-3). The difference 

between chemical control and hand-pulling, as well as “other” categories, was highly 

significant (p < 0.001). The differences between chemical control and biological control 

(p = 0.01), physical control (p = 0.01) and mechanical harvesting (p = 0.01) were also 

statistically significant. 

There was a significant relationship between negatively impacted taxa and the 

frequency of publication (X2
(7, N = 86) = 80.33, p < 0.001). Native plants were negatively 

affected more than other taxa, with fish and invertebrates being negatively impacted in 

more than a third of studies (Table 2-4). Negative impacts were reported significantly 

more often for plants compared to reptiles, birds, bivalves, and amphibians (p < 0.001). 
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Additionally, negative impacts were reported were reported significantly more often for 

fish compared to reptiles, birds, bivalves, and amphibians (p < 0.001). Lastly, negative 

impacts were reported significantly more often for invertebrates, compared to reptiles (p 

= 0.001), birds (p = 0.004), bivalves (p = 0.009), and amphibians (p = 0.009). 

Mechanical harvesting negative impacts were only discussed in 27.7% of 

reviewed manuscripts (Figure 2-5). There was not a significant relationship between 

mechanical harvesting and unintended impacts, and the frequency of publications (X2
(3, N 

= 23) = 6.39, p = 0.09). Most mechanical harvesting studies reported unintended negative 

consequences on plants and fish, while only 2 manuscripts (4.3% of total manuscripts) 

discussed negative impacts on reptiles (Figure 2-5). 68.1% of studies actually generated 

data, while only 46.2% of mechanical harvesting studies generated data. 

Discussion 

North America, particularly the USA, is more frequently represented in research 

exploring the unintended consequences of AIS management. This may be due to the 

USA’s substantial annual spending on AIS management ($166 billion), despite many 

countries spending a higher percentage of their GDP on AIS management (Diagne et al. 

2020; Cuthbert et al. 2021). However, these findings align with the broader trend of 

underrepresentation of the global south in environmental sciences (Karlsson et al. 2007; 

Wilson et al. 2016). A lack of comparable resources to the global north most certainly 

contributes to the disparity between the north and south (Vadrot 2020). However, 

Blicharska et al. (2017) suggest that a myriad of factors apart from access to monetary 

resources hinders global southern researchers’ ability to secure funding. For example, 

scientists from the global south may have greater challenges in securing grant funding 
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and publishing in peer-reviewed literature (which are concentrated in the global north) 

due to the English language being the primary form of communication in much of the 

world of science (Blicharska et al. 2017). 

Chemical control AIS methods dominated the literature, with two-thirds of 

manuscripts mentioning their unintended impacts on ecosystems. This is unsurprising due 

to the relatively low costs of application and the typically immediate impacts on AIS 

(Marten and Moore 2011; Weidlich et al. 2020). However, we still only found 32 

manuscripts that overtly discussed the unintended consequences and the taxa that were 

negatively impacted due to AIS chemical control. This represents an extremely small 

portion of manuscripts that focus on AIS management. 

We also found that studies largely focused on plants (also the most targeted AIS) 

and fish, neglecting less charismatic taxa like reptiles. Many AIS management projects 

are done for economic reasons, such as opening waterways for recreation, increasing 

angling opportunities and experiences, and raising property values (Zhang and Boyle 

2010; Lantry et al. 2015). Therefore, the focus on preventing negative effects on native 

plants and fishes makes intuitive sense. However, a more holistic and comprehensive 

approach to AIS management may help ensure the integrity of ecosystems (de Jonge et al. 

2012; Morón-López 2021). Additionally, expanding monitoring efforts to include less 

charismatic taxa could provide a more complete understanding of ecological impacts, 

particularly given the existing negative biases against these species (Brambilla et al. 

2013; Monsarrat and Kerley 2018). 

Our findings underscore a critical gap in the literature regarding the broader 

ecological impacts of mechanical harvesting, particularly its effects on less-studied taxa 
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such as reptiles. This gap not only limits our understanding of the full ecological cost of 

invasive species management but also highlights the need for more comprehensive 

research to guide resource managers in developing holistic and sustainable management 

strategies. Based on the taxa most frequently reported in the literature, it is possible that 

mechanical harvesting impacts on K-selected species, such as some reptiles, are 

understudied. Many of the species affected in this study appear to be r-selected, meaning 

they are short-lived and reproduce quickly, which may allow their populations to recover 

more readily from incidental removal (Chiu and Kuo 2012). In contrast, K-selected 

species, which tend to have lower reproductive rates and longer lifespans, may be more 

vulnerable to even low levels of bycatch, potentially leading to population declines (Chiu 

and Kuo 2012; Li Veli et al. 2024). Given these concerns, developing a standardized 

method for collecting bycatch data during mechanical harvesting operations could help 

resource managers better assess and mitigate unintended impacts (Savoca et al. 2020). 

This formal and comprehensive literature review highlights the critical gaps in 

understanding the ecological impacts of AIS management, particularly the impacts of 

mechanical harvesting and the effects on sensitive reptile populations. Furthermore, very 

few studies have examined the long-term ecological consequences, such as population 

dynamics and community shifts, of AIS management methods. The lack of substantial 

global data, especially from the global south, severely limits the comprehensive 

evaluation of AIS management strategies. This paper illustrates the need for more 

researchers to overtly study the unintended consequences of AIS control. 

With this paper, we have underscored the complexity and importance of taking a 

“whole-ecosystem” approach to managing AIS. Supporting this approach requires holistic 
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strategies that balance ecological risks with stakeholder needs. We also recommend that 

mechanical harvesting protocols include bycatch monitoring to minimize harm to 

vulnerable taxa. Furthermore, by integrating ecological risk assessments, managers can 

improve decision-making and align their AIS interventions with conservation goals that 

benefit the entire ecosystem. 

We have effectively provided a starting point for future research. However, in the 

future, scientists should prioritize research in underrepresented regions and on less-

studied taxa. They should also conduct longitudinal studies on the long-term impacts of 

AIS management, especially mechanical harvesting. Finally, future research should 

embrace interdisciplinary approaches, combining ecological, economic, and social 

dimensions, allowing for a more holistic approach to ecosystem management. 

Conclusion 

This systematic review highlights the significant knowledge gaps in 

understanding the unintended ecological consequences of AIS management, particularly 

mechanical harvesting. While AIS control is essential for preserving ecosystem health 

and human activities, the ecological costs of these interventions remain underexplored. 

The disproportionate focus on chemical control methods and certain taxa, such as plants 

and fish, reveals a lack of attention to less-studied species, including reptiles and other 

non-charismatic fauna. Furthermore, the geographic bias toward North America 

underscores the need for more research from underrepresented regions to develop 

globally applicable management strategies. 
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To address these challenges, future research must prioritize the ecological impacts 

of mechanical harvesting, particularly on long-lived, slow-reproducing species 

susceptible to bycatch. Standardized monitoring and data collection protocols are critical 

to assessing the broader consequences of AIS management techniques. Additionally, 

resource managers should adopt holistic approaches that consider both ecological and 

socioeconomic factors to ensure sustainable and effective interventions. 

By emphasizing the need for interdisciplinary collaboration and inclusive research 

efforts, this review provides a foundation for improving AIS management practices. 

Implementing the recommendations outlined here will enable resource managers to better 

balance ecological integrity with stakeholder needs, ultimately contributing to healthier 

and more resilient aquatic ecosystems. 
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Tables 

Table 2-1. Frequency (N) and percentage of manuscripts by study location. 

Location N Percent of Manuscripts* 

Africa   

Non-specified African Countries 5 10.6% 

South Africa 2 4.3% 

Asia   

Japan 1 2.1% 

Non-specified Asian Countries 5 10.6% 

Australasia   

Australia 2 4.3% 

New Zealand 3 6.4% 

Non-specified Australasian Countries 5 10.6% 

Europe   

France 1 2.1% 

Non-specified European Countries 6 12.8% 

Norway 1 2.1% 

United Kingdom 1 2.1% 

North America   

Canada 6 12.8% 

Non-specified North American Countries 5 10.6% 

United States of America 34 72.3% 

South America   

Argentina 1 2.1% 

Brazil 2 4.3% 

Non-specified South American Countries 4 8.5% 
*Note: There were 47 manuscripts, some of which contained multiple locations. Therefore, the Percent of 

Manuscripts column does not add up to 100%. 
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Table 2-2. Frequency (N) and percent of manuscripts by targeted aquatic invasive 

species. 

Aquatic Invasive Species N Percent of Manuscripts* 

Fish 5 10.6% 

Plant 34 72.3% 

Bivalve 3 6.4% 

Not Specified 2 4.3% 

Invertebrate 3 6.4% 

N/A 1 2.1% 
*Note: There were 47 manuscripts, some of which contained multiple target invasive species. Therefore, the 

Percent of Manuscripts column does not add up to 100%. 

  



 

 73 

 

Table 2-3. Frequency (N) and percentage of manuscripts by aquatic invasive species 

control method. 

Control Method N Percent of Manuscripts* 

Biological 11 23.4% 

Chemical 32 68.1% 

Hand-pulling 4 8.5% 

Mechanical 13 27.7% 

Other 4 8.5% 

Physical 11 23.4% 
*Note: There were 47 manuscripts, some of which contained multiple methodologies. Therefore, the 

Percent of Manuscripts column does not add up to 100%. 
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Table 2-4. Frequency (N) and percent of manuscripts by impacted non-target taxa. 

Impacted Non-target Taxa N Percent of Manuscripts* 

Plants 31 66.0% 

Fish 22 46.8% 

Amphibians 4 8.5% 

Reptiles 2 4.3% 

Birds 3 6.4% 

Bivalves 4 8.5% 

Invertebrates 17 36.2% 

Didn't Specify 3 6.4% 
*Note: There were 47 manuscripts, some of which contained multiple impacted taxa. Therefore, the Percent 

of Manuscripts column does not add up 100%. 
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Figures 

 

Figure 2-1. Aquatic invasive species mechanical harvester in operation taken by Solitude Lake 

Management. Photo retrieved from 

https://www.solitudelakemanagement.com/mechanical-harvesting-control-nuisance-

aquatic-weeds/.  
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Figure 2-2. PRISMA literature search flow diagram showing the number of articles that were 

located, kept, and discarded at each stage of the literature review (adapted from Page et al. 2021). 
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Figure 2-3. The number of publications in the literature review per continent that discussed 

unintended consequences of aquatic invasive species management. 
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Figure 2-4. The number of publications (47 out of 127) in the literature review that discussed 

unintended consequences of aquatic invasive species management published over time. 
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Figure 2-5. Percentage of mechanical harvesting (MH) manuscripts by impacted non-target taxa. 
*Note: There were 47 manuscripts (13 mechanical harvester), some of which contained multiple impacted 

taxa. Therefore, the Percent of MH Studies and Percent of Manuscripts do not add up to 100%. 
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Appendix 

Table 2-A1. Search terms used to conduct a literature review on the unintended impacts 

of aquatic invasive species management. 

Search Terms 

bycatch AND aquatic invasive species management AND native species mortality 

bycatch AND invasive plant control AND aquatic AND wildlife 

bycatch during aquatic invasive plant management 

bycatch rates AND aquatic invasive species management AND native species mortality 

nontarget AND management AND aquatic invasive plant AND turtle 

nontarget AND management AND invasive AND turtle 

nontarget AND management AND invasive plant AND reptile AND aquatic 

nontarget AND management AND invasive plant AND turtle 

nontarget AND management AND invasive plant AND turtle AND aquatic 

nontarget AND mechanical harvesting AND invasive AND wildlife 

nontarget AND mechanical harvesting AND invasive 

nontarget AND mortality AND aquatic invasive plant management 

nontarget AND mortality AND aquatic invasive plant management AND wildlife 

consequences AND aquatic invasive plant management AND wildlife 

consequences of aquatic invasive plant management AND wildlife 

mortality AND invasive plant control AND aquatic AND wildlife 

nontarget AND management AND invasive plant AND fish AND aquatic 

nontarget AND mechanical harvesting 

unintended mortality AND native species AND invasive plant control 

bycatch AND aquatic invasive species 

mortality AND management AND invasive plant AND wildlife AND aquatic 

nontarget AND mortality AND aquatic invasive management 

nontarget AND mortality AND aquatic invasive species AND management 

nontarget AND mortality AND aquatic invasive species management 

impacts of aquatic invasive species mechanical harvesting 

unintended mortality AND invasive plant control 

impacts of aquatic invasive plant management AND management AND invasive plant AND wildlife AND aquatic 

impacts of aquatic invasive plant management AND wildlife 

aquatic invasive species management AND native species mortality 

nontarget AND aquatic invasive species 

mortality AND invasive plant control AND aquatic 

impacts of aquatic invasive species chemical treatment 

mortality AND invasive plant control 
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CHAPTER 3: THE IMPACT OF AQUATIC INVASIVE SPECIES MECHANICAL 

HARVESTING ON TURTLE POPULATIONS IN THE LAKE CHAMPLAIN 

BASIN 

Abstract 

Mechanical harvesting is a widely used aquatic invasive species (AIS) management 

technique. This method is used in the Lake Champlain Basin to prevent Eurasian 

watermilfoil (Myriophyllum spicatum) and European water chestnut (Trapa natans) from 

degrading native ecosystems and impeding human activities. While effective in reducing 

invasive plants, this method could pose a risk of unintended bycatch and mortality to 

non-target species, including turtles. This study investigated the impact of mechanical 

harvesting on turtle populations, focusing on eastern musk turtles (Sternotherus odoratus) 

and painted turtles (Chrysemys picta). We employed self-reported surveys, hand-sorting 

harvested plant material, and turtle trapping across multiple sites to quantify bycatch 

across multiple taxonomic groups. Bycatch rates across all taxa were low (< 1 

individual/hour), and mortality rates were even lower, suggesting minimal direct impact 

on turtle populations. However, challenges in tracking tagged turtles limited insights into 

behavioral interactions with harvesters. Our results highlight the potential for resource 

managers to collaborate with mechanical harvester operators to refine harvester designs, 

such as installing excluder devices, to further reduce bycatch. This study provides critical 

baseline data to inform AIS management strategies that balance invasive plant control 

with the conservation of native flora and fauna. Continued research, including long-term 

population monitoring and harvester design improvements, is essential to safeguard 

vulnerable species in managed aquatic environments. 
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Key Words – aquatic invasive species, mechanical harvesting, turtle populations, bycatch and mortality, 

conservation management 
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Introduction 

Increasingly interconnected human societies have significantly facilitated and 

accelerated the spread of invasive species (Cambray 2003; Meyerson and Mooney 2007; 

Hulme 2009). Invasive species, which are non-native and detrimental to ecosystems, 

local economies, and human health, are known to reduce biodiversity and adversely 

affect ecosystem functioning (Molnar et al. 2008; Clavero et al. 2009; Linders et al. 

2019). Unfortunately for resource managers, once invasive species become established, 

they are extremely difficult to control (Williams and Grosholz 2008; Büyüktahtakın 

2017). Among the most problematic are aquatic invasive plants, which tend to form dense 

mats of vegetation that degrade wildlife habitat, reduce biodiversity, and impede anglers 

and recreational boaters (Marsden and Hauser 2009; Lake George Association 2022). 

These plants can spread via animals, humans, fragments, roots, and seeds, making them 

especially challenging to manage (Vander Zanden et al. 2008; Kelly et al. 2012). 

Additionally, managing invasive species can inadvertently cause negative consequences, 

such as trophic cascades that rapidly alter ecosystem dynamics (Bergstrom et al. 2009; 

Dexter et al. 2013; Coulter et al. 2018; Baquero et al. 2023). However, these effects 

appear to be underrepresented in the published literature (Chapter 2, this dissertation). 

The impacts of Aquatic invasive species (AIS) worldwide have led to the 

development of a variety of control methodologies, each with unique costs and benefits. 

Benthic barrier mats are effective at reducing rooted aquatic plant infestations in small 

bodies of water by preventing and inhibiting growth. However, they must be maintained, 

are not selective, and are ineffective in large lakes (Laitala et al. 2017; Codd-Downey et 

al. 2021). Hand harvesting can be effective at reducing small patches of AIS close to 
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shore. Nonetheless, hand harvesting is slow and cost prohibitive, and can inadvertently 

lead to further infestations if the entire plant (i.e., roots, fragments, etc.) isn’t collected 

(Boylen et al. 1996; Codd-Downey et al. 2021). Herbicides are perhaps the most 

controversial methodology employed by resource managers. Herbicides can be effective 

at reducing and controlling AIS in waterbodies. However, herbicides aren’t always 

selective, may pose a risk to humans, and may harm native plants and wildlife (Mikulyuk 

et al. 2020; Codd-Downey et al. 2021). These challenges have led resource managers to 

utilize and employ mechanical harvesters, a method that doesn’t use herbicides and is 

able to harvest large amounts of aquatic invasive plants quickly (Lishawa et al. 2017). 

The impacts of AIS management on vertebrates appear to vary depending on the 

control method used, the geographic region, and the taxa involved (Chapter 2, this 

dissertation). While some vertebrate groups, such as fish, are relatively well-studied, 

others – particularly long-lived species like turtles – receive far less attention (Brambilla 

et al. 2013; Monsarrat and Kerley 2018). This gap is especially concerning given that 

slow-reproducing species may be disproportionately affected by management activities, 

yet their vulnerabilities remain underexplored in the literature (Chapter 2, this 

dissertation). 

As in many waterbodies across the world, AIS have been present in the Lake 

Champlain (Abenaki place name Bitawbagok) Basin for over a century, where they are 

outcompeting native plants and animals in many waterbodies across the basin (Lake 

Champlain Basin Program 2005; Lake Champlain Basin Program 2021). Furthermore, 

AIS negatively impact wildlife habitat and cause economic harm within the basin 

(Marsden and Hauser 2009; Zhang and Boyle 2010). Among the most prolific of these 
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species are Eurasian watermilfoil (Myriophyllum spicatum) and European water chestnut 

(Trapa natans) (VTDEC 2008; VTDEC 2021; APIPP 2022). Eurasian watermilfoil has 

been present in the Lake Champlain Basin since its discovery in St. Albans Bay in 1962 

and has spread throughout the lake and to other inland waterbodies (Marsden and Hauser 

2009). European water chestnut (Trapa natans) was documented in Lake Champlain in 

the 1940s and has since spread to other inland waterbodies within the Lake Champlain 

Basin (Lake Champlain Basin Program 2022a). Millions of federal, state, and local funds 

have been spent trying to control Eurasian watermilfoil and European water chestnut in 

the Lake Champlain Basin (Kelting 2010; Lake Champlain Basin Program 2005; Lake 

Champlain Basin Program 2022a). While waterbodies in the Lake Champlain Basin are 

managed using various methods (e.g., benthic barriers, diver operated suction harvesting, 

fragment barriers, hand harvesting, herbicides, hydroraking, and implementation of 

spread prevention programs), mechanical harvesting is commonly used due to its ability 

to quickly remove large swaths of plant material (Hussner et al. 2017; Lake Champlain 

Basin Program 2022a; VTDEC 2022). 

The state of Vermont (Abenaki place name, N’dakinna) allows the use of 

mechanical harvesters to control Eurasian watermilfoil and European water chestnut in 

various lakes (Figure 3-1) (VTDEC 2008; VTDEC 2022). These harvesters are mainly 

employed to create open spaces for recreational activities (NHDES 2018). They operate 

by cutting the plants below the water's surface and collecting the cut material. The 

collected plant material is then stored either in the harvester or on a barge before being 

disposed of offsite (VTDEC 2008; NHDES 2018). However, mechanical harvesters are 
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not without drawbacks, as they can unintentionally capture and harm fish and wildlife 

populations (Booms 1999; Sharp et al. 2006). 

Most turtles are proficient swimmers (Pace et al. 2001), so many turtle species in 

the Lake Champlain Basin should be able to escape mechanical harvesters. However, 

small, cryptic species like the eastern musk turtle (Sternotherus odoratus) are poor 

swimmers that inhabit shallow, densely vegetated areas where they slowly walk along the 

bottom of the waterbody (Figure 3-2) (Ernst and Lovich 2009). This behavior makes 

them vulnerable to bycatch. There is concern that eastern musk turtles (and others) may 

be unintentionally injured or killed by mechanical harvesters due to their size and cryptic 

coloration. Given that turtles are long-lived, the loss of even a few individuals could 

potentially lead to the decline and extirpation of their populations (Nickerson and Pitt 

2012; Bougie et al. 2022). 

Prioritizing the collection of bycatch data when designing AIS mitigation projects 

is a best practice (Savoca et al. 2020). Understanding the impacts of mitigation will 

ensure that both short-lived, fast-reproducing and long-lived, slow-reproducing 

organisms will be safeguarded from any unintended impacts of management (Chiu and 

Kuo 2012; Li Veli et al. 2024). Therefore, the objectives of this study are to 1) quantify 

the amount of bycatch harvested by mechanical harvesters, 2) determine how many 

turtles are captured by mechanical harvesters, 3) determine whether significant turtle 

mortality occurs during the harvesting process, and 4) understand how turtle behavior is 

impacted by AIS mechanical harvesters. Ultimately, this study will yield Vermont-

specific data and results that will allow the Vermont Agency of Natural Resources to 

develop targeted and potentially more effective aquatic nuisance control permit 
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conditions that safeguard turtles, while potentially easing restrictions for permit 

applicants. Furthermore, to our knowledge, this study will be the first study to explore 

AIS mechanical harvesting’s impact on turtle populations. By addressing these gaps, this 

study not only provides critical data to inform AIS management strategies in Vermont but 

also contributes to a broader understanding of how mechanical harvesting affects non-

target species, particularly long-lived taxa like turtles. The findings will help guide 

resource managers in balancing invasive species control with the conservation of native 

wildlife, ultimately supporting more sustainable and ecologically responsible 

management practices. 

Methods 

Study Area 

Lake Champlain is a large freshwater lake with a surface area of 1,127 km2, a 

shoreline exceeding 800 km, more than 70 islands, and a relatively large drainage basin 

with a 19:1 land to lake ratio (Facey et al. 2012; Meltzer et al. 2012). The lake has an 

average depth of 22 m and a maximum depth of 122 m. The lake is divided into five main 

basins: Missisquoi Bay, Malletts Bay, the Inland Sea, the Main Lake, and the South Lake. 

Lake Champlain is an international body of water, lying within the USA (New York and 

Vermont) and Canada (Quebec). 

Lake Bomoseen is Vermont’s third largest lake (largest entirely within Vermont) 

with a surface area of 9.6 km2 and a shoreline of ~27 km (Zhang and Boyle 2010; 

Sheldon 1997). Lake Bomoseen has an average depth of 8 m, and a maximum depth of 

20 m. The northern portion of the lake is characterized by deep cool water, while the 
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southern portion is much shallower and warmer. Both lakes have a mixture of developed 

and forested shorelines, are popular recreational areas, and are colonized by AIS 

(VTDEC 2008; VTDEC 2022). 

Study Species 

Eastern musk turtles are a small turtle with an average carapace length of 8-14 

cm, with a grayish-green carapace that is often covered in algae (Lowery 2023). Eastern 

musk turtles are a long-lived species, with an estimated lifespan of 30 years in the wild, 

and an average age of sexual maturity at age 3 or 4 in northern latitudes (Ernst and 

Lovich 2009; Cambell et al. 2020). Eastern musk turtles have a state natural heritage rank 

of S2 (rare) and are listed as a species of concern in Vermont and a Species of Greatest 

Conservation Need in Vermont and New York. 

Painted turtles (Chrysemys picta) are small turtles with an average carapace 

length of 9-25 cm, with an olive to black carapace with bright yellow and/or red markings 

(Knipper 2002; Ernst and Lovich 2009). Painted turtles are a long-lived species, with an 

estimated lifespan of 35 to 40 years in the wild, and an average age of sexual maturity at 

3 to 5 for males and 6 to 10 for females in northern latitudes (Ernst and Lovich 2009). 

Painted turtles have a state natural heritage rank of S5 (common) in Vermont and New 

York. 

Self-Reported Mechanical Harvester Bycatch Survey 

We designed a bycatch field form for mechanical harvester operators to use to 

record any turtles and animals that were inadvertently captured during the harvesting 

process. The form included fields for waterbody, town, and state (Vermont and New 
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York) where the harvest occurred, as well as the harvest site(s) and latitude. We requested 

that harvesters record the total time spent harvesting each day that they recorded data. We 

also asked them to tally the number of alive and dead turtles that they observed and 

requested a photograph whenever possible to confirm the species of captured turtles. 

Lastly, we were primarily interested in turtles during this study, however, we asked the 

harvesters to record any animal bycatch that they noticed (i.e., fish, invertebrates, birds, 

etc.). 

Hand-Sorted Mechanical Bycatch Survey 

We conducted three replicate discarded plant surveys at each of the three sites, 

which were located in the South Lake and Pelot’s Bay of Lake Champlain, as well as in 

Lake Bomoseen. These surveys involved systematically hand-sorting through discarded 

plant material unloaded by the harvester operators at the dumping/offloading site. We 

examined every part of each plant to identify any animal bycatch. While our primary 

focus was on turtles and other vertebrates, we recorded all animals encountered during 

the sorting process. We also documented the volume of the plant material, any animals 

that were found, and the dominant plant species. 

Turtle Trapping 

To understand how turtles interacted with mechanical harvesters during operation, 

we attempted to capture and tag eastern musk turtles and painted turtles with global 

positioning system (GPS) and VHF transmitters. Additionally, we deployed GPS 

transmitters on mechanical harvesters operating within our study sites. To accomplish the 

turtle tagging, we trapped turtles using baited hoop traps at 3 locations within Lake 
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Champlain and 1 location within Lake Bomoseen (Figure 3-3). At each study site, 15 

baited hoop traps were deployed (2-inch Sq. mesh treated nylon turtle nets, Memphis Net 

& Twine Co., Inc., Memphis TN, USA). Each hoop trap was secured in water up to 80 

cm in depth with two wooden stakes and baited with canned sardines (Figure 3-4). We 

ensured that each trap had at least 5.1 cm of net remaining above the water to permit 

breathing by trapped turtles. Traps were set for a minimum of 12 hours and a maximum 

of 24 hours before checking. Multiple trap-nights were completed at each site in an 

attempt to meet our ideal sample size and distribution of turtles across sites. 

Measurements and Marking 

Each captured turtle was weighed, measured, and sexed. We also marked 

individuals using the North American Code (Nagle et al. 2017) in case we wanted to 

conduct future population studies (e.g., see if turtle populations were declining in 

mechanically harvested areas). The 11 marginal scutes on the right side of the turtle were 

coded A through K and N through X on the left side (Figure 3-5). A unique identification 

code was assigned to each turtle by filing a notch on its marginal scutes using a triangular 

metal file. Each mark was read alphabetically. For example, a turtle with notches on 

scutes A, H, O, and V had an identification code of AHOV.  

Global Positioning System (GPS) Tagging 

Eastern musk turtles and painted turtles were tagged with Ecotone STERNA GPS-

UHF and VHF transmitters (Ecotone Telemetry, Gdynia, Poland). The total weight of the 

transmitters was <5% of the body weight of each turtle to avoid significant impact on the 

behavior of the turtle (Innes et al. 2008). Transmitters were attached to the turtles’ rear 
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marginal scutes using plumbers’ putty and fast-drying epoxy (adapted from Christenson 

and Chow-Fraser 2014). The process of transmitter attachment was slightly different for 

painted turtles because they have deciduous scutes (i.e., scutes that shed off). So, we 

secured the GPS and VHF transmitters to the turtles by drilling two small holes in the 

margin of their carapace to attach the transmitters with wire. We attempted to monitor 

tagged turtles throughout the field season by downloading GPS data in the field using a 

Windows tablet and an EP-BS Base Station (Ecotone Telemetry, Gdynia, Poland). 

Analysis 

We analyzed our self-reported mechanical harvester bycatch survey and hand-

sorted mechanical harvester survey data using single-factor ANOVAs to determine if 

there were differences in the number of turtles caught by species and bycatch between 

study sites. We also analyzed our turtle trapping data to assess differences in the size of 

turtles caught between sites. Additionally, we used Tukey’s Honestly Significant 

Difference (HSD) test to compare  turtle sizes between sites. 

We applied two-sample t-tests to the self-reported mechanical harvester bycatch 

survey data to compare the number of bycaught living animals to bycaught dead animals. 

Similarly, we used two-sample t-tests on the hand-sorted bycatch survey data to assess 

whether bycatch rates differed between native plant-dominated and invasive plant-

dominated areas. Lastly, we calculated catch-per-unit-effort (CPUE) for all bycaught 

organisms in both bycatch datasets. 

Results 

Self-Reported Mechanical Harvester Bycatch Survey 
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Mechanical harvester operators reported capturing a total of 43 turtles from four 

different species over the course of 18 days in the southern portion of Lake Champlain. 

They captured 23 turtles from 8/2/2023 – 8/15/2023 and 20 turtles from 7/23/2024 – 

7/31/2024 (Table 3-1). There was no significant difference in the number of turtles caught 

among the different species, as indicated by our ANOVA results (F(3, 68) = 1.73, p = 0.17). 

Harvester operators reported that all turtles were returned to the water alive and without 

injury. 

In addition to the turtles detailed above, harvester operators reported capturing 11 

additional animals (fish, one snake, and one frog) of which 4 were alive  (Table 3-2). The 

7 mortalities included 1 common watersnake (Nerodia sipedon) and 6 fish. The operators 

reported that this was the first watersnake they had ever captured. A total of 9 fish were 

captured by the harvesters. The captured fish included 2 pumpkinseed (Lepomis 

gibbosus), 1 northern pike (Esox lucius), 1 common carp (Cyprinus carpio), 1 bluegill 

(Lepomis macrochirus), and 5 black crappie (Pomoxis nigromaculatus). While onboard 

of a harvester, we counted 186 minnows being captured on Lake Bomoseen on 7/24/2024 

over the course of 3 hours. We excluded them from the analyses because the harvester 

operators on Lake Champlain focused on larger game fish when completing their self-

reported surveys. 

Bycatch  per hour was relatively low for total bycatch, as well as for turtles, fish, 

and living and dead individuals (Table 3-2). The average rate of bycatch was 0.38 per 

hour for all bycatch, 0.33 per hour for living bycatch, 0.05 per hour for dead bycatch, 

0.30 per hour for turtles, and 0.06 per hour for fish. These rates are likely higher for fish 

if you include small fish (i.e., minnows, juveniles, etc.). For example, the rate of bycatch 
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per hour for minnows with our one sample from Lake Bomoseen was 61.67. However, 

this number may be inflated because small fish may be able to fall through the grates and 

back into the water once they are off the conveyor belt and in the harvester’s barge. Alive 

animal capture rates were significantly higher than dead animal capture rates (t(32) = 3.97, 

p < 0.001). These results suggest that there are low bycatch rates and even lower 

mortality, as all living bycatch noticed by harvester operators were returned immediately 

to the water. 

Hand-Sorted Mechanical Harvester Bycatch Survey 

We conducted 3 bycatch surveys at Lake Champlain and Lake Bomoseen where 

we systematically sorted through 1,401 liters of mechanically harvested plant material. 

Encountered animals included individuals from the orders Odonata and Coleoptera, 

mayflies (Order Ephemeroptera), zebra mussels (Dreissena polymorpha), snails, leeches, 

crawfish, bluegill, minnows, and shiners. We encountered 1,128 animals, with the vast 

majority being invertebrates (Table 3). Pelots Bay had the most bycatch, with most 

individuals being zebra mussels. Bycatch rates remained relatively low between the sites 

(Table 3-3). As stated before, very few fish were encountered during these surveys, 

suggesting that most small fish are able to slip through the grates within the barge of the 

mechanical harvester. There were no differences in bycatch between study sites (F(2, 6) = 

1.52, p = 0.29). There was also no difference between the amount of bycatch found in 

native plant dominated areas vs invasive plant dominated areas (t(7) = 1.42, p = 0.10). 

Turtle Trapping Results 
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We caught 220 turtles in hoop traps over the course of 344 trap nights from June-

August 2023 and May-August 2024 (Table 3-4). 89.5% of captured individuals were 

painted turtles. Musk and painted turtles tended to be similar in size between each site 

(Table 3-A1). However, painted turtles at Benson Landing were significantly heavier than 

painted turtles at Lake Bomoseen (p = 0.02). Male and female turtles within each species 

were similar in weight between each site, but females did tend to be bigger than males 

(Table 3-A2). We recaptured 13 turtles between the sites, with 69.2% being males. All 

turtle recaptures occurred in Lake Champlain, with 1 recaptured painted turtle and 1 

recaptured musk turtle at Benson Landing and 11 recaptured painted turtles at Pelots Bay. 

210 fish were captured in our hoop traps (Table 3-5). All bluegill and bass (Micropterus 

spp.) survived, however, approximately 30% of the larger fish, including bowfin (Amia 

calva), common carp, common rudd (Scardinius erythrophthalmus), and tench (Tinca 

tinca), became entangled in the hoop trap netting and needed to be euthanized. We also 

had a double-crested cormorant (Nannopterum auritum) mortality after it was entangled 

in a hoop trap. These unexpected mortalities were reported to the Vermont Fish and 

Wildlife Department. 

Turtle Tracking and Interactions with Mechanical Harvesters 

We tagged a total of 29 turtles and 3 mechanical harvesters with GPS and VHF 

transmitters. Unfortunately, we were unable to recover most of the turtles or get close 

enough to download the data from our transmitters. Despite this, we didn’t observe any 

negative impacts on the turtles from the GPS and VHF transmitters. We believe that the 

thick, submerged and emergent vegetation where our turtles were found interfered with 

the receiver’s ability to pick up the signal from the transmitters. 
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Discussion 

Few studies document the species and numbers of organisms bycaught during AIS 

control efforts (Chapter 2, this dissertation). This highlights the critical need for resource 

managers to systematically record unintended impacts of AIS control during treatments 

(Chapter 2, this dissertation). Such data are essential to ensure that both short-lived and 

long-lived organisms can persist in managed environments (Chiu and Kuo 2012; Li Veli 

et al. 2024). Our study aimed to address this gap by providing a practical framework for 

resource managers to adapt and implement in their AIS control projects. 

Bycatch and bycatch-induced mortality rates were remarkably low in this study. 

Our CPUE calculations suggest that fewer than one individual is caught per hour across 

all animal groups, highlighting the minimal impact of this methodology on the integrity 

of aquatic ecosystems within this study. Notably, we found that relatively few turtles were 

removed from the water by the mechanical harvesters, and no turtles were found within 

our hand-sorted samples. However, eastern musk turtles were the most frequently 

captured species, supporting our hypotheses that small, cryptic, and poor-swimming 

turtles may be negatively impacted by mechanical harvesting. While bycatch rates were 

low in this study, it is important to note that our harvester operators were highly engaged 

and diligently scanned for turtles, returning them to the water when found. In other 

locations, particularly those with larger harvesting vessels or less conscientious operators, 

bycatch mortality rates could be higher. Had our operators not noticed and returned 

captured turtles, the impacts could have been more severe. Additionally, reporting 

accuracy may be biased (McCormick et al. 2015), but this bias can be reduced by placing 

cameras on harvesters or deploying observers to monitor the harvesting process. This 
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highlights the need for further research to assess the vulnerability of long-lived species to 

mechanical harvesting, particularly in areas where harvesting conditions differ from those 

in Lake Champlain. Nonetheless, we are fairly confident that bycatch rates in Lake 

Champlain are low, especially considering that we found no difference in bycatch across 

the study sites. 

Very few studies have explored the unintended impacts of mechanical harvesting, 

with even fewer focusing on long-lived reptiles (Marcelino and Mosher 2025). To our 

knowledge, this is the first study to explore the effects of mechanical harvesting on turtle 

populations. This further emphasizes the need for resource managers to standardize data 

collection procedures while implementing AIS management (Savoca et al. 2020). We also 

found that mechanical harvester operators are extremely willing to assist in data 

collection efforts. Therefore, as long as resource managers supplied mechanical harvester 

operators with appropriate material, they could collect ecological data fairly quickly and 

with very little extra effort. 

Mechanical harvesters tend to be in service for decades, meaning that the 

operators must maintain and upgrade them periodically (J. Strong, personal 

communication, August 6, 2024). This means that harvester operators need to be 

proficient in fabricating parts for maintenance, as well as parts to make the harvesting 

process more efficient. Thus, resource managers could work with mechanical harvester 

operators to improve the design of harvesters to further reduce bycatch. For example, the 

grates that allow water to drain out of the harvesters could be widened to ensure that 

small fish are able to escape capture. Another potential method to reduce bycatch rates 
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would be the development and implementation of an excluder device that could prevent 

larger fish and turtles from being captured (Brewer et al. 2006). 

Monitoring plant communities is expensive and challenging for resource 

managers, but important in ensuring the health and integrity of an ecosystem (Marsh and 

Trenham 2008). Because mechanical harvesters tend not to be selective during 

management, native plants are inadvertently harvested during operation (Sharp et al. 

2006). So, mechanical harvester plant bycatch could provide an easy and cost-effective 

opportunity for resource managers to obtain data on the plant diversity within an area of 

interest. This would also be a great opportunity for researchers to quantify invertebrate 

diversity. Therefore, researchers and resource managers would greatly benefit from 

forming relationships with mechanical harvesting operators. 

We were extremely unsuccessful in our efforts to track turtles to see how they 

interacted with mechanical harvesters. However, we did gain some valuable insights. For 

example, we found that the North American Code (Nagle et al. 2017) was extremely fast 

and effective to use for both painted turtles and musk turtles. We were able to quickly 

mark over 100 turtles at Pelots Bay and would have been able to mark hundreds more 

without the possibility of running out of unique identifiers. Furthermore, this 

methodology was easy to teach to technicians and even easier to read and identify 

recaptured turtles. Additionally, even though our tracking efforts failed, determining how 

turtles interact with mechanical harvesters would further safeguard their populations. We 

suggest that extensive testing and potentially new technology development is needed for 

GPS transmitters to be effective in understanding fine-scale movement and behavior for 

freshwater turtles in highly vegetated habitats. 



 

 98 

 

Our results suggested that mechanical harvester bycatch was fairly unimpactful on 

turtle populations. However, to our knowledge, this project is only the first study to 

attempt to quantify AIS mechanical harvesting impacts on turtle populations. More 

research must be conducted to understand the effects of AIS control on long-lived 

organisms. Future research should focus on longer-term monitoring of turtle populations 

in harvested areas and testing modifications to harvesters to prevent bycatch. These 

longer-term monitoring projects could include treating the relationship between turtles 

and mechanical harvesters as a predator-prey interaction. This could be accomplished by 

using radio telemetry to estimate turtle home ranges (Ouellette and Cardille 2011; 

Bowers et al. 2021) and comparing them to harvester “home ranges.” If possible, 

researchers should also attempt to compare “exposure to capture risk” (Hebblewhite and 

Merrill 2007). Understanding the relationship between turtles and harvesters will allow 

resource managers to adjust permit conditions to ensure that mechanical harvesters are 

minimally impacting native species. 

Conclusion 

This study represents a critical step towards understanding the unintended 

ecological impacts of AIS mechanical harvesting, particularly on turtle populations in the 

Lake Champlain Basin. Our findings indicate that bycatch rates, including mortality, were 

remarkably low across all surveyed sites. This suggests that mechanical harvesting is a 

relatively low risk AIS management strategy in terms of its impact on non-target aquatic 

species. While the results are promising, this study also underscores the need for 

continued monitoring to confirm the long-term safety of mechanical harvesting for 

vulnerable long-lived species like turtles. 
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The collaboration with mechanical harvester operators highlighted the potential 

for resource managers to leverage partnerships for efficient and cost-effective data 

collection. Additionally, our recommendations for equipment modifications, such as 

wider grates and excluder devices, present practical opportunities to further minimize 

bycatch. These insights can inform permit conditions and guide future management 

practices to better balance invasive species control with the conservation of native 

wildlife. 

However, this research is only the beginning. More comprehensive and long-term 

studies are needed to fully understand the interactions between mechanical harvesters and 

native flora and fauna. Future work should focus on assessing population-level impacts, 

refining harvesters’ designs to prevent bycatch, and developing standardized data 

collection protocols. By addressing these gaps, resource managers can enhance the 

ecological sustainability of AIS management methodologies. 

Ultimately, this study contributes valuable insights to the growing body of 

literature on AIS control, emphasizing the importance of minimizing unintended 

ecological consequences while maintaining effective management. By prioritizing both 

invasive species mitigation and biodiversity conservation, resource managers can 

safeguard aquatic ecosystems in perpetuity. 
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Tables 

Table 3-1. The number of turtles captured by mechanical harvesters in the southern 

portion of Lake Champlain from 8/2/2023 – 8/15/2023 and 7/23/2024 – 7/31/2024. 

Year Musk Turtle Painted Turtle Snapping Turtle Map Turtle Total 

2023 9 4 3 7 23 

2024 10 4 6 0 20 
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Table 3-2. Bycatch rates and the number of living and dead animals captured by mechanical harvesters, based on self-reported 

data from the southern portion of Lake Champlain across all taxa. 

Year Alive Dead Total Bycatch/Hour Alive/Hour Dead/Hour Turtles/Hour Fish/Hour 

2023 25 5 30 0.42 0.35 0.07 0.32 0.07 

2024 22 2 24 0.34 0.31 0.03 0.28 0.06 
Animals consisted of turtles, fish, one snake, and one frog. 
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Table 3-3. Bycatch rates, the number of turtles, invertebrates (Invert.), and fish encountered, as well as the dominant plant 

species recorded during the hand-sorted bycatch surveys at Lake Champlain and Lake Bomoseen, VT. 

Sample Total Turtles Invert. Fish Total/Liter Invert./Liter Fish/Liter Dominant Plant 

Lake Bomoseen  
 

  
   

 

1 62 0 60 2 0.41 0.40 0.01 Potamogeton spp. 

2 13 0 13 0 0.09 0.09 0.00 Myriophyllum spicatum 

3 24 0 20 4 0.16 0.13 0.03 Myriophyllum spicatum 

Pelot's Bay, Lake Champlain  
 

  
   

 

1 45 0 45 0 0.30 0.30 0.00 Elodea spp. 

2 148 0 148 0 0.98 0.98 0.00 Elodea spp. 

3 652 0 652 0 4.31 4.31 0.00 Elodea spp. 

South Lake, Lake Champlain  
 

  
   

 

1 18 0 17 1 0.10 0.09 0.01 Trapa natans 

2 35 0 33 2 0.23 0.22 0.01 Trapa natans 

3 131 0 122 9 0.87 0.81 0.06 Trapa natans 
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Table 3-4. Number of turtles caught in hoop traps from June 2023 to August 2024 at Lake Champlain and Lake Bomoseen, VT. 

Site Map Turtle Musk Turtle Painted Turtle Snapping Turtle Spiny Softshell 

Benson Landing 0 4 9 2 0 

Lake Bomoseen 0 0 50 5 0 

Pelots Bay 0 2 131 6 3 

St. Albans Bay 1 0 7 0 0 
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Table 3-5. Fish bycatch caught in hoop traps from June 2023 to August 2024 in Lake Champlain and Lake Bomoseen, VT. 

Species Benson Landing Lake Bomoseen Pelots Bay St. Albans Bay Total 

Amia calva 6 3 17 1 27 

Cyprinus carpio 1 0 0 0 1 

Lepomis macrochirus 0 0 1 0 1 

Micropterus dolomieu 0 1 0 0 1 

Micropterus nigricans 0 0 2 0 2 

Scardinius erythrophthalmus 0 0 22 0 22 

Tinca tinca 1 0 50 0 51 

 

 



 

 111 

 

Figures 

 

Figure 3-1. Aquatic invasive species mechanical harvester in a Vermont lake. Photo retrieved 

from https://dec.vermont.gov/watershed/lakes-ponds/aquatic-invasives/control. 

  

https://dec.vermont.gov/watershed/lakes-ponds/aquatic-invasives/control
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Figure 3-2. An eastern musk turtle (Sternotherus odoratus) basking on a log. Photo retrieved from 

https://www/vtherpatlas.org/herp-species-in-vermont/sternotherus-odoratus/. 

  

https://www/vtherpatlas.org/herp-species-in-vermont/sternotherus-odoratus/
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Figure 3-3. Lakes and site locations for studying the impact of aquatic invasive species mechanical 

harvesting on turtle populations in the Lake Champlain Basin. 
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Figure 3-4. A baited hoop trap in Lake Champlain. 
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Figure 3-5. North American coding system schematic for kinosternid turtles, as viewed dorsally on 

the carapace with the anterior end up. Adapted from Nagle et al. (2017). 
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Appendix 

Table 3-A1. Summary statistics of musk and painted turtles caught from June 2023 to 

August 2024 at Lake Champlain and Lake Bomoseen, VT. 

 Site Musk Turtle Painted Turtle Total 

Benson Landing    

N 4 9 13 

Average Weight 281.7 401.7 371.7 

Average Carapace Length 124.0 146.4 140.8 

Average Carapace Width 83.5 106.3 100.6 

Average Plastron Length 81.9 133.8 120.8 

Average Plastron Width 44.8 69.1 63.0 

Lake Bomoseen    

N N/A 50 50 

Average Weight N/A 297.6 297.6 

Average Carapace Length N/A 130.6 130.6 

Average Carapace Width N/A 95.1 95.1 

Average Plastron Length N/A 121.7 121.7 

Average Plastron Width N/A 63.4 63.4 

Pelots Bay    

N 2 131 133 

Average Weight 285 332.7 331.9 

Average Carapace Length 123.25 135.6 135.4 

Average Carapace Width 81.65 98.5 98.3 

Average Plastron Length 84.15 125.8 125.2 

Average Plastron Width 43.95 68.8 68.4 

St. Albans Bay    

N N/A 7 7 

Average Weight N/A 360.7 360.7 

Average Carapace Length N/A 151.6 151.6 

Average Carapace Width N/A 102.9 102.9 

Average Plastron Length N/A 128.6 128.6 

Average Plastron Width N/A 66.9 66.9 
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Table 3-A2. Summary statistics of female and male painted turtles caught from June 2023 

to August 2024 at Lake Champlain and Lake Bomoseen, VT. 

Site Female Male Unknown 

Benson Landing    

N 5 4 N/A 

Average Weight 461.00 327.50 N/A 

Average Carapace Length 155.40 135.23 N/A 

Average Carapace Width 113.00 98.00 N/A 

Average Plastron Length 141.20 124.55 N/A 

Average Plastron Width 72.60 64.63 N/A 

Lake Bomoseen    

N 7 33 10 

Average Weight 399.29 269.50 362.5 

Average Carapace Length 142.71 127.15 139.6 

Average Carapace Width 104.54 92.56 100.95 

Average Plastron Length 135.29 117.87 131.8 

Average Plastron Width 69.39 61.75 66.7 

Pelots Bay    

N 31 95 5 

Average Weight 429.35 296.26 430 

Average Carapace Length 147.56 131.11 147.8 

Average Carapace Width 108.09 95.08 104.075 

Average Plastron Length 139.14 120.97 135.2 

Average Plastron Width 70.40 68.24 68.25 

St. Albans Bay    

N 3 4 N/A 

Average Weight 428.33 310.00 N/A 

Average Carapace Length 147.33 154.75 N/A 

Average Carapace Width 107.00 99.75 N/A 

Average Plastron Length 137.00 122.25 N/A 

Average Plastron Width 70.67 64.00 N/A 
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CHAPTER 4: USING POLYVINYL CHLORIDE PIPES TO BRIDGE 

KNOWLEDGE GAPS: COMPREHENSIVE GRAY TREEFROG MONITORING 

AND CONSERVATION IN A CHANGING WORLD 

Abstract 

Understanding species’ habitat associations is crucial for biodiversity conservation, 

especially in the face of climate change and habitat loss. Gray treefrogs (Hyla versicolor), 

though classified as least concern, have significant knowledge gaps regarding their 

terrestrial and overwintering behaviors. This study evaluates the effectiveness of 

Polyvinyl Chloride (PVC) pipes as a monitoring tool for gray treefrogs in the 

northeastern United States to address these gaps. Over two years, PVC pipe arrays were 

deployed across eight study sites, capturing 179 individuals with a 10.1% recapture rate. 

Habitat variables such as basal area, elevation, and maximum temperature significantly 

influenced capture success, with higher temperatures and later dates in the year 

correlating to higher capture rates. Additionally, radio telemetry provided initial insights 

into overwintering behavior, with tracked individuals seeking refuge in tree canopies and 

brush piles as temperatures approached freezing. Our findings highlight PVC pipes as a 

cost-effective and scalable method for long-term treefrog monitoring, extending beyond 

the breeding season to provide critical data on habitat use. While challenges remain in 

tracking overwintering behaviors, refining telemetry methods and increasing sample sizes 

could improve our understanding of treefrog ecology in colder climates. Additionally, 

integrating community science initiatives could enhance monitoring capacity and public 

engagement in amphibian conservation. This research contributes to broader efforts to 

safeguard amphibians against climate change and habitat loss by improving knowledge of 
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seasonal habitat use and refining monitoring techniques for long-term conservation 

planning. 

Key words – winter ecology, conservation, community science, long-term monitoring, radiotelemetry 
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Introduction 

Human-induced climate change and habitat loss are among the greatest threats to 

biodiversity worldwide, altering ecosystems and reshaping species distributions (Brooks 

et al. 2002; Malcolm et al. 2006; Sinervo et al. 2010; Bellard 2012; Foden et al. 2013; 

Warren et al. 2013). As global temperatures and landscapes are fragmented, species must 

adjust to shifting temperature and moisture regimes, seasonal variations, and habitat 

availability. One in six species is projected to go extinct if these environmental changes 

continue unabated (Urban 2015). While governments worldwide are taking steps to 

mitigate climate change and protect biodiversity (Paris Agreement 2018; Executive Order 

No. 14,008, 2021; Community Resilience and Biodiversity Act 2023), conservation 

efforts require a deeper understanding of species’ ecological needs and their responses to 

changing environmental conditions. Studying how wildlife interacts with key climatic 

and seasonal variables is essential for developing effective conservation strategies in a 

rapidly changing world (Lathrop and Bognar 1998; Wilson et al. 2006; Belote et al. 2021; 

Matthipoulos et al. 2023). 

Amphibians are particularly vulnerable to the effects of climate change and 

habitat loss, as their survival depends on specific temperature and moisture conditions 

(Foden et al. 2013). Rising global temperatures, shifting precipitation patterns, and 

increased frequency of extreme weather events threaten amphibian populations by 

altering breeding cycles, drying critical habitats, and exacerbating disease outbreaks 

(Lawler et al. 2010; Winter et al. 2016). Approximately 41% of amphibian species are at 

risk of extinction, making them the most threatened group of vertebrates. Additionally, 

16% of amphibian species are classified by the International Union for Conservation of 
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Nature (IUCN) as data deficient, meaning that their conservation status remains uncertain 

(IUCN Species Survival Commission 2012; Wren et al. 2015; Bland et al. 2016). Despite 

their vulnerability, amphibians remain underrepresented in conservation planning, in part 

due to biases favoring mammals and a lack of comprehensive data on their habitat 

requirements across seasons (Santos et al. 2020). Understanding how amphibians respond 

to environmental variability is critical for predicting their future distributions and 

ensuring their persistence in a changing climate. 

Gray treefrogs (Hyla versicolor) are classified by the IUCN as being a species of 

least concern (IUCN 2015). However, very little is known about the gray treefrog’s 

natural history. For example, there is uncertainty surrounding gray treefrogs’ hibernation 

strategy and very little is known about how they use terrestrial habitat outside of their 

breeding season (Johnson and Semlitsch 2003; Johnson et al. 2007; Raithel 2019). We 

need to keep common species common if we are to ensure biodiversity across the globe. 

This can only be accomplished by understanding fundamental habitat requirements for 

persistence and protecting their crucial habitat (Hanauska-Brown et al. 2011; Watson and 

Watson 2015; Santos et al. 2020). 

Many sampling methods are used to monitor gray treefrogs, including nighttime 

road searches and acoustic monitoring (Mazerolle 2004; Pomezanski 2021). However, 

due to their cryptic nature, most monitoring efforts only occur during the spring while 

gray treefrogs are breeding (Raithel 2019). Therefore, passive trapping methodologies, 

such as using Polyvinyl Chloride (PVC) pipes as artificial refugia, could be important in 

helping scientists gain a better understanding of the natural history of the gray treefrog 

outside of the breeding season and in terrestrial habitats. PVC pipes have been used to 
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monitor various treefrog species throughout the globe (Hoffman et al. 2009; Glorioso and 

Waddle 2014; McGrath-Blaser 2021). Most of the studies involving PVC pipes have been 

conducted in the southeastern United States and South America. To our knowledge, the 

northernmost published PVC pipe studies have occurred in North Carolina and Missouri, 

USA making it unclear whether PVC is a viable method for studying treefrogs at northern 

latitudes where shorter active seasons and differences in forest composition might reduce 

their utility (Glorioso and Waddle 2014). 

Currently, gray treefrogs occur throughout much of the eastern United States and 

southeast Canada (IUCN 2015). However, due to global warming and habitat loss, the 

gray treefrog’s range may change (Titley et al. 2021). Therefore, PVC pipes would allow 

resource managers to gain a baseline understanding of the distribution of gray treefrogs, 

and how they use their habitat throughout their current range. Furthermore, this 

methodology could be adapted to conduct long-term monitoring projects, as well as 

provide a means for researchers to capture and attach GPS transmitters to frogs for spatial 

studies. This information can help influence a more holistic approach to land 

conservation. 

The objectives of this study are: 1) to investigate the effectiveness of PVC pipes 

at capturing and monitoring gray treefrogs in the northeastern United States; 2) 

determining what habitat variables (i.e., basal area, tree type, weather, etc.) are important 

for gray treefrog occurrence; and 3) determine gray treefrog winter habitat selection. We 

hypothesized that more gray treefrogs would be captured in areas with higher basal area, 

due to trees being smaller and having fewer natural cavities for the frogs to occupy. 
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Methods 

Study Area 

There were eight study areas in this project: Macrae Farm Park in Colchester, VT; 

Porter Point Natural Area in Colchester, VT; Ethan Allen Homestead in Burlington, VT; 

Centennial Woods in Burlington, VT; the Intervale Center in Burlington, VT; the 

Watershed Center in Bristol, VT; Birds of Vermont Museum in Huntington, VT; and 

Raven Ridge in Monkton, VT. Each study area included a matrix of habitats that includes 

both wetland and upland habitat. Additionally, gray treefrogs had been heard or observed 

at each survey area before trap deployment. 

Study Species 

Gray treefrogs have long thin limbs and plump bodies. They have long, partly 

webbed toes, with large toepads that produce mucous, which allows them to climb many 

different surfaces (Smith et al. 2006). Gray treefrogs lack dorsolateral folds and the 

dorsum skin is dotted with numerous dermal glands that produce a toxic secretion 

(Raithel 2019). Gray treefrog skin coloration varies from green to brownish gray in 

response to its environment. Their limbs have dark traverse bars, with bright yellow 

interspersed with dark gray reticulations, on their lower flanks and inner thighs (Brodie 

and Formanowicz 1981). 

There are subtle differences between male and female gray treefrogs. Male gray 

treefrogs have throats that are very dark or heavily spotted with black, whereas females 

have throats that are white or have very few black spots. During the breeding season the 
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male’s vocal sac has a balloon-like appearance when it is inflated. When the vocal sac is 

not inflated it looks like loose skin under their chins (Raithel 2019). 

During much of the year gray treefrogs are arboreal. They will often move to the 

ground during rainy or humid weather to forage and breed (Raithel 2019). In Vermont 

(Abenaki place name, N’dakinna), gray treefrogs breed from April through July. They 

typically breed in standing or slow-moving water that has abundant vegetation (Vermont 

Reptile & Amphibian Atlas 2021). Very little is known about how gray treefrogs use 

terrestrial habitats outside of the breeding season (Raithel 2019). 

Gray treefrogs are capable of using glycerol mobilization to avoid freeze induced 

mortality (Layne and Jones 2001). However, the extent to which their freeze tolerance 

protects them, and the duration before cells incur damage, remains relatively unknown 

(Irwin and Lee 2003). Furthermore, their overwintering location – whether in tree 

canopies, under bark, or on the ground – remains largely unknown. Prior studies suggest 

that treefrogs use the aforementioned microhabitats as hibernacula non-randomly up to 

340 meters away from wetlands (Johnson et al. 2007; Johnson et al. 2008). 

Survey Methods 

We set up two PVC pipe arrays at each of the eight study locations. Each study 

area had two study arrays. One array was placed in an area with low basal area (less than 

100 BA/ft2), while the other array was placed in an area with high basal area (more than 

100 BA/ft2) (Mississippi Wildlife, Fisheries, & Parks 2021). Each array contained 25 

PVC pipes that were attached to trees (Figure 4-1). The pipes were 60 cm long, had a 

diameter of 3.8 cm, were capped at the bottom, had a hole drilled ~15 cm above the cap 
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to drain excess water, and had a string inside to ensure that small mammals could escape 

the trap. Each pipe was hung 2 meters from the ground. Our survey methodology was 

adapted from Glorioso and Waddle (2014). 

We were interested to see whether basal area (BA) impacted capture probability 

for gray treefrogs. So, BA was measured at each array using a BAF 10 angle gauge 

(Forestry Suppliers, Mississippi, USA). We also recorded the diameter at breast height 

(DBH) of each tree that we hung PVC pipes on. Additionally, we recorded the tree type, 

humidity, maximum temperature, minimum temperature, precipitation, elevation, and day 

of year (DOY), and quadratic day of year (QDOY) for each site visit. 

Trap mortality for this method is negligible because treefrogs can move in and out 

of the PVC pipes freely. Therefore, there is a great deal of flexibility in checking the traps 

(Glorioso and Waddle 2014). However, we checked each trap array bi-weekly from early 

June to late October in 2022 and from late June to late October in 2023. We were unable 

to completely follow our bi-weekly trap checking schedule during the summer of 2023, 

due to extreme flooding. Once captured, treefrogs were removed from the pipe by 

shaking them out of the PVC pipes into a small plastic bag. Frogs were held until they 

were sexed and snout-vent length (SVL) was measured. 

Gray treefrogs were marked with visual implant elastomer (VIE, Northwestern 

Marine Technology, Inc., Shaw Island, WA, USA) to determine recapture rates and to 

determine whether VIE was effective for long-term monitoring of gray treefrogs. VIE is a 

two-part silicone-based material which cures to a pliable consistency, which can be seen 

using ultraviolet light. Marks were injected using a 29-gauge insulin needle, which was 

disinfected between individuals using alcohol pads (adapted from Bainbridge et al. 2015). 
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Previous studies suggested that VIE marks are retained by individuals and that there is 

little bias in identification of marked individuals (Bailey 2004; Grant 2008). Furthermore, 

VIE marking has not been found to reduce survival and growth rates of juvenile or adult 

treefrogs (Sapsford et al. 2014; Bainbridge et al. 2015). 

Radio Telemetry 

We wanted to determine where gray treefrogs overwintered within their habitat. 

Therefore, we attempted to capture adult gray treefrogs during the late fall of 2024 at 

Centennial Woods, Porter Point, and Raven Ridge; and attach VHF transmitters to them 

using waistbands (adapted from McGarrity and Johnson 2010; Groff et al. 2015). 

Transmitters that exceed 10% of a frog’s mass could negatively impact their health and 

behavior (McGarrity and Johnson 2010). Therefore, VHF transmitters were under 10% of 

each tagged frog’s bodyweight. The average gray treefrog weighs approximately 7.12 g 

(Mueller 2006). So, transmitters and waistbelts were under 0.72 g in total mass. 

We used a transmitter (Series A1025, Advanced Telemetry Systems, Isanti MN, 

USA) that weighed approximately 0.65 g, which should have given us a battery life 

between 28 and 44 days. We tested the fit of the transmitters on captive gray treefrogs at 

the ECHO Leahy Center for Lake Champlain prior to deployment to ensure that the 

attachment method would not negatively impact the frogs. We used 1 mm-diameter 

stretch bead cord to attach transmitters to captured treefrogs. We restrained the treefrog’s 

rear legs and positioned the waistband around the frog’s pelvic girdle, ensuring that a 

0.25-0.5 cm gap remained between the sacral hump and the waistband when the 

transmitter was pulled away from the frog’s body (adapted from McGarrity and Johnson 
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2010; Groff et al. 2015) (Figure 4-2). Tracking occurred at each site at least twice a week 

from early October to early December. 

Analysis 

We used R to perform negative binomial regression modeling with trap abundance 

(i.e., number of frogs inside of PVC pipe traps) as our response variable for our site-level 

model set and binomial regression modeling with probability of capture for our trap-level 

model set (Venables et al. 2002; R Core Team 2021). We examined the distribution of 

trap abundance using histograms and performed goodness of fit tests on Poisson and 

negative binomial models to determine what modeling approach would be most 

appropriate for our data. The negative binomial model was a better fit and the Akaike 

Information Criterion Corrected (AICc) was much better compared to the Poisson 

models. 

Our covariates for our negative binomial and binomial regression model sets 

included BA, humidity, maximum temperature, minimum temperature, precipitation, 

elevation, DOY, and QDOY for the site-level model set. The trap-level model set 

included all of the aforementioned covariates, with the addition of DBH and tree type 

(Table 4-1). We hypothesized that humidity, precipitation, and elevation would have a 

negative relationship with abundance and probability of capture, while temperature and 

DOY would have a positive relationship with abundance and probability of capture. 

Additionally, we hypothesized that trap abundance and probability of capture would 

decrease as BA increased. Lastly, we hypothesized that DBH would have a negative 

effect on probability of capture; and that traps on deciduous trees would have a higher 

likelihood of capture success compared to those on coniferous trees. 
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For the site-level model set, we fit 256 models for all combinations of our 

covariates (Table 4-A1). For the trap-level model set, we fit 512 models for all 

combinations of our covariates (Table 4-A2). We calculated the AICc, which is a measure 

that balances goodness of fit with model complexity. Lower AICc values are indicative of 

a more parsimonious model (Burnham and Anderson 2004). We compared AICc values 

by calculating the difference in AICc values (ΔAICc) and AICc weights. A difference of 2 

or more indicates substantial evidence in favor of the model with the lower AICc value 

(Aikaike 1874). When multiple models had ΔAICc < 2 and relatively low model weight, 

we performed model averaging using the MuMIn package in R (Bartoń 2020) to account 

for model uncertainty and derive averaged parameter estimates. We also completed Chi-

Square tests to ensure that our data properly fit our models. 

Results 

Survey Results 

From 2022 to 2023, over the course of 75 total visits at each of our survey sites, 

we captured 179 gray treefrogs in our PVC pipe traps. We captured at least 1 treefrog in 

56% of our site visits. The number of gray treefrogs captured in a single PVC pipe varied 

from 0 to 3 individuals. The highest number of gray treefrogs captured in a single array 

during a site visit was 22 individuals. During our study we marked 163 individuals, with 

16 individuals being too small to be marked. We recaptured 10.1% of marked individuals 

at least once. The average SVL for captured treefrogs was 38.8 mm (39 mm for males, 36 

mm for females, and 32 mm for unknown individuals). The sex ratio of captured 

treefrogs was 1.3 males to females. 
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Trap-level Modeling 

Our top 5 trap-level models accounted for 46.8% of the model weight, with the 

best model receiving 12.3% of the model weight (Table 4-2). The top model included 

BA, DBH, DOY, elevation, and maximum temperature. This model demonstrates that the 

aforementioned covariates have a significant impact on PVC trap probability of capture. 

DOY and maximum temperature had positive effects, while BA, DBH, and elevation had 

negative effects on probability of capture (Table 4-3). The top model (AIC = 1276.0) was 

a better fit than the null model (AIC = 1372.9, X2
(5) = 106.94, p < 0.001). 

Given that multiple models had ΔAICc < 2, we used model averaging to account 

for model uncertainty and obtain more stable coefficient estimates. The averaged trap-

level model included BA, DBH, DOY, elevation, humidity, maximum temperature, 

minimum temperature, precipitation, and tree type, though humidity, minimum 

temperature, precipitation, and tree type had little influence. Consistent with the top trap-

level model, DOY and maximum temperature had positive effects on PVC trap 

probability of capture, while BA, DBH, and elevation had negative effects (Figure 4-3). 

These results suggest that treefrog probability of capture in PVC pipe traps increases as 

the year progresses and with higher maximum temperatures, while it decreases in traps 

that are attached to larger trees (higher DBH) that are coniferous, in areas with higher 

BA, and at higher elevations. The model-averaged results reinforce the conclusions from 

our top model, suggesting that both microhabitat characteristics and broader 

environmental factors influence gray treefrogs use of PVC pipe traps. 

Site-level Modeling 
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Our top 5 site-level models accounted for 40.8% of the model weight, with the 

best model receiving 10.8% of the model weight (Table 4-2). The top model included 

DOY, and elevation. This model suggests that PVC trap abundance is significantly 

influenced by the previously mentioned covariates. DOY had a positive effect, while 

elevation had a negative effect on abundance (Table 4-3). The top model (AIC = 417.7) 

was a better fit than the null model (AIC = 442.67). 

Similarly to the trap-level models, multiple models had ΔAICc < 2, so we used 

model averaging to account for model uncertainty and obtain more robust coefficient 

estimates. The averaged site-level model included BA, DOY, elevation, humidity, 

maximum temperature, minimum temperature, precipitation, and QDOY, though 

precipitation had little influence (p = 0.74). The direction and significance of covariates 

remained consistent with the top site-level model, with DOY and maximum temperature 

having positive effects on PVC trap abundance, while BA, elevation, and humidity had 

negative effects. Additionally, QDOY suggests that abundance will be higher before and 

after the breeding season (Figure 4-3). These results suggest that treefrog abundance in 

PVC pipe traps increases with warmer temperatures and increases seasonally, while 

abundance in PVC pipe traps decreases at higher elevations and under more humid 

conditions. The model-averaged results reinforce the conclusions from our top model, 

suggesting that these environmental factors significantly shape gray treefrog abundance 

in PVC traps. 

Radio Telemetry 

Unlike previous years in this study, inconsistent weather from early October to 

late November 2024 negatively affected the number of gray treefrogs captured 



 

 131 

 

(unpublished data). Therefore, we were only able to successfully trap and tag four gray 

treefrogs. Three of the transmitters remained active between 28 – 48 days. However, one 

of the transmitters only remained active for 9 days. We are unsure whether the transmitter 

loss was due to battery depletion, the frog leaving the study area, or a predation event. We 

tracked the three individuals with active transmitters two to three times per week, and 

none moved more than 40 meters between successive fixes. The tracking period was 

characterized by dry and cold weather, with temperatures occasionally dropping below 

freezing. Although we were unable to track the frogs through the winter, we observed that 

they were either in the tree canopy or within brush piles as temperatures approached 

freezing. 

Discussion 

Our study demonstrates that PVC pipes are an effective method for capturing gray 

treefrogs in the northern parts of their range. The average capture rate of 2.4 individuals 

per site visit underscores the potential of this method to monitor gray treefrogs outside of 

their breeding season. Furthermore, the number of captured individuals was consistent 

with anuran studies in other regions (Johnson et al. 2008; Glorioso and Waddle 2014). 

Additionally, PVC pipes had relatively low negative impacts on other taxa within the 

environment. For example, we only observed a total of 9 dead rodents in our traps over 

the entirety of our study, with our traps being deployed for over 181 days. 

Our model results provided evidence that key habitat variables influence PVC 

pipe trapping success, aligning with ecological expectations. Trapping success was lower 

in forests with higher BA, likely because larger trees (increased DBH) provide more 

natural refugia for treefrogs (Johnson et al. 2008). Similarly, forests at higher elevations, 
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which are more likely to contain coniferous trees, may negatively impact amphibian 

occurrence due to increased habitat acidification (Freda and Dunson 1986; Wyman 1988; 

Wyman and Jancola 1992). On days with higher humidity, trapping success was reduced, 

which may be due to treefrogs being more active and foraging outside of PVC refugia 

under such conditions (Raithel 2019). Additionally, trapping success increased with DOY, 

likely reflecting rising temperatures over time. Since higher temperatures are often 

accompanied by decreased relative humidity (Elovitz 1999), this may create less 

favorable conditions for treefrog foraging, leading to increased use of PVC pipes. 

We observed a substantial increase in capture probability around DOY 230 (mid-

August), suggesting a peak in post breeding activity likely driven by increased movement 

and dispersal from breeding sites. QDOY appeared to suggest a seasonal patter in capture 

success: it declined leading up to the breeding season, flattened during peak breeding, 

and then increased afterward. This indicates that capture probability is relatively stable 

during the breeding season but is influenced more strongly by seasonal effects before and 

after this period. Therefore, the model results align with the natural history of gray 

treefrogs, highlighting distinct seasonal patterns in capture probability. The increase in 

capture probability post-breeding season suggests that monitoring efforts using PVC pipe 

traps should be intensified from mid-July to early September to maximize capture rates 

and gather valuable data on gray treefrog populations. 

VIE may provide a relatively straightforward method for conducting amphibian 

capture-mark-recapture studies with good mark retention (Bailey 2004). However, we 

found this technique challenging to use on adult gray treefrogs due to their elastic skin, 

which made it challenging for needle penetration and the administration of VIE beneath 
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the skin. Additionally, we observed some marks migrating, likely a result of the skin’s 

elasticity. Despite these challenges, we consider VIE a more humane and effective 

marking method compared to toe-clipping (Heard et al. 2008; Schmidt and Schwarzkopf 

2010), particularly for studies that do not require individual frogs to have unique marks. 

This study strongly supports the use of PVC pipe trap arrays for long-term 

monitoring of gray treefrogs across their range. These traps are cost-effective, simple to 

construct and install, low maintenance, and require minimal personnel hours throughout 

the year. Furthermore, resource managers could further streamline treefrog population 

monitoring by leveraging community science (Tulloch et al. 2013; Freiwald et al. 2018). 

For example, partnerships with local conservation organizations, science centers, and 

elementary and secondary schools could facilitate the setting up and monitoring of PVC 

pipe trap arrays by volunteers, who could record observations and contribute data to 

community science databases. This collaborative approach would not only enhance data 

collection but also foster community engagement in conservation efforts and raise public 

awareness about amphibian ecology and habitat conservation (Schuttler et al. 2019; 

Nance et al. 2024). 

Although we were unable to track gray treefrogs until temperatures dropped 

below freezing, we remain confident that this tracking method is well-suited for future 

studies. The frogs moved freely and appeared unaffected in their environment, allowing 

us to reliably track each individual to its specific location during each tracking session. 

With additional resources, we would purchase additional transmitters to replace those 

with depleted batteries. This approach would involve trapping and tagging treefrogs 

earlier in the fall, tracking their movements, and replacing transmitters at regular 
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intervals. These adjustments would allow us to capture and mark an adequate sample size 

while extending our tracking efforts into the winter months when temperatures fall below 

freezing. 

This study highlights the utility of PVC pipe traps as a cost-effective and scalable 

method for monitoring gray treefrog populations across their range, providing critical 

baseline data on their habitat use and distribution. By increasing our understanding of 

species’ ecological needs, this approach can help inform broader biodiversity 

conservation efforts aimed at protecting habitat and maintaining ecosystem resilience. 

Effective habitat monitoring and protection for species like gray treefrogs contribute to 

preserving ecosystem functionality in the face of climate change and habitat loss, 

ensuring that conservation strategies are grounded in species-specific ecological data. 

Conclusion 

This study demonstrates the efficacy of PVC pipe traps as a reliable and scalable 

method for monitoring gray treefrog populations in the northernmost parts of their range. 

By capturing critical data on habitat use and environmental factors influencing treefrog 

abundance, we fill important knowledge gaps about this species’ terrestrial and seasonal 

behavior. Our findings highlight the potential for PVC pipe traps to extend monitoring 

beyond the breeding season, providing resource managers with a practical tool for long-

term amphibian conservation. 

While our radio telemetry efforts faced challenges, they provided initial insights 

into overwintering behaviors, suggesting that treefrogs seek refuge in tree canopies and 

brush piles as temperatures approach freezing. Future studies should refine tracking 
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methods, increase sample sizes, and extend monitoring into freezing temperatures to 

better understand treefrog winter ecology. Additionally, integrating community science 

efforts could expand long-term monitoring capacity and foster public engagement in 

amphibian conservation. 

By improving our understanding of gray treefrog habitat use across seasons, this 

study contributes to broader efforts to safeguard amphibian populations in the face of 

climate change and habitat loss. Continued development of cost-effective and accessible 

monitoring techniques will be essential for ensuring the persistence of common species 

like the gray treefrog, which play a vital role in maintaining ecological balance. 
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Tables 

Table 4-1. Covariates used to predict Polyvinyl Chloride pipe gray treefrog abundance in 

Vermont. 

Covariate Code Description Data Source 

Basal area BA The basal area of a survey site. Field data 

    

Diameter at breast height DBH The diameter measured at breast height 

of each tree measured in centimeters. 

Field data 

    

Day of year DOY The day of year starting from January 

1st (day 1) and ending December 31st 

(day 365). 

Field data 

    

Elevation Elev The elevation above sea level of an 

array measured in meters. 

Field data 

    

Humidity Humid The average humidity of the given 

survey measured as a percentage. 

NOAA* 

    

Minimum temperature TempMn The minimum temperature of the given 

survey measured in Celsius 

NOAA* 

    

Maximum temperature TempMx The maximum temperature of the 

given survey measured in Celsius 

NOAA* 

    

Precipitation Precip The total amount of precipitation (rain 

or snow) of the given survey measured 

in centimeters. 

NOAA* 

    

Quadratic of Day of Year QDOY The quadratic of day of year. Field data 

    

Tree type Type Whether the tree type where a trap was 

placed was coniferous or deciduous. 

Field data 

    

*National Centers for Environmental Information. (Accessed on February 8, 2024). 

NOAA Climate Data Online (CDO) – Datasets. Retrieved from ncei.noaa.gov/cdo-

web/datasets 
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Table 4-2. Top 5 models for predicting Polyvinyl Chloride pipe gray treefrog trap capture probability and abundance in 

Vermont. 

Model N Parameters AICc Δ AICc Weight 

Trap-level     

BA + DBH + DOY + Elev + TempMx 6 1276.00 0.00 0.12 

BA + DBH + DOY + Elev + TempMx + TempMn 7 1276.20 0.19 0.11 

BA + DBH + DOY + Elev + TempMx + Type 7 1276.80 0.78 0.08 

BA + DBH + DOY + Elev + TempMx + TempMn + Type 8 1276.90 0.84 0.08 

BA + DBH + DOY + Elev + Humid + TempMx 7 1277.20 1.18 0.07 

Site-level     

DOY + Elev 4 417.7 0.00 0.11 

DOY 3 415.0 0.23 0.10 

DOY + Elev + TempMx 5 415.4 0.66 0.08 

DOY + TempMx 4 415.8 1.05 0.06 

DOY + Elev + QDOY 5 415.8 1.09 0.06 
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Table 4-3. Top model results for predicting Polyvinyl Chloride pipe gray treefrog capture 

probability and abundance in Vermont. 

  Estimate z-value 95%CI 

Trap-level    

Intercept -10.091 -8.82 -12.3707 – -7.8827 

BA -0.301 -1.83 -0.6258 –  0.0190 

DBH -0.011 -1.86 -0.0236 –  0.0003 

DOY 0.027 8.40 0.0205 –  0.0329 

Elev -0.005 -3.23 -0.0078 – -0.0020 

TempMx 0.069 3.65 0.0324 –  0.1064 

    

Site-level    

Intercept -4.487 -5.17 -6.3125 – -2.7402 

DOY 0.022 5.74 0.0141  – 0.0293 

Elev -0.004 -1.72 -0.0085  – 0.0010 
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Figures 

 

Figure 4-1. Polyvinyl Chloride (PVC) pipe attached to trees at Raven Ridge in Monkton, Vermont. 
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Figure 4-2. Gray treefrog with a waistband-mounted radio transmitter used to track treefrogs to 

winter hibernacula during the fall of 2024 (adapted from Groff et al. 2015). 
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Figure 4-3. Partial dependence plots showing predicted gray treefrog abundance across habitat and climatic variables. (A) Trap-level and (B) site-level 

model-averaged predictions. Black lines show estimates, with red shading indicating 95% confidence intervals. 
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Appendix 

Table 4-A1. Site-level model set with all covariate combinations for Poisson regression 

modeling for Polyvinyl Chloride pipe gray treefrog abundance in Vermont. 

Model 

Null 

BA 

DOY 

Elev 

Humid 

TempMx 

TempMn 

Precip 

QDOY 

BA + DOY 

BA + Elev 

DOY + Elev 

BA + Humid 

DOY + Humid 

Elev + Humid 

BA + TempMx 

DOY + TempMx 

Elev + TempMx 

Humid + TempMx 

BA + TempMn 

DOY + TempMn 

Elev + TempMn 

Humid + TempMn 

TempMn + TempMx 

BA + Precip 

DOY + Precip 

Elev + Precip 

Humid + Precip 

TempMx + Precip 

TempMn + Precip 

BA + QDOY 

DOY + QDOY 

Elev + QDOY 

Humid + QDOY 

TempMx + QDOY 

TempMn + QDOY 

Precip + QDOY 

BA + DOY + Elev 
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BA + DOY + Humid 

BA + Elev + Humid 

DOY + Elev + Humid 

BA + DOY + TempMx 

BA + Elev + TempMx 

DOY + Elev + TempMx 

BA + Humid + TempMx 

DOY + Humid + TempMx 

Elev + Humid + TempMx 

BA + DOY + TempMn 

BA + Elev + TempMn 

DOY + Elev + TempMn 

BA + Humid + TempMn 

DOY + Humid + TempMn 

Elev + Humid + TempMn 

BA + TempMn + TempMx 

DOY + TempMn + TempMx 

Elev + TempMn + TempMx 

Humid + TempMn + TempMx 

BA + DOY + Precip 

BA + Elev + Precip 

DOY + Elev + Precip 

BA + Humid + Precip 

DOY + Humid + Precip 

Elev + Humid + Precip 

BA + TempMx + Precip 

DOY + TempMx + Precip 

Elev + TempMx + Precip 

Humid + TempMx + Precip 

BA + TempMn + Precip 

DOY + TempMn + Precip 

Elev + TempMn + Precip 

Humid + TempMn + Precip 

TempMn + TempMx + Precip 

BA + DOY + QDOY 

BA + Elev + QDOY 

DOY + Elev + QDOY 

BA + Humid + QDOY 

DOY + Humid + QDOY 

Elev + Humid + QDOY 

BA + TempMx + QDOY 

DOY + TempMx + QDOY 

Elev + TempMx + QDOY 
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Humid + TempMx + QDOY 

BA + TempMn + QDOY 

DOY + TempMn + QDOY 

Elev + TempMn + QDOY 

Humid + TempMn + QDOY 

TempMn + TempMx + QDOY 

BA + Precip + QDOY 

DOY + Precip + QDOY 

Elev + Precip + QDOY 

Humid + Precip + QDOY 

TempMx + Precip + QDOY 

TempMn + Precip + QDOY 

BA + DOY + Elev + Humid 

BA + DOY + Elev + TempMx 

BA + DOY + Humid + TempMx 

BA + Elev + Humid + TempMx 

DOY + Elev + Humid + TempMx 

BA + DOY + Elev + TempMn 

BA + DOY + Humid + TempMn 

BA + Elev + Humid + TempMn 

DOY + Elev + Humid + TempMn 

BA + DOY + TempMn + TempMx 

BA + Elev + TempMn + TempMx 

DOY + Elev + TempMn + TempMx 

BA + Humid + TempMn + TempMx 

DOY + Humid + TempMn + TempMx 

Elev + Humid + TempMn + TempMx 

BA + DOY + Elev + Precip 

BA + DOY + Humid + Precip 

BA + Elev + Humid + Precip 

DOY + Elev + Humid + Precip 

BA + DOY + TempMx + Precip 

BA + Elev + TempMx + Precip 

DOY + Elev + TempMx + Precip 

BA + Humid + TempMx + Precip 

DOY + Humid + TempMx + Precip 

Elev + Humid + TempMx + Precip 

BA + DOY + TempMn + Precip 

BA + Elev + TempMn + Precip 

DOY + Elev + TempMn + Precip 

BA + Humid + TempMn + Precip 

DOY + Humid + TempMn + Precip 

Elev + Humid + TempMn + Precip 
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BA + TempMn + TempMx + Precip 

DOY + TempMn + TempMx + Precip 

Elev + TempMn + TempMx + Precip 

Humid + TempMn + TempMx + Precip 

BA + DOY + Elev + QDOY 

BA + DOY + Humid + QDOY 

BA + Elev + Humid + QDOY 

DOY + Elev + Humid + QDOY 

BA + DOY + TempMx + QDOY 

BA + Elev + TempMx + QDOY 

DOY + Elev + TempMx + QDOY 

BA + Humid + TempMx + QDOY 

DOY + Humid + TempMx + QDOY 

Elev + Humid + TempMx + QDOY 

BA + DOY + TempMn + QDOY 

BA + Elev + TempMn + QDOY 

DOY + Elev + TempMn + QDOY 

BA + Humid + TempMn + QDOY 

DOY + Humid + TempMn + QDOY 

Elev + Humid + TempMn + QDOY 

BA + TempMn + TempMx + QDOY 

DOY + TempMn + TempMx + QDOY 

Elev + TempMn + TempMx + QDOY 

Humid + TempMn + TempMx + QDOY 

BA + DOY + Precip + QDOY 

BA + Elev + Precip + QDOY 

DOY + Elev + Precip + QDOY 

BA + Humid + Precip + QDOY 

DOY + Humid + Precip + QDOY 

Elev + Humid + Precip + QDOY 

BA + TempMx + Precip + QDOY 

DOY + TempMx + Precip + QDOY 

Elev + TempMx + Precip + QDOY 

Humid + TempMx + Precip + QDOY 

BA + TempMn + Precip + QDOY 

DOY + TempMn + Precip + QDOY 

Elev + TempMn + Precip + QDOY 

Humid + TempMn + Precip + QDOY 

TempMn + TempMx + Precip + QDOY 

BA + DOY + Elev + Humid + TempMx 

BA + DOY + Elev + Humid + TempMn 

BA + DOY + Elev + TempMn + TempMx 

BA + DOY + Humid + TempMn + TempMx 
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BA + Elev + Humid + TempMn + TempMx 

DOY + Elev + Humid + TempMn + TempMx 

BA + DOY + Elev + Humid + Precip 

BA + DOY + Elev + TempMx + Precip 

BA + DOY + Humid + TempMx + Precip 

BA + Elev + Humid + TempMx + Precip 

DOY + Elev + Humid + TempMx + Precip 

BA + DOY + Elev + TempMn + Precip 

BA + DOY + Humid + TempMn + Precip 

BA + Elev + Humid + TempMn + Precip 

DOY + Elev + Humid + TempMn + Precip 

BA + DOY + TempMn + TempMx + Precip 

BA + Elev + TempMn + TempMx + Precip 

DOY + Elev + TempMn + TempMx + Precip 

BA + Humid + TempMn + TempMx + Precip 

DOY + Humid + TempMn + TempMx + Precip 

Elev + Humid + TempMn + TempMx + Precip 

BA + DOY + Elev + Humid + QDOY 

BA + DOY + Elev + TempMx + QDOY 

BA + DOY + Humid + TempMx + QDOY 

BA + Elev + Humid + TempMx + QDOY 

DOY + Elev + Humid + TempMx + QDOY 

BA + DOY + Elev + TempMn + QDOY 

BA + DOY + Humid + TempMn + QDOY 

BA + Elev + Humid + TempMn + QDOY 

DOY + Elev + Humid + TempMn + QDOY 

BA + DOY + TempMn + TempMx + QDOY 

BA + Elev + TempMn + TempMx + QDOY 

DOY + Elev + TempMn + TempMx + QDOY 

BA + Humid + TempMn + TempMx + QDOY 

DOY + Humid + TempMn + TempMx + QDOY 

Elev + Humid + TempMn + TempMx + QDOY 

BA + DOY + Elev + Precip + QDOY 

BA + DOY + Humid + Precip + QDOY 

BA + Elev + Humid + Precip + QDOY 

DOY + Elev + Humid + Precip + QDOY 

BA + DOY + TempMx + Precip + QDOY 

BA + Elev + TempMx + Precip + QDOY 

DOY + Elev + TempMx + Precip + QDOY 

BA + Humid + TempMx + Precip + QDOY 

DOY + Humid + TempMx + Precip + QDOY 

Elev + Humid + TempMx + Precip + QDOY 

BA + DOY + TempMn + Precip + QDOY 
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BA + Elev + TempMn + Precip + QDOY 

DOY + Elev + TempMn + Precip + QDOY 

BA + Humid + TempMn + Precip + QDOY 

DOY + Humid + TempMn + Precip + QDOY 

Elev + Humid + TempMn + Precip + QDOY 

BA + TempMn + TempMx + Precip + QDOY 

DOY + TempMn + TempMx + Precip + QDOY 

Elev + TempMn + TempMx + Precip + QDOY 

Humid + TempMn + TempMx + Precip + QDOY 

BA + DOY + Elev + Humid + TempMn + TempMx 

BA + DOY + Elev + Humid + TempMx + Precip 

BA + DOY + Elev + Humid + TempMn + Precip 

BA + DOY + Elev + TempMn + TempMx + Precip 

BA + DOY + Humid + TempMn + TempMx + Precip 

BA + Elev + Humid + TempMn + TempMx + Precip 

DOY + Elev + Humid + TempMn + TempMx + Precip 

BA + DOY + Elev + Humid + TempMx + QDOY 

BA + DOY + Elev + Humid + TempMn + QDOY 

BA + DOY + Elev + TempMn + TempMx + QDOY 

BA + DOY + Humid + TempMn + TempMx + QDOY 

BA + Elev + Humid + TempMn + TempMx + QDOY 

DOY + Elev + Humid + TempMn + TempMx + QDOY 

BA + DOY + Elev + Humid + Precip + QDOY 

BA + DOY + Elev + TempMx + Precip + QDOY 

BA + DOY + Humid + TempMx + Precip + QDOY 

BA + Elev + Humid + TempMx + Precip + QDOY 

DOY + Elev + Humid + TempMx + Precip + QDOY 

BA + DOY + Elev + TempMn + Precip + QDOY 

BA + DOY + Humid + TempMn + Precip + QDOY 

BA + Elev + Humid + TempMn + Precip + QDOY 

DOY + Elev + Humid + TempMn + Precip + QDOY 

BA + DOY + TempMn + TempMx + Precip + QDOY 

BA + Elev + TempMn + TempMx + Precip + QDOY 

DOY + Elev + TempMn + TempMx + Precip + QDOY 

BA + Humid + TempMn + TempMx + Precip + QDOY 

DOY + Humid + TempMn + TempMx + Precip + QDOY 

Elev + Humid + TempMn + TempMx + Precip + QDOY 

BA + DOY + Elev + Humid + TempMn + TempMx + Precip 

BA + DOY + Elev + Humid + TempMn + TempMx + QDOY 

BA + DOY + Elev + Humid + TempMx + Precip + QDOY 

BA + DOY + Elev + Humid + TempMn + Precip + QDOY 

BA + DOY + Elev + TempMn + TempMx + Precip + QDOY 

BA + DOY + Humid + TempMn + TempMx + Precip + QDOY 
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BA + Elev + Humid + TempMn + TempMx + Precip + QDOY 

DOY + Elev + Humid + TempMn + TempMx + Precip + QDOY 

BA + DOY + Elev + Humid + TempMn + TempMx + Precip + QDOY 

 

  



 

 155 

 

Table 4-A2. Trap-level model set with all covariate combinations for logistic regression 

modeling for Polyvinyl Chloride pipe gray treefrog abundance in Vermont. 

Model 

Null 

BA 

DBH 

DOY 

Elev 

Humid 

TempMx 

TempMn 

Precip 

Type 

BA + DBH 

BA + DOY 

DBH + DOY 

BA + Elev 

DBH + Elev 

DOY + Elev 

BA + Humid 

DBH + Humid 

DOY + Humid 

Elev + Humid 

BA + TempMx 

DBH + TempMx 

DOY + TempMx 

Elev + TempMx 

Humid + TempMx 

BA + TempMn 

DBH + TempMn 

DOY + TempMn 

Elev + TempMn 

Humid + TempMn 

TempMx + TempMn 

BA + Precip 

DBH + Precip 

DOY + Precip 

Elev + Precip 

Humid + Precip 

TempMx + Precip 

TempMn + Precip 

BA + Type 
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DBH + Type 

DOY + Type 

Elev + Type 

Humid + Type 

TempMx + Type 

TempMn + Type 

Precip + Type 

BA + DBH + DOY 

BA + DBH + Elev 

BA + DOY + Elev 

DBH + DOY + Elev 

BA + DBH + Humid 

BA + DOY + Humid 

DBH + DOY + Humid 

BA + Elev + Humid 

DBH + Elev + Humid 

DOY + Elev + Humid 

BA + DBH + TempMx 

BA + DOY + TempMx 

DBH + DOY + TempMx 

BA + Elev + TempMx 

DBH + Elev + TempMx 

DOY + Elev + TempMx 

BA + Humid + TempMx 

DBH + Humid + TempMx 

DOY + Humid + TempMx 

Elev + Humid + TempMx 

BA + DBH + TempMn 

BA + DOY + TempMn 

DBH + DOY + TempMn 

BA + Elev + TempMn 

DBH + Elev + TempMn 

DOY + Elev + TempMn 

BA + Humid + TempMn 

DBH + Humid + TempMn 

DOY + Humid + TempMn 

Elev + Humid + TempMn 

BA + TempMx + TempMn 

DBH + TempMx + TempMn 

DOY + TempMx + TempMn 

Elev + TempMx + TempMn 

Humid + TempMx + TempMn 

BA + DBH + Precip 



 

 157 

 

BA + DOY + Precip 

DBH + DOY + Precip 

BA + Elev + Precip 

DBH + Elev + Precip 

DOY + Elev + Precip 

BA + Humid + Precip 

DBH + Humid + Precip 

DOY + Humid + Precip 

Elev + Humid + Precip 

BA + TempMx + Precip 

DBH + TempMx + Precip 

DOY + TempMx + Precip 

Elev + TempMx + Precip 

Humid + TempMx + Precip 

BA + TempMn + Precip 

DBH + TempMn + Precip 

DOY + TempMn + Precip 

Elev + TempMn + Precip 

Humid + TempMn + Precip 

TempMx + TempMn + Precip 

BA + DBH + Type 

BA + DOY + Type 

DBH + DOY + Type 

BA + Elev + Type 

DBH + Elev + Type 

DOY + Elev + Type 

BA + Humid + Type 

DBH + Humid + Type 

DOY + Humid + Type 

Elev + Humid + Type 

BA + TempMx + Type 

DBH + TempMx + Type 

DOY + TempMx + Type 

Elev + TempMx + Type 

Humid + TempMx + Type 

BA + TempMn + Type 

DBH + TempMn + Type 

DOY + TempMn + Type 

Elev + TempMn + Type 

Humid + TempMn + Type 

TempMx + TempMn + Type 

BA + Precip + Type 

DBH + Precip + Type 



 

 158 

 

DOY + Precip + Type 

Elev + Precip + Type 

Humid + Precip + Type 

TempMx + Precip + Type 

TempMn + Precip + Type 

BA + DBH + DOY + Elev 

BA + DBH + DOY + Humid 

BA + DBH + Elev + Humid 

BA + DOY + Elev + Humid 

DBH + DOY + Elev + Humid 

BA + DBH + DOY + TempMx 

BA + DBH + Elev + TempMx 

BA + DOY + Elev + TempMx 

DBH + DOY + Elev + TempMx 

BA + DBH + Humid + TempMx 

BA + DOY + Humid + TempMx 

DBH + DOY + Humid + TempMx 

BA + Elev + Humid + TempMx 

DBH + Elev + Humid + TempMx 

DOY + Elev + Humid + TempMx 

BA + DBH + DOY + TempMn 

BA + DBH + Elev + TempMn 

BA + DOY + Elev + TempMn 

DBH + DOY + Elev + TempMn 

BA + DBH + Humid + TempMn 

BA + DOY + Humid + TempMn 

DBH + DOY + Humid + TempMn 

BA + Elev + Humid + TempMn 

DBH + Elev + Humid + TempMn 

DOY + Elev + Humid + TempMn 

BA + DBH + TempMx + TempMn 

BA + DOY + TempMx + TempMn 

DBH + DOY + TempMx + TempMn 

BA + Elev + TempMx + TempMn 

DBH + Elev + TempMx + TempMn 

DOY + Elev + TempMx + TempMn 

BA + Humid + TempMx + TempMn 

DBH + Humid + TempMx + TempMn 

DOY + Humid + TempMx + TempMn 

Elev + Humid + TempMx + TempMn 

BA + DBH + DOY + Precip 

BA + DBH + Elev + Precip 

BA + DOY + Elev + Precip 



 

 159 

 

DBH + DOY + Elev + Precip 

BA + DBH + Humid + Precip 

BA + DOY + Humid + Precip 

DBH + DOY + Humid + Precip 

BA + Elev + Humid + Precip 

DBH + Elev + Humid + Precip 

DOY + Elev + Humid + Precip 

BA + DBH + TempMx + Precip 

BA + DOY + TempMx + Precip 

DBH + DOY + TempMx + Precip 

BA + Elev + TempMx + Precip 

DBH + Elev + TempMx + Precip 

DOY + Elev + TempMx + Precip 

BA + Humid + TempMx + Precip 

DBH + Humid + TempMx + Precip 

DOY + Humid + TempMx + Precip 

Elev + Humid + TempMx + Precip 

BA + DBH + TempMn + Precip 

BA + DOY + TempMn + Precip 

DBH + DOY + TempMn + Precip 

BA + Elev + TempMn + Precip 

DBH + Elev + TempMn + Precip 

DOY + Elev + TempMn + Precip 

BA + Humid + TempMn + Precip 

DBH + Humid + TempMn + Precip 

DOY + Humid + TempMn + Precip 

Elev + Humid + TempMn + Precip 

BA + TempMx + TempMn + Precip 

DBH + TempMx + TempMn + Precip 

DOY + TempMx + TempMn + Precip 

Elev + TempMx + TempMn + Precip 

Humid + TempMx + TempMn + Precip 

BA + DBH + DOY + Type 

BA + DBH + Elev + Type 

BA + DOY + Elev + Type 

DBH + DOY + Elev + Type 

BA + DBH + Humid + Type 

BA + DOY + Humid + Type 

DBH + DOY + Humid + Type 

BA + Elev + Humid + Type 

DBH + Elev + Humid + Type 

DOY + Elev + Humid + Type 

BA + DBH + TempMx + Type 



 

 160 

 

BA + DOY + TempMx + Type 

DBH + DOY + TempMx + Type 

BA + Elev + TempMx + Type 

DBH + Elev + TempMx + Type 

DOY + Elev + TempMx + Type 

BA + Humid + TempMx + Type 

DBH + Humid + TempMx + Type 

DOY + Humid + TempMx + Type 

Elev + Humid + TempMx + Type 

BA + DBH + TempMn + Type 

BA + DOY + TempMn + Type 

DBH + DOY + TempMn + Type 

BA + Elev + TempMn + Type 

DBH + Elev + TempMn + Type 

DOY + Elev + TempMn + Type 

BA + Humid + TempMn + Type 

DBH + Humid + TempMn + Type 

DOY + Humid + TempMn + Type 

Elev + Humid + TempMn + Type 

BA + TempMx + TempMn + Type 

DBH + TempMx + TempMn + Type 

DOY + TempMx + TempMn + Type 

Elev + TempMx + TempMn + Type 

Humid + TempMx + TempMn + Type 

BA + DBH + Precip + Type 

BA + DOY + Precip + Type 

DBH + DOY + Precip + Type 

BA + Elev + Precip + Type 

DBH + Elev + Precip + Type 

DOY + Elev + Precip + Type 

BA + Humid + Precip + Type 

DBH + Humid + Precip + Type 

DOY + Humid + Precip + Type 

Elev + Humid + Precip + Type 

BA + TempMx + Precip + Type 

DBH + TempMx + Precip + Type 

DOY + TempMx + Precip + Type 

Elev + TempMx + Precip + Type 

Humid + TempMx + Precip + Type 

BA + TempMn + Precip + Type 

DBH + TempMn + Precip + Type 

DOY + TempMn + Precip + Type 

Elev + TempMn + Precip + Type 



 

 161 

 

Humid + TempMn + Precip + Type 

TempMx + TempMn + Precip + Type 

BA + DBH + DOY + Elev + Humid 

BA + DBH + DOY + Elev + TempMx 

BA + DBH + DOY + Humid + TempMx 

BA + DBH + Elev + Humid + TempMx 

BA + DOY + Elev + Humid + TempMx 

DBH + DOY + Elev + Humid + TempMx 

BA + DBH + DOY + Elev + TempMn 

BA + DBH + DOY + Humid + TempMn 

BA + DBH + Elev + Humid + TempMn 

BA + DOY + Elev + Humid + TempMn 

DBH + DOY + Elev + Humid + TempMn 

BA + DBH + DOY + TempMx + TempMn 

BA + DBH + Elev + TempMx + TempMn 

BA + DOY + Elev + TempMx + TempMn 

DBH + DOY + Elev + TempMx + TempMn 

BA + DBH + Humid + TempMx + TempMn 

BA + DOY + Humid + TempMx + TempMn 

DBH + DOY + Humid + TempMx + TempMn 

BA + Elev + Humid + TempMx + TempMn 

DBH + Elev + Humid + TempMx + TempMn 

DOY + Elev + Humid + TempMx + TempMn 

BA + DBH + DOY + Elev + Precip 

BA + DBH + DOY + Humid + Precip 

BA + DBH + Elev + Humid + Precip 

BA + DOY + Elev + Humid + Precip 

DBH + DOY + Elev + Humid + Precip 

BA + DBH + DOY + TempMx + Precip 

BA + DBH + Elev + TempMx + Precip 

BA + DOY + Elev + TempMx + Precip 

DBH + DOY + Elev + TempMx + Precip 

BA + DBH + Humid + TempMx + Precip 

BA + DOY + Humid + TempMx + Precip 

DBH + DOY + Humid + TempMx + Precip 

BA + Elev + Humid + TempMx + Precip 

DBH + Elev + Humid + TempMx + Precip 

DOY + Elev + Humid + TempMx + Precip 

BA + DBH + DOY + TempMn + Precip 

BA + DBH + Elev + TempMn + Precip 

BA + DOY + Elev + TempMn + Precip 

DBH + DOY + Elev + TempMn + Precip 

BA + DBH + Humid + TempMn + Precip 



 

 162 

 

BA + DOY + Humid + TempMn + Precip 

DBH + DOY + Humid + TempMn + Precip 

BA + Elev + Humid + TempMn + Precip 

DBH + Elev + Humid + TempMn + Precip 

DOY + Elev + Humid + TempMn + Precip 

BA + DBH + TempMx + TempMn + Precip 

BA + DOY + TempMx + TempMn + Precip 

DBH + DOY + TempMx + TempMn + Precip 

BA + Elev + TempMx + TempMn + Precip 

DBH + Elev + TempMx + TempMn + Precip 

DOY + Elev + TempMx + TempMn + Precip 

BA + Humid + TempMx + TempMn + Precip 

DBH + Humid + TempMx + TempMn + Precip 

DOY + Humid + TempMx + TempMn + Precip 

Elev + Humid + TempMx + TempMn + Precip 

BA + DBH + DOY + Elev + Type 

BA + DBH + DOY + Humid + Type 

BA + DBH + Elev + Humid + Type 

BA + DOY + Elev + Humid + Type 

DBH + DOY + Elev + Humid + Type 

BA + DBH + DOY + TempMx + Type 

BA + DBH + Elev + TempMx + Type 

BA + DOY + Elev + TempMx + Type 

DBH + DOY + Elev + TempMx + Type 

BA + DBH + Humid + TempMx + Type 

BA + DOY + Humid + TempMx + Type 

DBH + DOY + Humid + TempMx + Type 

BA + Elev + Humid + TempMx + Type 

DBH + Elev + Humid + TempMx + Type 

DOY + Elev + Humid + TempMx + Type 

BA + DBH + DOY + TempMn + Type 

BA + DBH + Elev + TempMn + Type 

BA + DOY + Elev + TempMn + Type 

DBH + DOY + Elev + TempMn + Type 

BA + DBH + Humid + TempMn + Type 

BA + DOY + Humid + TempMn + Type 

DBH + DOY + Humid + TempMn + Type 

BA + Elev + Humid + TempMn + Type 

DBH + Elev + Humid + TempMn + Type 

DOY + Elev + Humid + TempMn + Type 

BA + DBH + TempMx + TempMn + Type 

BA + DOY + TempMx + TempMn + Type 

DBH + DOY + TempMx + TempMn + Type 



 

 163 

 

BA + Elev + TempMx + TempMn + Type 

DBH + Elev + TempMx + TempMn + Type 

DOY + Elev + TempMx + TempMn + Type 

BA + Humid + TempMx + TempMn + Type 

DBH + Humid + TempMx + TempMn + Type 

DOY + Humid + TempMx + TempMn + Type 

Elev + Humid + TempMx + TempMn + Type 

BA + DBH + DOY + Precip + Type 

BA + DBH + Elev + Precip + Type 

BA + DOY + Elev + Precip + Type 

DBH + DOY + Elev + Precip + Type 

BA + DBH + Humid + Precip + Type 

BA + DOY + Humid + Precip + Type 

DBH + DOY + Humid + Precip + Type 

BA + Elev + Humid + Precip + Type 

DBH + Elev + Humid + Precip + Type 

DOY + Elev + Humid + Precip + Type 

BA + DBH + TempMx + Precip + Type 

BA + DOY + TempMx + Precip + Type 

DBH + DOY + TempMx + Precip + Type 

BA + Elev + TempMx + Precip + Type 

DBH + Elev + TempMx + Precip + Type 

DOY + Elev + TempMx + Precip + Type 

BA + Humid + TempMx + Precip + Type 

DBH + Humid + TempMx + Precip + Type 

DOY + Humid + TempMx + Precip + Type 

Elev + Humid + TempMx + Precip + Type 

BA + DBH + TempMn + Precip + Type 

BA + DOY + TempMn + Precip + Type 

DBH + DOY + TempMn + Precip + Type 

BA + Elev + TempMn + Precip + Type 

DBH + Elev + TempMn + Precip + Type 

DOY + Elev + TempMn + Precip + Type 

BA + Humid + TempMn + Precip + Type 

DBH + Humid + TempMn + Precip + Type 

DOY + Humid + TempMn + Precip + Type 

Elev + Humid + TempMn + Precip + Type 

BA + TempMx + TempMn + Precip + Type 

DBH + TempMx + TempMn + Precip + Type 

DOY + TempMx + TempMn + Precip + Type 

Elev + TempMx + TempMn + Precip + Type 

Humid + TempMx + TempMn + Precip + Type 

BA + DBH + DOY + Elev + Humid + TempMx 



 

 164 

 

BA + DBH + DOY + Elev + Humid + TempMn 

BA + DBH + DOY + Elev + TempMx + TempMn 

BA + DBH + DOY + Humid + TempMx + TempMn 

BA + DBH + Elev + Humid + TempMx + TempMn 

BA + DOY + Elev + Humid + TempMx + TempMn 

DBH + DOY + Elev + Humid + TempMx + TempMn 

BA + DBH + DOY + Elev + Humid + Precip 

BA + DBH + DOY + Elev + TempMx + Precip 

BA + DBH + DOY + Humid + TempMx + Precip 

BA + DBH + Elev + Humid + TempMx + Precip 

BA + DOY + Elev + Humid + TempMx + Precip 

DBH + DOY + Elev + Humid + TempMx + Precip 

BA + DBH + DOY + Elev + TempMn + Precip 

BA + DBH + DOY + Humid + TempMn + Precip 

BA + DBH + Elev + Humid + TempMn + Precip 

BA + DOY + Elev + Humid + TempMn + Precip 

DBH + DOY + Elev + Humid + TempMn + Precip 

BA + DBH + DOY + TempMx + TempMn + Precip 

BA + DBH + Elev + TempMx + TempMn + Precip 

BA + DOY + Elev + TempMx + TempMn + Precip 

DBH + DOY + Elev + TempMx + TempMn + Precip 

BA + DBH + Humid + TempMx + TempMn + Precip 

BA + DOY + Humid + TempMx + TempMn + Precip 

DBH + DOY + Humid + TempMx + TempMn + Precip 

BA + Elev + Humid + TempMx + TempMn + Precip 

DBH + Elev + Humid + TempMx + TempMn + Precip 

DOY + Elev + Humid + TempMx + TempMn + Precip 

BA + DBH + DOY + Elev + Humid + Type 

BA + DBH + DOY + Elev + TempMx + Type 

BA + DBH + DOY + Humid + TempMx + Type 

BA + DBH + Elev + Humid + TempMx + Type 

BA + DOY + Elev + Humid + TempMx + Type 

DBH + DOY + Elev + Humid + TempMx + Type 

BA + DBH + DOY + Elev + TempMn + Type 

BA + DBH + DOY + Humid + TempMn + Type 

BA + DBH + Elev + Humid + TempMn + Type 

BA + DOY + Elev + Humid + TempMn + Type 

DBH + DOY + Elev + Humid + TempMn + Type 

BA + DBH + DOY + TempMx + TempMn + Type 

BA + DBH + Elev + TempMx + TempMn + Type 

BA + DOY + Elev + TempMx + TempMn + Type 

DBH + DOY + Elev + TempMx + TempMn + Type 

BA + DBH + Humid + TempMx + TempMn + Type 



 

 165 

 

BA + DOY + Humid + TempMx + TempMn + Type 

DBH + DOY + Humid + TempMx + TempMn + Type 

BA + Elev + Humid + TempMx + TempMn + Type 

DBH + Elev + Humid + TempMx + TempMn + Type 

DOY + Elev + Humid + TempMx + TempMn + Type 

BA + DBH + DOY + Elev + Precip + Type 

BA + DBH + DOY + Humid + Precip + Type 

BA + DBH + Elev + Humid + Precip + Type 

BA + DOY + Elev + Humid + Precip + Type 

DBH + DOY + Elev + Humid + Precip + Type 

BA + DBH + DOY + TempMx + Precip + Type 

BA + DBH + Elev + TempMx + Precip + Type 

BA + DOY + Elev + TempMx + Precip + Type 

DBH + DOY + Elev + TempMx + Precip + Type 

BA + DBH + Humid + TempMx + Precip + Type 

BA + DOY + Humid + TempMx + Precip + Type 

DBH + DOY + Humid + TempMx + Precip + Type 

BA + Elev + Humid + TempMx + Precip + Type 

DBH + Elev + Humid + TempMx + Precip + Type 

DOY + Elev + Humid + TempMx + Precip + Type 

BA + DBH + DOY + TempMn + Precip + Type 

BA + DBH + Elev + TempMn + Precip + Type 

BA + DOY + Elev + TempMn + Precip + Type 

DBH + DOY + Elev + TempMn + Precip + Type 

BA + DBH + Humid + TempMn + Precip + Type 

BA + DOY + Humid + TempMn + Precip + Type 

DBH + DOY + Humid + TempMn + Precip + Type 

BA + Elev + Humid + TempMn + Precip + Type 

DBH + Elev + Humid + TempMn + Precip + Type 

DOY + Elev + Humid + TempMn + Precip + Type 

BA + DBH + TempMx + TempMn + Precip + Type 

BA + DOY + TempMx + TempMn + Precip + Type 

DBH + DOY + TempMx + TempMn + Precip + Type 

BA + Elev + TempMx + TempMn + Precip + Type 

DBH + Elev + TempMx + TempMn + Precip + Type 

DOY + Elev + TempMx + TempMn + Precip + Type 

BA + Humid + TempMx + TempMn + Precip + Type 

DBH + Humid + TempMx + TempMn + Precip + Type 

DOY + Humid + TempMx + TempMn + Precip + Type 

Elev + Humid + TempMx + TempMn + Precip + Type 

BA + DBH + DOY + Elev + Humid + TempMx + TempMn 

BA + DBH + DOY + Elev + Humid + TempMx + Precip 

BA + DBH + DOY + Elev + Humid + TempMn + Precip 



 

 166 

 

BA + DBH + DOY + Elev + TempMx + TempMn + Precip 

BA + DBH + DOY + Humid + TempMx + TempMn + Precip 

BA + DBH + Elev + Humid + TempMx + TempMn + Precip 

BA + DOY + Elev + Humid + TempMx + TempMn + Precip 

DBH + DOY + Elev + Humid + TempMx + TempMn + Precip 

BA + DBH + DOY + Elev + Humid + TempMx + Type 

BA + DBH + DOY + Elev + Humid + TempMn + Type 

BA + DBH + DOY + Elev + TempMx + TempMn + Type 

BA + DBH + DOY + Humid + TempMx + TempMn + Type 

BA + DBH + Elev + Humid + TempMx + TempMn + Type 

BA + DOY + Elev + Humid + TempMx + TempMn + Type 

DBH + DOY + Elev + Humid + TempMx + TempMn + Type 

BA + DBH + DOY + Elev + Humid + Precip + Type 

BA + DBH + DOY + Elev + TempMx + Precip + Type 

BA + DBH + DOY + Humid + TempMx + Precip + Type 

BA + DBH + Elev + Humid + TempMx + Precip + Type 

BA + DOY + Elev + Humid + TempMx + Precip + Type 

DBH + DOY + Elev + Humid + TempMx + Precip + Type 

BA + DBH + DOY + Elev + TempMn + Precip + Type 

BA + DBH + DOY + Humid + TempMn + Precip + Type 

BA + DBH + Elev + Humid + TempMn + Precip + Type 

BA + DOY + Elev + Humid + TempMn + Precip + Type 

DBH + DOY + Elev + Humid + TempMn + Precip + Type 

BA + DBH + DOY + TempMx + TempMn + Precip + Type 

BA + DBH + Elev + TempMx + TempMn + Precip + Type 

BA + DOY + Elev + TempMx + TempMn + Precip + Type 

DBH + DOY + Elev + TempMx + TempMn + Precip + Type 

BA + DBH + Humid + TempMx + TempMn + Precip + Type 

BA + DOY + Humid + TempMx + TempMn + Precip + Type 

DBH + DOY + Humid + TempMx + TempMn + Precip + Type 

BA + Elev + Humid + TempMx + TempMn + Precip + Type 

DBH + Elev + Humid + TempMx + TempMn + Precip + Type 

DOY + Elev + Humid + TempMx + TempMn + Precip + Type 

BA + DBH + DOY + Elev + Humid + TempMx + TempMn + Precip 

BA + DBH + DOY + Elev + Humid + TempMx + TempMn + Type 

BA + DBH + DOY + Elev + Humid + TempMx + Precip + Type 

BA + DBH + DOY + Elev + Humid + TempMn + Precip + Type 

BA + DBH + DOY + Elev + TempMx + TempMn + Precip + Type 

BA + DBH + DOY + Humid + TempMx + TempMn + Precip + Type 

BA + DBH + Elev + Humid + TempMx + TempMn + Precip + Type 

BA + DOY + Elev + Humid + TempMx + TempMn + Precip + Type 

DBH + DOY + Elev + Humid + TempMx + TempMn + Precip + Type 

BA + DBH + DOY + Elev + Humid + TempMx + TempMn + Precip + Type 



 

 167 

 

BIBLIOGRAPHY 

Adams, J.V., Birceanu, O., Chadderton, W.L., Jones, M.L., Lepak, J.M., Seilheimer, T.S., 

Steeves, T.B., Sullivan, W.P. 2021. Trade-offs between suppression and 

eradication of sea lampreys from the Great Lakes. Journal of Great Lakes 

Research 47:S782-S795. https://doi.org/10.1016/j.jglr.2021.04.005 

Akaike, H. 1974. A new look at the statistical model identification. IEEE Transactions on 

Automatic Control 19:716-723. http://dx.doi.org/10.1109/TAC.1974.1100705 

Alam, S.K., Ager, L.A., Rosegger, T.M., and Lange, T.R. 1996. The effects of mechanical 

harvesting of floating plant tussock communities on water quality in Lake 

Istokpoga, Florida. Lakes and Reservoir Management 12(4):455-461. 

https://doi.org/10.1080/07438149609354285 

Allaback, M.L. and Laabs, D.M. 2003. Effectiveness of road tunnels for the Santa Cruz 

long-toed salamander. 2002-2003 Transactions of the Western Section of the 

Wildlife Society 38/39:5-8. 

Alldred, M., Baines, S.B., Findlay, S. 2016. Effects of invasive-plant management on 

nitrogen-removal services in freshwater tidal marshes. PLoS ONE 

11(2):e0149813. Doi:10.1371/journal.pone.0149813 

Andrén, H. 1994. Effects of habitat fragmentation on birds and mammals in landscapes 

with different proportions of suitable habitat: a review. Oikos 71:355.366. 

APIPP. 2022. Eurasian watermilfoil. Adirondack Park Invasive Plant Program. Retrieved 

from https://www.adkinvasives.com/Invasive-Species/Detail/36 

Archambault, J.M. and Cope, G.W. 2016. Life stage sensitivity of a freshwater snail to 

herbicides used in invasive aquatic weed control. Freshwater Mollusk Biology 

and Conservation 19:69-79. https://doi.org/10.31931/fmbc.v19i2.2016.69-79 

Bager, A, and V. Fontoura. 2013. Evaluation of the effectiveness of a wildlife roadkill 

mitigation system in wetland habitat. Ecological Engineering 53:31-38. 

https://10.1016/j.ecoleng.2013.01.006 

Bailey, L.L. 2004. Evaluating elastomer marking and photo identification methods for 

terrestrial salamanders: marking effects and observer bias. Herpetological Review 

35:38-41. 

Bainbridge, L., Stockwell, M., Valdez, J., Klop-Toker, K., Clulow, S., and Mahony, M. 

2015. Tagging tadpoles: retention rates and impacts of visible implant elastomer 

(VIE) tags from the larval to adult amphibian stages. The Herpetological Journal 

25:133-140. 

Baquero, R.A., Oficialdegui, F.J., Ayllón, D., and Nicola, G.G. 2023. The challenge of 

managing threatened invasive species at a continental scale. Conservation Biology 

37:e14165. https://doi.org/10.1111/cobi.14165 



 

 168 

 

Barbour, M.T., Luoma, J.A., Severson, T.J., Wise, J.K., and Bennie, B. 2021. Avoidance 

of cold-, cool-, and warm-water fishes to Zequanox® exposure. Management of 

Biological Invasions 12(1):96-107. https://doi.org/10.3391/mbi.2021.12.1.07 

Bartoń, K. 2024. MuMIn: multi-model inference. R package version 1.48.4. Retrieved 

from https://CRAN.R-project.org/packagMuMIn[1]. 

Bates, D., Maechler, M., Bolker, B., and Walker, S. 2015. Fitting linear mixed-effects 

models using lme4. Journal of Statistical Software 67:1-48. 

https://doi.org/10.18637/jss.v067.i01 

Beck, K.G., Zimmerman, K., Schardt, J.D., Stone, J., Lukens, R.R., Reichard, S., 

Randall, J., Cangelosi, A.A., Cooper, D., and Thompson, J.P. 2008. Invasive 

species defined in a policy context: recommendations from the Federal Invasive 

Species Advisory Committee. Invasive Plant Science and Management 1:414-421. 

DOI: https://doi.org/10.1614/IPSM-08-089.1 

Beebee, T.J.C. 2013. Effects of road mortality and mitigation measures on amphibian 

populations. Conservation Biology 27:657-668. 

https://doi.org/10.1111/cobi.12063 

Bellard, C., Bertelsmeier, C., Leadley, P., Thuiller, W., and Courchamp, F. 2012. Impacts 

of climate change on the future of biodiversity. Ecology Letters 15:365-377. 

https://doi.org/10.1111/j.1461-0248.2011.01736.x 

Bellis, M.A., Griffing, C.R., Warren, P., and Jackson, S.D. 2013. Utilizing a multi-

technique, multi-taxa approach to monitoring wildlife passageways in southern 

Vermont. Oecologia Aust. 17:111-128. 

http://dx.doi.org/10.4257/oeco.2013.1701.10 

Belote, R.T., Barnett, K., Dietz, M.S., Burkle, L., Jenkins, C.N., Dreiss, L., Aycrigg, J.L., 

and Aplet, G.H. 2021. Options for prioritizing sites for biodiversity conservation 

with implications for “30 by 30”. Biological Conservation 264:109378. 

https://doi.org/10.1016/j.biocon.2021.109378 

Bergstrom, D.M., Lucieer, A., Kiefer, K., Wasley, J., Belbin, L., Pedersen, T.K., and 

Chown, S.L. 2009. Indirect effects of invasive species removal devastate World 

Heritage Island. Journal of Applied Ecology 46:73-81. 

https://doi.org/10.1111/j.1365-2664.2008.01601.x 

Bertelsmeier, C. 2021. Globalization and the anthropogenic spread of invasive social 

insects. Current Opinion in Insect Science 46:16-23. DOI: 

https://doi.org/10.1016/j.cois.2021.01.006 

Bies, L. 2021. Senate infrastructure bill includes wildlife funding. Wildlife Society. 

Retrieved from https://wildlife.org/senate-infrastructure-bill-includes-wildlife-

funding/ 



 

 169 

 

Bland, L.M., Bielby, J., Kearney, S., Orme, C.D.L., Watson, J.E.M, and Collen, B. 2017. 

Toward reassessing data-deficient species. Conservation Biology 31(3):531-539. 

https://doi.org/10.1111/cobi.12850 

Blicharska, M., Smithers, R.J., Kuchler, M., Agrawal, G.K., Gutiérrez, J.M., Hassanali, 

A., Huq, S., Koller, S.H., Marjit, S., Mshinda, H.M., Masjuki, H.H., Solomons, 

N.W., Van Staden, J., & Mikusiński, G. 2017. Steps to overcome the north-south 

divide in research relevant to climate change policy and practice. Nature Climate 

Change 7:21-27. https://doi.org/10.1038/nclimate3163 

Booms, T.L. 1999. Vertebrates removed by mechanical weed harvesting in Lake Kessus, 

Wisconsin. Journal of Plant Management 37:34-36. 

Bougie, T.A., Peery, M.Z., Lapin, C.N., Woodford, J.E., and Pauli, J.N. 2022. Not all 

management is equal: a comparison of methods to increase wood turtle population 

viability. The Journal of Wildlife Management 86:e22234. 

https://doi.org/10.1002/jwmg.22234 

Bowers, B.C., Walkup, D.K., Hibbitts, T.J., Crump, P.S., Ryeberg, W.A., Lwing, A.M., 

and Lopez, R.R. 2021. Should I stay or should I go? Spatial ecology of western 

chicken turtles (Deirochelys reticularia miaria). Herpetological Conservation and 

Biology 16(3):594-611. 

Boylen, C.W., Eichler, L.W., and Sutherland, J.W. 1996. Physical control of Eurasian 

watermilfoil in an oligotrophic lake. Hydrobiologia 340:213-218. 

https://doi.org/10.1007/BF00012757 

Bradford, D.F. 1983. Winterkill, oxygen relations, and energy metabolism of a submerged 

dormant amphibian, Rana muscosa. Ecology 64.1171-1183. 

https://doi.org/10.2307/1937827 

Brambilla, M., Gustin, M., and Celada, C. 2013. Species appeal predicts conservation 

status. Biological Conservation 160:209-213. 

https://doi.org/10.1016/j.biocon.2013.02.006 

Breckels, R.D. and Kilgour, B.W. 2018. Aquatic herbicide applications for the control of 

aquatic plants in Canada: effects to nontarget aquatic organisms. Environmental 

Reviews 26(3):333-338. https://www.jstor.org/stable/90024997 

Brewer, D., Heales, D., Milton, D., Dell, Q., Fry, G., Venables, B. and Jones, P. 2006. The 

impact of turtle excluder devices and bycatch reduction devices on diverse 

tropical marine communities in Australia’s northern prawn trawl fishery. Fisheries 

Research 81: 176-188. https://doi.org/10.1016/j.fishres.2006.07.009 

Brodie, E.D. and Formanowicz, D.R. 1981. Palatability and antipredator behavior of the 

treefrog Hyla versicolor to the shrew Blarina brevicauda. Journal of Herpetology 

15(2):235-236. https://doi.org/10.2307/1563386 



 

 170 

 

Brooks, T.M., Mittermeier, R.A., Mittermeier, C.G., Da Fonseca, G.A.B., Rylands, A.B., 

Konstant, W.R., Flick, P., Pilgrim, J., Oldfield, S., Maigin, G., and Hilton-Taylor, 

C. 2002. Habitat loss and extinction in the hotspots of biodiversity. Conservation 

Biology 16(4):909-923. https://doi.org/10.1046/j.1523-1739.2002.00530.x 

Burnham, K.P. and Anderson, D.R. 2004. Multimodal inference: understanding AIC and 

BIC in model selection. Sociological Methods & Research 33:261-304. 

https://doi.org/10.1177/0049124104268644 

Büyüktahtakın, I.E. and Haight, R.G. 2018. A review of operations research models in 

invasive species management: state of the art, challenges, and future directions. 

Annals of Operations Research 271:357-403. https://doi.org/10.1007/s10479-017-

2670-5 

Caldwell, M.R., and Klip, J.M.K. 2019. Wildlife interactions within highway 

underpasses. Journal of Wildlife Management 84:227-236. 

https://doi.org/10.1002/jwmg.21801 

Cambray, J.A. 2003. Impact on indigenous species biodiversity caused by the 

globalization of alien recreational freshwater fisheries. Hydrobiologia 500:217-

230. https://doi.org/10.1023/A:1024648719995 

Campbell, M.A., Connell, M.J., Collett, S.J., Udyawer, V., Crewe, T.L., McDougall, A., 

and Campbell, H.A. 2020. The efficacy of protecting turtle nests as a conservation 

strategy to reverse population decline. Biological Conservation. 

https://doi.org/10.1016.j.biocon.2020.108769 

Carey, M.P., Sethi, S.A., Larsen, S.J., and Rich, C.F. 2016. A primer on potential impacts, 

management priorities, and future directions for Elodea spp. in high latitude 

systems: learning from the Alaskan experience. Hydrobiologia 777:1-19. Doi: 

10.1007/s10750-016-2767-x 

Cason, C. and Roost, B.A. 2011 Species selectivity of granular 2,4-d herbicide when used 

to control Eurasian watermilfoil (Myriophyllum spicatum) in Wisconsin lakes. 

Invasive Plant Science and Management 4:251-259. 

Cerveira Júnior, W.R. and de Carvalho, L.B. 2019. Control of water hyacinth: a short 

review. Communications in Plant Sciences 9:129-132. DOI: 

10.26814/cps2019021 

Charudattan, R. 2001, November 12. Are we on top of aquatic weeds? weed problems, 

control options, and challenges [Paper presentation]. International Symposium on 

the World’s Worst Weeds, British Crop Protection Council, Brighton, United 

Kingdom. 

Chiu, M.-C. and Kuo, M.-H. 2012. Applications of r/k selection to macroinvertebrate 

responses to extreme floods. Ecological Entomology 37:145-154. 

https://doi.org/10.1111/j.1365-2311.2012.01346.x 



 

 171 

 

Christensen, R.J. and Chow-Fraser, P. 2014. Use of GPS loggers to enhance radio-

tracking studies of semi-aquatic freshwater turtles. Herpetological Conservation 

and Biology 9:18-28. 

Christie, A.P., Amano, T., Martin, P.A., Petrovan, S.O., Shackelford, G.E., Simmons, B.I., 

Smith, R.K., Williams, D.R., Wordley, C.F.R., and Sutherland, W.J. 2021. The 

challenge of biased evidence in conservation. Conservation Biology 35(1):249-

262. https://doi.org/10.1111/cobi.13577 

Churko, G., Kienast, F., and Bolliger, J. 2020. A multispecies assessment to identify the 

functional connectivity of amphibians in a human-dominated landscape. 

International Journal of Geo-Information 9(5):287. 

https://doi.org/10.3390/ijgi9050287 

Clavero, M., Brotons, L., Pons, P., and Sol, D. 2009. Prominent role of invasive species 

in avian biodiversity loss. Biological Conservation 142:2043-2049. 

https://doi.org/10.1016/j.biocon.2009.03.034 

Codd-Downey, R., Jenkin, M., Dey, B.B., Zacher, J., Blainey, E., and Andrews, P. 2021. 

Monitoring re-growth of invasive plants using an autonomous surface vessel. 

Frontiers in Robotics and AI 7:583416. https://doi.org/10.3389/frobt.2020.583416 

Coelho, I.P., Teixeira, F.Z., Colombo, P., Coelho, A.V.P., and Kindel, A. 2012. Anuran 

road-kills neighboring a peri-urban reserve in the Atlantic Forest, Brazil. Journal 

of Environmental Management 112:17-26. 

https://doi.org/10.1016/j.jenvman.2012.07.004 

Community Resilience and Biodiversity Protection Act, H.126 (Act 59), July 1, 2023. 

https://legislature.vermont.gov/bill/status/2024/H.126 

Coulter, D.P., MacNamara, R., Glover, D.C., and Garvey, J.E. 2018. Possible unintended 

effects of management at an invasion front: reduced prevalence corresponds with 

high condition of invasive bigheaded carps. Biological Conservation 221:118-

126. https://doi.org/10.1016/j.biocon.2018.02.020 

Cox, N., Young, B.E., Bowles, P., Fernandez, M., Marin, J., Rapacciuolo, G., Böhm, M., 

Brooks, T.M., Hedges, S.B., Hilton-Taylor, C., Hoffmann, M., Jenkins, R.K.B., 

Tognelli, M.F., Alexander, G.J., Allison, A., Ananjeva, N.B., Auliya, M., Avila, 

L.J., Chapple, D.G., … Xie, Y. 2022. A global reptile assessment highlights shared 

conservation needs of tetrapods. Nature 605:285-

290.https://doi.org/10.1038/s41586-022-04664-7 

Crooks, K.R., Burdett, C.L., Theobald, D.M., King, S.R.B., Di Marco, M., Rondinini, C., 

and Boitani, L. 2017. Quantification of habitat fragmentation reveals risk in 

terrestrial mammals. PNAS 114:7635-7640. 

https://doi.org/10.1073/pnas.1705769114 



 

 172 

 

Culliney, T.W. 2005. Benefits of classical biological control for managing invasive plants. 

Critical Reviews in Plant Sciences 24:131-150. DOI: 

10.1080/07352680590961649 

Cushman, S.A. 2006. Effects of habitat loss and fragmentation on amphibians: a review 

and prospectus. Biological Conservervation 128:231-240. 

https://doi.org/10.1016/j.biocon.2005.09.031 

Cuthbert, R.N., Pattison, Z., Taylor, N.G., Verbrugge, L., Diagne, C., Ahmed, D.A., 

Leroy, B., Angulo, E., Briski, E., Capinha, C., Catford, J.A., Dalu, T., Essl, F., 

Gozlan, R.E., Haubrock, P.J., Kourantidou, M., Kramer, A.M., Renault, D., 

Wasserman, R.J., and Courchamp, F. 2021. Global economic costs of aquatic 

invasive alien species. Science of the Total Environment 775:145238. 

https://doi.org/10.1016/j.scitotenv.2021.145238 

Davidson, A.D. 2023. Field application of florpyrauxifen-benzyl to treat hybrid Eurasian 

watermilfoil: initial effects on native and invasive aquatic vegetation. 

Management of Biological Invasions 14(3):467-476. 

https://doi.org/10.3391/mbi.2023.14.3.06 

de Jonge, V.N., Pinto, R., and Turner, R.K. 2012. Integrating ecological, economic and 

social aspects to generate useful management information under the EU 

Directives’ ‘ecosystem approach’. Ocean & Coastal Management 68:169-188. 

https://doi.org/10.1016/j.ocecoaman.2012.05.017 

de Lima Filho, J.A., Vieira, R.J.A.G., de Souza, C.A.M., Ferreira, F.F., and de Oliveira, 

V.M. 2021. Effects of habitat fragmentation on biodiversity patterns of 

ecosystems with resource competition. Physica A: Statistical Mechanics and its 

Applications 564:125497. https://doi.org/10.1016/j.physa.2020.125497 

Denneboom, D., Bar-Massada, A., and Shwartz, A. 2021.Factors affecting usage of 

crossing structures by wildlife – a systematic review and meta-analysis. Science 

of the Total Environment 777:146061. 

https://doi.org/10.1016/j.scitotenv.2021.146061 

Dexter, N., Hudson, M., James, S., MacGregor, C., and Lindenmayer, D.B. 2013. 

Unintended consequences of invasive predator control in an Australian forest: 

overabundant wallabies and vegetation change. PLoS ONE 8:e69087. 

https://doi.org/10.1371/journal.pone.0069087 

Diagne, C., Leroy, B., Gozlan, R.E., Vaissière, A., Assailly, C., Nuninger, L., Roiz, D., 

Jourdain, F., Jaric, I., Courchamp, F., Angulo, E., and Ballesteros-Meijia, L. 2022. 

InvaCost: economic cost estimates associated with biological invasions 

worldwide. Figshare. https://doi.org/10.6084/m9.figshare.12668570.v5 



 

 173 

 

Driessen, M.M. 2021. COVID-19 restrictions provide a brief respite from the wildlife 

roadkill toll. Biological Conservation 256:109012. 

https://doi.org/10.1016/j.biocon.2021.109012 

Dutta, H. 2018. Insights into the impacts of three current environmental problems on 

Amphibians. European Journal of Ecology 4:15–27. https://doi.org/10.2478/eje-

2018-0009 

Edwards, H.A., Lebeuf-Taylor, E., Busana, M., and Paczkowski, J. 2022. Road mitigation 

structures reduce the number of reported wildlife-vehicle collisions in the Bow 

Valley, Alberta Canada. Conservation Science and Practice e12778. 

https://doi.org/10.1111/csp2.12778 

Egea-Serrano, A., Relyea, R.A., Tejedo, M., and Torralva, M. 2012. Understanding of the 

impact of chemicals on amphibians: a meta-analytic review. Ecology and 

Evolution 2:1382–1397. https://doi.org/10.1002/ece3.249 

Elovitz, K.M. 1999. Understanding what humidity does and why. ASHRAE Journal 

41(4):84. 

Ernst, C.H. and J.E. Lovich. 2009. Turtles of the United States and Canada. John Hopkins 

University Press, Baltimore, MD 

Exec. Order No. 14008, 86 Fed. Reg. 7475 (January 28, 2021). 

Fahrig, L., and Rytwinski, T. 2009. Effects of roads on animal abundance: an empirical 

review and synthesis. Ecology and Society 14(1). 

http://www.jstor.org/stable/26268057 

Fahrig, L., Pedlar. J.H., Pope, S.E., Taylor, P.D., and Wegner, J.F. 1995. Effect of road 

traffic on amphibian density. Biological Conservation 73:177-182. 

Fairbank, E.R. 2014. Use and effectiveness of wildlife crossing structures with short 

sections of wildlife fencing [Unpublished master’s thesis]. The University of 

Montana. 

Fitzsimmons, M. and Breisch, A.R. 2015. Design and effectiveness of New York State’s 

first amphibian tunnel and its contribution to adaptive management. In K.M. 

Andrews, P. Nanjappa, and S.P.D. Riley (Eds.), Roads and Ecological 

Infrastructure: Concepts and applications for small animals. John Hopkins 

University Press, Maryland, pp. 261-272. 

Foden, W.B., Butchart, S.H.M., Stuart, S.N., Vié, J., Akçakaya, H.R., Angulo, A., 

DeVantier, L.M., Gutsche, A., Turak, E., Cao, L., Donner, S.D., Katariya, V., 

Bernard, R., Holland, R.A., Hughes, A.F., O’Hanlon, S.E., Garnett, S.T., 

Şekercioğlu, C.H., and Mace, G.M. 2013. Identifying the world’s most climate 

change vulnerable species: a systematic trait-based assessment of all birds, 



 

 174 

 

amphibians and corals. PLoS ONE 8:e65427. 

https://doi.org/10.1371/journal.pone.0065427 

Freda, J. and Dunson, W.A. 1986. Effects of low pH and other chemical variables on the 

local distribution of amphibians. Copeia 2:454-466. 

https://www.jstor.org/stable/1445003 

Freiwald, J., Meyer, R., Caselle, J.E., Blanchette, C.A., Hovel, K., Neilson, D., Dugan, J., 

Altstatt, J., Nielsen, K., and Bursek, J. 2018. Citizen science monitoring of marine 

protected areas: case studies and recommendations for integration into monitoring 

programs. Marine Ecology 39:e12470. https://doi.org/10.1111/maec.12470 

Gagnon, J.W., Dodd, N.L., Ogren, K.S., and Schweinsburg, R.E. 2011. Factors associated 

with use of wildlife underpasses and importance of long-term monitoring. Journal 

of Wildlife Management 75: 1477-1787. https://doi.org/10.1002/jwmg.160 

Gettys, L.A. 2014. Aquatic weed management: control methods (Publication No. 360). 

Southern Regional Aquaculture Center. https://kpmaster.com/wp-

content/uploads/2024/01/srac_360_aquatic_weed_management_control_methods.

pdf 

Gettys, L.A. Haller, W.T., and Bellaud, M. (Eds.). 2009. Biology and control of aquatic 

plants: A best management practices handbook. Aquatic Ecosystem Restoration 

Foundation. 

Gibbs, J.P. 1998. Distribution of woodland amphibians along a forest fragmentation 

gradient. Landscape Ecology 13:263–268. 

Gibbs, J.P., and Shriver, W.G. 2005. Can road mortality limit populations of pool-

breeding amphibians? Wetland Ecology and Management 13:281–289. 

https://doi.org/10.1007/s11273-004-7522-9 

Gilhooly, P.S., Nielsen, S.E., Whittington, J., and St. Clair, C.C. 2019. Wildlife mortality 

on roads and railways following highway mitigation. Ecosphere 10(2)e02597. 

https://doi.org/10.1002/ecs2.2597 

Glista, D.J., DeVault, T.L., and DeWoody, J.A. 2008. Vertebrate mortality predominantly 

impacts amphibians. Herpetological Conservation and Biology 3:77–87. 

Glista, D.J., DeVault, T.L., and DeWoody, J.A. 2009. A review of mitigation measures for 

reducing wildlife mortality on roadways. Landscape and Urban Plan. 91:1-7. 

https://doi.org/10.1016/j.landurbplan.2008.11.001 

Glorioso, B.M, and Waddle, J.H. 2014. A review of pipe and bamboo artificial refugia as 

sampling tools in anuran studies. Herpetological Conservation and Biology 

9(3):609-625. 



 

 175 

 

Grant, E.H.C. 2008. Visual implant elastomer mark retention through metamorphosis in 

amphibian larvae. The Journal of Wildlife Management 72(5):1247-1252. 

https://doi.org/10.2193/2007-183 

Groff, L.A., Pitt, A.L., Baldwin, R.F., Calhoun, A.J.K., and Loftin, C.S. 2015. Evaluation 

of a waistband for attaching external radiotransmitters to anurans. Wildlife 

Society Bulletin 39(3):610-615. https:doi.org/10.1002/wsb.554 

Grubisic, M., Haim, A., Bhusal, P., Dominoni, D.M., Gabriel, K.M.A., Jechow, A., 

Kupprat, f., Lerner, A., Marchant, P., Riley, W., Stebelova, K., van Grunsven, 

R.H.A., Zeman, M., Zubidat, A.E., and Hölker, F. 2019. Light pollution, circadian 

photoreception, and melatonin in vertebrates. Sustainability 11(22):6400. 

https://doi.org/10.3390/su11226400 

Gu, H., Dai, Q., Wang, Q., and Wang, Y. 2011. Factors contributing to amphibian road 

mortality in a wetland. Current Zoology 57:768–774. 

Guilherme, C.B., Fonseca, C.R., Haddad, C.F.B., Batista, R.F., and Prado, P.I. 2007. 

Habitat Split and the Global Decline of Amphibians. Science 318. 

https://doi.org/10.1126/science.1149374 

Guitard, E. 2021. The ecological impacts and effectiveness of control methods for the 

invasive macrophyte Myriophyllum spicatum in eastern Ontario lakes 

[Unpublished master’s thesis]. Carleton University. 

Hanauska-Brown, L., Maxwell, B., and Story, S. 2011. Keeping common species 

common: inventory and monitoring for a diversity of wildlife species. 

Intermountain Journal of Sciences 14:75-76. 

Heard, G.W., Scroggie, M.P., and Malone, B. 2008. Visible implant alphanumeric tags as 

an alternative to toe-clipping for marking amphibians – a case study. Wildlife 

Research 35(8):747-759. https://doi.org/10.1071/WR08060 

Hebblewhite, M. and Merrill, E.H. 2007. Multiscale wolf predation risk for elk: does 

migration reduce risk? Oecologia 152:377-387. DOI: 10.1007/s00442007-0661-y 

Herve, M. 2021. RVAideMemoire: diverse basic statistical and graphical methods. R 

package version 0.9-80. Available at https://cran.r-

project.org/web/packages/RVAideMemoire/index.html 

Hoagland, P., and Jin, D. 2006. Science and economics in the management of an invasive 

species. BioScience 56(11):931-935. 

Hocking, D.J. and Babbitt, K.J. 2014. Amphibian contributions to ecosystem services. 

Herpetological Conservation and Biology 9(1):1-17. 

Hoffman, K., Johnson, S., McGarrity, M. 2009. Interspecific variation in use of polyvinyl 

chloride (PVC) pipe refuges by hylid treefrogs: a potential source of capture bias. 

Herpetological Review 40:423-426. 



 

 176 

 

Howard-Williams, C., Schwarz, A.M., and Reid, V. 1996. Patterns of aquatic weed 

regrowth following mechanical harvesting in New Zealand hydro-lakes. 

Hydrobiologia 340:229-234. https://doi.org/10.1007/BF00012760 

Hughes, D.F., Green, M.L., Warner, M.L., and Davidson, P.C. Evaluating exclusion 

barriers for treefrogs in agricultural landscapes. Wildlife Society Bulletin 45:305-

311. https://doi.org/10.1002/wsb.1168 

Huijser, M.P., Fairbank, E.R., Camel-Means, W., Graham, J., Watson, V., Basting, P., and 

Becker, D. 2016. Effectiveness of short sections of wildlife fencing and crossing 

structures along highways in reducing wildlife–vehicle collisions and providing 

safe crossing opportunities for large mammals. Biological Conservation 197:61–

68. https://doi.org/10.1016/j.biocon.2016.02.002 

Hulme, P.E. 2009. Trade, transport and trouble: managing invasive species pathways in 

an era of globalization. Journal of Applied Ecology 46:10-18. 

https://doi.org/10.1111/j.1365-2664.2008.01600.x 

Hussner, A., Stiers, I., Verhofstad, M.J.J.M., Bakker, E.S., Grutters, B.M.C., Haury, J., 

van Valkenburg, J.L.C.H., Brundu, G., Newman, J., Clayton, J.S., Anderson, 

L.W.J., and Hofstra, D. 2017. Management and control methods of invasive alien 

freshwater plants: A review. Aquatic Botany 136:112-137. 

https://doi.org/10.1016/j.aquabot.2016.08.002 

Innes, R.J., Babbitt, K.J., and Kanter, J.J. 2008. Home range and movement of Blanding’s 

turtles (Emydoidea blandingii) in New Hampshire. Northeastern Naturalist 

15:431-444. 

IPBES. 2023. Summary for policymakers of the thematic assessment report on invasive 

alien species and their control of the intergovernmental science-policy platform 

on biodiversity and ecosystem services. In Roy, H.E., Pauchard, A., Stoett, P., 

Renard Truong, T., Bacher, S., Galil, B.S., Hulme, P.E., Ikeda, T., Sankaran, K.V., 

McGeoch, M.A., Meyerson, L.A., Nuñez, M.A., Ordonez, A., Rahlao, S.J., 

Schwindt, E., Seebens, H., Sheppard, A.W., and Vandvik, V. (Eds.). IPBES 

Secretariat, Bonn, Germany. https://doi.org/10.5281/zenodo.7430692 

Irwin, J.T. and Lee, R.E. 2003. Geographic variation in energy storage and physiological 

responses to freezing in gray treefrogs Hyla versicolor and H. chrysoscelis. 

Journal of Experimental Biology 206:2859-2867. 

IUCN Species Survival Commission. 2012. IUCN red list categories and criteria, version 

3.1, second edition. IUCN. 

IUCN. 2015. Gray treefrog. IUCN red list of threatened species. Available at 

https://www.iucnredlist.org/en 

Jackson, S.D. 2000. Overview of transportation impacts on wildlife movement and 

populations. In T.A. Messmer & B. West (Eds.), Wildlife and highways: Seeking 



 

 177 

 

solutions to an ecological and socio-economic dilemma (pp. 7-20). The Wildlife 

Society, Maryland, pp. 7-20. 

Jellyman, P.G., Clearwater, S.J., Clayton, J.S., Kilroy, C., Blair, N., Hickey, C.W., and 

Biggs, B.J.F. 2011. Controlling the invasive diatom Didymosphenia geminate: an 

ecotoxicity assessment of four potential biocides. Archives of Environmental 

Contamination and Toxicology 61:115-127. DOI: 10.1007/s00244-010-9589-z 

Johnson, J.R., and Semlitsch, R.D. 2003. Defining core habitat of local populations of the 

gray treefrog (Hyla versicolor) based on choice of oviposition site. Oecologia 

137:205-210. https://doi.org/10.1007/s00442-003-1339-8 

Johnson, J.R., Knouft, J.H., and Semlitsch, R.D. 2007. Sex and seasonal differences in 

the spatial terrestrial distribution of gray treefrog (Hyla versicolor) populations. 

Biological Conservation 140:250-258. 

https://doi.org/10.1016/j.biocon.2007.08.010 

Johnson, J.R., Mahan, R.D., and Semlitsch, R.D. 2008. Seasonal terrestrial microhabitat 

use by gray treefrogs (Hyla versicolor) in Missouri oak-hickory forests. 

Herpetologica 64(3):259-269. 

Joly, P., Morand, C., and Cohas, A. 2003. Habitat fragmentation and amphibian 

conservation: building a tool for assessing landscape matrix connectivity. 

Comptes Rendus Biologies 326:S132-S139. https://doi.org/10.1016/S1631-

0691(03)00050-7 

Jones, P.E., Tummers, J.S., Galib, S.M., Woodford, D.J., Hume, J.B., Silva, L.G.M., 

Braga, R.R., de Leaniz, C.G., Vitule, J.R.S., Herder, J.E., and Lucas, M.C. 2021. 

The use of barriers to limit the spread of aquatic invasive species: a global review. 

Frontiers in Ecology and Evolution 9:611631. DOI: 10.3389/fevo.2021.611631 

Karlsson, S., Srebotnjak, T., and Gonzales, P. 2007. Understanding the north-south 

knowledge divide and its implications for policy: a quantitative analysis of the 

generation of scientific knowledge in the environmental sciences. Environmental 

Science & Policy 10:668-684. https://doi.org/10.1016/j.envsci.2007.04.001 

Kelly, N.E., Wantola, K., Weisz, E., and Yan, N.D. 2012. Recreational boats as a vector of 

secondary spread for aquatic invasive species and native crustacean zooplankton. 

Biological Invasions 15:509-519. https://doi.org/10.1007/s10530-012-0303-0 

Kelting, D.L. and Laxson, C.L. 2010. Cost and effectiveness of hand harvesting to 

control the Eurasian watermilfoil population in Upper Saranac Lake, New York. 

Journal of Aquatic Plant Management 48:1-5. 

Kioko, J., Kiffner, C., Jenkins, N., and Collinson, W.J. 2015. Wildlife roadkill patterns on 

a major highway in northern Tanzania. African Zoology 50:17–22. 

https://doi.org/10.1080/15627020.2015.1021161 



 

 178 

 

Kjærstad, G. 2022. The eradication of invasive species using rotenone and its impact on 

freshwater macroinvertebrates (Publication No. 2022:97) [Doctoral dissertation, 

Norwegian University and Technology]. NTNU Grafisk senter. 

Knipper, K. 2002. Chrysemys picta. Animal Diversity Web. Retrieved from 

https://animaldiversity.org/accounts/Chrysemys_picta/ 

Kovalenko, K. 2009. Indirect effects of invasive species: community effects of invasive 

aquatic plant control and direct and indirect effects on non-native peacock bass 

(Publication No. 3366236) [Doctoral dissertation, Mississippi State] ProQuest 

LLC. 

Kovalenko, K.E., Dibble, E.D., and Slade, J.G. 2010. Community effects of invasive 

macrophyte control: role of invasive plant abundance and habitat complexity. 

Journal of Applied Ecology 47:318-328. DOI: 10.1111/j.1365-2644.2009.01768.x 

Kumaran, N., Vance, T.J., Comben, D., Dell, Q., Oleiro, M.I., Goñalons, C.M., Walsh, 

G.C., and Raghu, S. 2022. Hyrdotimetes natans as a suitable biological control 

agent for the invasive weed Cabomba caroliniana. Biological Control 

169:104894. https://doi.org/10.1016/j.biocontrol.2022.104894 

Laitala, K.L., Prather, T.S., Thill, D., Kennedy, B., and Caudill, C. 2017. Efficacy of 

benthic barriers as control measures for Eurasian watermilfoil (Myriophyllum 

spicatum). Invasive Plant Science and Management 5:170-177. 

https://doi.org/10.1614/IPSM-D-09-00006.1 

Lake Champlain Basin Program. 2005. Lake Champlain Basin aquatic nuisance species 

management plan. Lake Champlain Basin Program. Retrieved from 

https://lcbp.wpenginepowered.com/wp-

content/uploads/2016/10/ANS_Mgmt_Plan_2005Final.pdf 

Lake Champlain Basin Program. 2021. Lake Champlain state of the lake and ecosystem 

indicators report. Lake Champlain Basin Program. Retrieved from 

https://lcbp.wpenginepowered.com/wp-content/uploads/2016/03/SOL2021_full-

document_for-web.pdf 

Lake Champlain Basin Program. 2022a. AIS in the lake. Lake Champlain Basin Program. 

Retrieved from https://www.lcbp.org/our-goals/healthy-ecosystems/aquatic-

invasive-species/ais-in-the-lake/ 

Lake George Association. 2022. Eurasian watermilfoil. Lake George Association. 

Retrieved from https://lakegeorgeassociation.org/science-protection/citizen-

science/eurasian-watermilfoil 

Lamoureux, V.S. and Madison, D.M. 1999. Overwintering Habitats of Radio-Implanted 

Green Frogs, Rana clamitans. Journal of Herpetology 33:430–435. 

https://doi.org/10.2307/1565639 



 

 179 

 

Lantry, B., Adams, J., Christie, G., Schaner, T., Bowlby, J., Keir, M., Lantry, J., Sullivan, 

P., Bishop, D., Treska, T., and Morrison, B. 2015. Sea lamprey mark type, 

marking rate, and parasite-host relationships for lake trout and other species in 

Lake Ontario. Journal of Great Lakes Research 41(1):266-279. 

https://doi.org/10.1016/j.jglr.2014.12.013 

Larson, C.L., Reed, S.E., Merenlender, A.M., and Crooks, K.R. 2016. Effects of 

recreation on animals revealed as widespread through a global systematic review. 

PLoS ONE 11(12):e0167259. Doi:10.1371/journal.pone.0167259 

Lathrop, R.G. and Bognar, J.A. 1998. Applying GIS and landscape ecological principles 

to evaluate land conservation alternatives. Landscape and Urban Planning 

41(1):27-41. https://doi.org/10.1016/S0169-2046(98)00047-4 

Lawler, J.J., Shafer, S.L., Bancroft, B.A., and Blaustein, A.R. 2010. Projected climate 

impacts for the amphibians of the Western Hemisphere. Conservation Biology 

24(1):38-50. https://doi.org/10.1111/j.1523-1739.2009.01403.x 

Layne, J.R. and Jones, A.L. 2001. Freeze tolerance in the gray treefrog: cryoprotectant 

mobilization and organ dehydration. Journal of Experimental Zoology 290:1-5. 

Lester, D. 2015. Effective wildlife roadkill mitigation. Journal of Traffic Transportation 

Engineering 3:42-51. 10.17265/2328-2142/2015.01.005 

Li Veli, D., Barrionuevo, J.C.B., Bargione, G., Barone, G., Bdioui, M., Carbonara, P., 

Fahim, R.M., Follesa, M.C., Gökçe, G., Mahmoud, H.H., Ligas, A., Idrissi, M.M., 

Moramarco, G., Panayotova, M., Petetta, A., Sacchi, J., Tsagarakis, K., Virgili, 

M., and Lucchetti, A. 2024. Assessing the vulnerability of sensitive species in 

Mediterranean fisheries: insights from productivity-susceptibility analysis. 

Frontiers in Marine Science 11:1411033. Doi: 10.3389/fmars.2024.1411033 

Linders, T.E.W., Schaffner, U., Eschen, R., Abebe, A., Choge, S.K., Nigatu, S., Mbaabu, 

P.R., Shiferaw, H., and Allan, E. 2019. Direct and indirect effects of invasive 

species: biodiversity loss is a major mechanisms by which an invasive tree affects 

ecosystem functioning. Journal of Ecology 107:2660-2672. 

https://doi.org/10.1111/1365-2745.13268 

Lishawa, S.C., Carson, B.D., Brandt, J.S., Tallant, J.M., Reo, N.J., Albert, D.A., Monks, 

A.M., Lautenbach, J.M., and Clark, E. 2017. Mechanical harvesting effectively 

controls young Typha spp. invasion and unmanned aerial vehicle data enhances 

post-treatment monitoring. Frontiers in Plant Science 8:619. 

https://doi.org/10.3389/fpls.2017.00619 

Lishawa, S.C., Schrank, A.J., Lawrence, B.A., Monks, A.M., and Albert, D.A. 2023. 

Aquatic connectivity treatments increase fish and macroinvertebrate use of Typha-

invaded Great Lakes coastal wetlands. Freshwater Biology 68:1462-1477. DOI: 

10.1111/fwb.14141 



 

 180 

 

Lodé, T. 2000. Effect of a motorway on mortality and isolation of wildlife populations. 

AMBIO 29:163-166. https://doi.org/10.1579/0044-7447-29.3.163 

Lowery, K. 2023. Sternotherus odoratus. Animal Diversity Web. Retrieved from 

https://animaldiversity.org/accounts/Sternotherus_odoratus/ 

Luedtke, J.A., Chanson, J., Neam, K., Hobin, L., Maciel, A.O., Catenazzi, A., Borzée, A., 

Hamidy,, A., Aowphol, A., Jean, A., Sosa-Bartuano, Á., Fong G, A., de Silva, A., 

Fouquet, A., Angulo, A., Kidov, A.A., Muñoz Saravia, A., Diesmos, A.C., 

Tominaga, A., … Stuart, S.N. 2023. Ongoing declines for the world’s amphibians 

in the face of emerging threats. Nature 622:308-314. 

https://doi.org/10.1038/s41586-023-06578-4 

Madsen, J.D. 2006, October 9-11. Techniques for managing invasive aquatic plants in 

Mississippi water resources [Paper presentation]. 36th Annual Mississippi Water 

Resources Conference Proceedings, Corinth, MS, USA. 

Malcolm, J.R., Liu, C., Neilson, R.P., Hansen, L., and Hannah, L. 2006. Global warming 

and extinctions of endemic species from biodiversity hotspots. Conservation 

Biology 20(2):538-548. https://doi.org/10.1111/j.1523-1739.2006.00364.x 

Marcelino, M.R. and Mosher, B.A. 2025. A systematic review of the unintended 

ecological consequences of aquatic invasive species management [Manuscript 

submitted for publication]. Rubenstein School of Environment and Natural 

Resources, University of Vermont. 

Marsden, J.E. and Hauser, M. 2009. Exotic species in Lake Champlain. Journal of Great 

Lakes Research 35:250-265. https://doi.org/10.1016/j.jglr.2009.01.006 

Marsh, D.M. and Trenham, P.C. 2008. Current trends in plant and animal population 

monitoring. Conservation Biology 22(3):647-655. https://doi-

org.ezproxy.uvm.edu/10.1111/j.1523-1739.2008.00927.x 

Marten, A.L. and Moore, C.C. 2011. An options based bioeconomic model for biological 

and chemical control of invasive species. Ecological Economics 70(11):2050-

2061. https://doi.org/10.1016/j.ecolecon.2011.05.022 

Mata, C. 2004. Effectiveness of wildlife crossing structures and adapted culverts in a 

highway in Northwest Spain. In C.L. Irwin, P. Garrett, K.P. McDermott (Eds.), 

Proceedings of the 2003 international conference on ecology and transportation. 

Center for Transportation and the Environment, North Carolina State University, 

pp. 265-276. 

Mata, C., Herranz, J., and Malo, J.E. 2020. Attraction and avoidance between predators 

and prey at wildlife crossings on roads. Diversity 12(4):166. 

https://doi.org/10.3390/d12040166 



 

 181 

 

Matthipoulos, J., Fieberg, J.R., and Aarts, G. 2023. Species-habitat associations: spatial 

data, predictive models, and ecological insights (2nd ed.). University of 

Minnesota Libraries Publishing. https://doi.org/10.24926/2020.081320 

Mazerolle, M.J. 2004. Amphibian road mortality in response to nightly variations in 

traffic intensity. Herpetologica 60:45-53. 

McCormick, J.L., Whitney, D., Schill, D.J., and Quist, M.C. 2015. Evaluation of angler 

reporting accuracy in an off-site survey to estimate statewide steelhead harvest. 

Fisheries Management and Ecology 22(2):134-142. 

https://doi.org/10.1111/fme.12109 

McDonald, R.I., Mansur, A.V., Ascensão, F., Colbert, M., Crossman, K., Elmqvist, T., 

Gonzalez, A., Güneralp, B., Haase, D., Hamann, M., Hillel, O., Huang, K., Kahnt, 

B., Maddox, D., Pacheco, A., Pereira, H.M., Seto, K.C., Simkin, R., Walsh, B., 

Werner, A.S., and Ziter, C. 2020. Research gaps in knowledge of the impact of 

urban growth on biodiversity. Nature Sustainability 3:16-24. 

https://doi.org/10.1038/s41893-019-0436-6 

McGarrity, M.E. and Joshnson, S.A. 2010. A radio telemetry study of invasive Cuban 

treefrogs. Florida Scientist 73:225-235. https://www.jstor.org/stable/24321435 

McGrath-Blaser, S. 2021. Novel, less invasive hylid survey device performs equally to 

traditional pipe shelters in a field-based comparison. Herpetological Conservation 

and Biology 16(2):355-360. 

Mehring, M., Mehlhaus, N., and Hummel, D. 2020. A systematic review of biodiversity 

and demographic change: a misinterpreted relationship? AMBIO 49:1297-1312. 

https://doi.org/10.1007/s13280-019-01276-w 

Meseth, E.H. and Sexton, O.J. 1963. Response of painted turtles, Chrysemys picta, to 

removal of surface vegetation. Herpetologica 19(1):52-56. 

http://www.jstor/stable/3889554 

Meshaka, W.E., H.T. Smith, E. Golden, J.A. Moore, S. Fitchett, E.M. Cowan, R.M. 

Engeman, S.R. Sekscienski, and H.L. Cress. 2007. Green iguanas (Iguana 

iguana): the unintended consequence of sound wildlife management practices in a 

South Florida park. Herpetol. Conserv. Biol. 2:149-156. 

Meyerson, L.A. and Mooney, H.A. 2007. Invasive alien species in an era of globalization. 

Frontiers in Ecology and the Environment 5:199-208. 

https://doi.org/10.1890/1540-9295(2007)5[199:IASIAE]2.0.CO;2 

Mikulyuk, A. Kujawa, E., Nault, M.E., van Egeren, S., Wagner, K.I., Barton, M., 

Hauxwell, J., and Vander Zanden, M.J. 2020. Is the cure worse than the disease? 

comparing the ecological effects of an invasive aquatic plant and the herbicide 

treatments used to control it. FACETS 5:353-366. https://doi.org/10.1139/facets-

2020-0002 



 

 182 

 

Mississippi Wildlife, Fisheries, & Parks. 2021. Basal area: a guide for understanding the 

relationships between pine forests and wildlife habitat. Available at 

https://www.mdwfp.com/media/4194/basal_area_guide.pdf. 

Molnar, J.L., Gamboa, R.L., Revenga, C., and Spalding, M.D. 2008. Assessing the global 

threat of invasive species to marine biodiversity. Frontiers in Ecology and the 

Environment 6:485-492. https://doi.org/10.1890/070064 

Monsarrat, S. and Kerley, G.I.H. 2018. Charismatic species of the past: biases in 

reporting of large mammals in historical written sources. Biological Conservation 

223:68-75. https://doi.org/10.1016/j.biocon.2018.04.036 

Moody, M.L., Les, D.H., and Ditomaso, J.M. 2008. The role of plant systematics in 

invasive aquatic plant management. Journal of Aquatic Plant Management 46:7-

15. 

Moore, L.J., Petrovan, S.O., Bates, A.J., Hicks, H.L., Baker, P.J., Perkins, S.E., and 

Yarnell, R.W. 2023. Demographic effects of road mortality on mammalian 

populations: a systematic review. Biological Reviews 98:1033-1050. 

https://doi.org/10.1111/brv.12942 

Morón-López, J. 2021. A holistic water monitoring approach for an effective ecosystem 

management. Ecohydrology & Hydrobiology 21(3):549-554. 

https://doi.org/10.1016/j.ecohyd.2021.08.003 

Mueller, L. 2006. Hyla versicolor. Animal Diversity Web. Available at 

https://animaldiversity.org/accounts/Hyla_versicolor/ 

Muszynska, A., Matuszewska, M., Smutylo, M., and Borczyk, B. 2022. One death 

follows another: scavenging and road mortality in the grass snake, Natrix natrix 

(Serpentes: Colubridae). Herpetology Notes 15:295-296. 

Nagle, R.D., Kinney, O.M., Gibbons, J.W., and Congdon, J.D. 2017. A simple and 

reliable system for marking hard-shelled turtles: the North American code. 

Herpetological Review 48:327-330. 

Nance, A.H., Clarke, R.H., and Cook, C.N. 2024. An international perspective on the use 

of community engagement by conservation practitioners to support the 

management of inhabited islands. Conservation Science and Practice 6(8):e13186. 

https://doi.org/10.1111/csp2.13186 

Netherland, M.D., Getsinger, K.D., and Stubbs, D.R. 2005. Aquatic plant management: 

invasive species and chemical control. Outlooks of Pest Management 16(3):100-

104. https://doi.org/10.1564/16jun02 

NHDES. 2018. Long-term Eurasian water-milfoil management plan, Post Pond, Lyme, 

NH. Prepared by NH Department of Environmental Services. Retrieved from 



 

 183 

 

https://www.lymenh.gov/sites/g/files/vyhlif4636/f/uploads/post_pond_ltmp_2018

1.pdf 

Nicholson, M.E. 2018. Aquatic community response to Zequanox®: a mesocosm 

experiment [Unpublished master’s thesis]. Queen’s University. 

Nickerson, M.A. and Pitt, A.L. 2012. Historical turtle population decline and community 

changes in an Ozark river. Bulletin of the Florida Museum of Natural History 

51:257-267. https://doi.org/10.58782/flmnh.xedc8289 

Niebuhr, B.B., Sant’Ana, D., Panzacchi, M., and Skarin, A. 2022. Renewable energy 

infrastructure impacts biodiversity beyond the area it occupies. Environmental 

Science 119(48)e2208815119. https://doi.org/10.1073/pnas.2208815119 

Nori, J., Lemes, P. Urbina-Cardona, N., Baldo, D., Lescano, J. and Loyola, R. 2015. 

Amphibian conservation, land-use changes and protected areas: a global 

overview. Biological Conservation 191:367-374. 

https://doi.org/10.1016/j.biocon.2015.07.028 

Ortiz, M.F., Nissen, S.J., Thum, R., Heilman, M.A., and Dayan, F.E. 2020. Current status 

and future prospects of herbicide for aquatic weed management. Outlooks on Pest 

Management 31(6):270-275. 

Ouellette, M. and Cardille, J.A. 2011. The complex linear home range estimator: 

representing the home range of river turtles moving in multiple channels. 

Chelonian Conservation and Biology 10:259-265. https://doi.org/10.2744/CCB-

0847.1 

Pace, C.M., Blob, R.W., and Westneat, M.W. 2001. Comparative kinematic of the 

forelimb during swimming in red-eared slider (Trachemys scripta) and spiny 

softshell (Apalone spinifera) turtles. Journal of experimental Biology 204:3261-

3271. 

Page, M.J., McKenzie, J.E., Bossuyt, P.M., Boutron, I., Hoffmann, T.C., Mulrow, C.D., 

Shamseer, L., Tetzlaff, J.M., Akl, E.A., Brennan, S.E., Chou, R., Glanville, J., 

Grimshaw, J.M., Hróbjartsson, A., Lalu, M.M., Li, T., Loder, E.W., Mayo-Wilson, 

E., McDonald, S., … and Moher, D. 2021. The PRISMA 2020 statement: an 

updated guideline for reporting systematic reviews. BMJ 372:n71. 

https://dx/doi.org/10.1136/bmj.n71 

Pagnucco, K.S. 2010. Using under-road tunnels to protect a declining population of long-

toed salamanders (Ambystoma macrodactylum) in Waterton Lakes National Park. 

[Master’s thesis, University of Alberta]. Education & Research Archive. 

Paris Agreement, November 29, 2018. https://unfccc.int/documents/184656 

Phelps, Q.E., Tripp, S.J., Bales, K.R., James, D., Hrabik, R.A., and Herzog, D.P. 2017. 

Incorporating basic and applied approaches to evaluate the effects of invasive 



 

 184 

 

Asian carp on native fishes: a necessary first step for integrated pest management. 

PLoS ONE 12(9):e0184081. https://doi.org/10.1371/journal.pone.0184081 

Pimm, S.L., Willigan, E., Kolarova, A., and Huang, R. 2021. Reconnecting nature. 

Current Biology 31:R1159–R1164. https://doi.org/10.1016/j.cub.2021.07.040 

Pokorny, B., Cerri, J., and Bužan, E. 2022. Wildlife roadkill and COVID-19: a 

biologically significant, but heterogenous, reduction. Journal of Applied Ecology 

59:1291-1301. https://doi.org/10.1111/1365-2664.14140 

Pomezanski, D. 2018. Anuran responses to natural substrates within two wildlife 

underpasses. Herpetological Conservation and Biology 13:105–112. 

Pomezanski, D. 2021. How many years of acoustic monitoring are needed to 

accommodate for anuran species turnover and detection? Environmental 

Monitoring and Assessment 193:553. https://doi.org/10.1007/s10661-021-09343-

0 

Poulin, M., Cherry, S.G., and Merkle, J.A. 2023. Dynamic balancing of risks and rewards 

in a large herbivore: further extending predator-prey concepts to road ecology. 

Journal of Animal Ecology 92:1954-1965. https://doi.org/10.1111/1365-

2656.13985 

Prior, K.M., Adams, D.C., Klepzig, K.D., and Huler, J. 2018. When does invasive species 

removal lead to ecological recovery? implications for management success. 

Biological Invasions 20:267-283. https://doi.org/10.1007/s10530-017-1542-x 

R Core Team. 2021. R: a language and environment for statistical computing. R 

Foundation for Statistical Computing, Vienna, Austria. https://www.R-project.org 

Raithel, C.J. 2019. Gray treefrog. Pp. 169-181 in Amphibians of Rhode Island. Rhode 

Island Division of Fish and Wildlife, Department of Environmental Management, 

West Kingston, RI. 

Riley, S.P.D., Brown, J.L., Sikich, J.A., Schoonmaker, C.M., and Boydston, E.E. Wildlife 

friendly roads: the impacts of roads on wildlife in urban areas and potential 

remedies. In: McCleery, R., C. Moorman, and M. Peterson. (eds) Urban wildlife 

conservation. Springer, Boston, MA. https://doi.org/10.1007/978-1-4899-7500-

3_15 

Robichaud, C.D. and Rooney, R.C. 2021. Low concentrations of glyphosate in water and 

sediment after direct over-water application to control an invasive aquatic plant. 

Water Research 188:116573. https://doi.org/10.1016/j.watres.2020.116573 

Rytwinski, T., Taylor, J.J., Donaldson, L.A., Britton, J.R., Browne, D.R., Gresswell, R.E., 

Lintermans, M., Prior, K.A., Pellatt, M.G., Vis, C., and Cooke, S.J. 2019. The 

effectiveness of non-native fish removal techniques in freshwater ecosystems: a 



 

 185 

 

systematic review. Environmental Reviews 27(1):71-94. 

https://doi.org/10.1139/er-2018-0049 

Santos, M.J., Khanna, S., Hestir, E.L., Andrew, M.E., Rajapakse, S.S., Greenberg, J.A., 

Anderson, L.W.J., and Ustin, S.L. 2017. Use of hyperspectral remote sensing to 

evaluate efficacy of aquatic plant management. Invasive Plant Science and 

Management 2(3):216-229. DOI:10.1614/IPSM-08-115.1 

Santos, J.W., Correia, R.A., Malhado, A.C.M., Camos-Silva, J.V., Teles, D., Jepson, P., 

and Ladle, R.J. 2020. Drivers of taxonomic bias in conservation research: a global 

analysis of terrestrial mammals. Animal Conservation 23(6):679-688. 

https://doi.org/10.1111/acv.12586 

Sapsford, S.J., Roznik, E.A., Alford, R.A., and Schwarzkopf, L. 2014. Visible implant 

elastomer marking does not affect short-term movements or survival of the 

treefrog Litoria rheocola. Herpetologica 70(1):23-33. 

https://doi.org/10.1655/HERPETOLOGICA-D-13-0004 

Savoca, M.S., Brodie, S., Welch, H., Hoover, A., Benaka, L.R., Bograd, S.J., and Hazen, 

E.L. 2020. Comprehensive bycatch assessment in US fisheries for prioritizing 

management. Nature Sustainability 3:472-480. https://doi.org/10.1038/s41893-

020-0506-9 

Sawaya, M.A., Kalinowski, S.T., and Clevenger, A.P. 2014. Genetic connectivity for two 

bear species at wildlife crossing structures in Banff National Park. Proceedings of 

the Royal Society B 281:20131705. http://dx.doi.org/10.1098/rspb.2013.1705 

Sawyer, H., Rodgers, P.A., and Hart, T. 2016. Pronghorn and mule deer use of 

underpasses and overpasses along U.S. Highway 191. Wildlife Society Bulletin 

40:211-216. https://doi.org/10.1002/wsb.650 

Schmidt, B.R., and Zumbach, S. 2008. Amphibian Road Mortality and How to Prevent It: 

A Review. Herpetological Conservation 157–167. https://doi.org/10.5167/uzh-

10142 

Schmidt, K. and Schwarzkopf, L. 2010. Visible implant elastomer and toe-clipping: 

effects of marking on locomotor performance of frogs and skinks. The 

Herpetological Journal 20(2):99-105. 

Schueller, J.R., Smerud, J.R., Fredricks, K.T., and Putnam, J.G. 2021. Literature review 

for candidate chemical control agents for nonnative crayfish. U.S. Geological 

Survey. https://doi.org/10.3133/ofr20211048 

Schuttler, S.G., Sears, R.S., Orendain, I., Khot, R., Rubenstein, D., Rubenstein, N., Dunn, 

R.R., Baird, E., Kandros, K., O’Brien, T., and Kays, R. 2018. Citizen science in 

schools: students collect valuable mammal data for science, conservation, and 

community engagement. BioScience 69(1):69-79. 

https://doi.org/10.1093/biosci/biy141 



 

 186 

 

Schwartz, A.L.W., Shilling, F.M., and Perkins, S.E. 2020. The value of monitoring 

wildlife roadkill. European Journal of Wildlife Research 66(18). 

https://doi.org/10.1007/s10344-019-1357-4 

Seastedt, T.R. 2015. Biological control of invasive plant species: a reassessment for the 

Anthropocene. New Phytologist 205:490-502. DOI: 10.1111/nph.13065 

Seiler, A., Olsson, M.M., Rosell, C., and van der Grift, E. 2016. Safe roads for wildlife 

and people: SAFEROAD. https://www.saferoad-

cedr.org/upload_mm/4/d/1/2346434d-206d-463e-a2ea-

3136722a2e1f_CEDR%20Call%202013_SAFEROAD_Technical%20Report%20

4.pdf 

Sethi, S.A., Carey, M.P., Morton, J.M., Guerron-Orejuela, E., Decino, R., Willette, M., 

Boersma, J., Jablonski, J., and Anderson, C. 2017. Rapid response for invasive 

waterweeds at the arctic invasion front: assessment of collateral impacts from 

herbicide treatments. Biological Conservation 212:300-309. 

http://dx.doi.org/10.1016/j.biocon.2017.06.015 

Sharp, G.J., Ugarte, R., and Semple, R. 2006. The ecological impact of marine plant 

harvesting in the Canadian Maritimes, implications for coastal zone management. 

ScienceAsia 32:77-86. 

Sheldon, S.P. 1997. Investigations on the potential use of an aquatic weevil to control 

Eurasian watermilfoil. Lake and Reservoir Management 13(1):79-86. 

https://doi.org/10.1080/07438149709354299 

Simberloff, D. 2011. Risks of biological control for conservation purposes. BioControl 

57:263-276. https://doi.org/10.1007/s10526-011-9392-4 

Simberloff, D. and Stiling, P. 1996. Risks of species introduced for biological control. 

Biological Conservation 78:185-192. https://doi.org/10.1016/0006-

3207(96)00027-4 

Simpson, N.O., Stewart, K.M., Schroeder, C., Cox, M., Huebner, K., and Wasley, T. 

2016. Overpasses and underpasses: effectiveness of crossing structures for 

migratory ungulates. Journal of Wildlife Management 80:1370-1378. 

https://doi.org/10.1002/jwmg.21132 

Sinervo, B., Méndez-de-la-Cruz, F., Miles, D.B., Heulin, B., Bastiaans, E., Villagrán-

Santa Cruz, M., Lara-Resendiz, R., Martínez-Méndez, N., Calderón-Espinosa, 

M.L., Meza-Lázaro, R.N., Gadsden, H., Avila, L.J., Morando, M., De la Riva, I.J., 

Sepulveda, P.V., Rocha, C.F.D., Ibargüengoytía, N., Puntriano, C.A., Massot, M., 

… Clobert, J., and Sites, J.W. 2010. Erosion of lizard diversity by climate change 

and altered thermal niches. Science 328:894-899. DOI: 10.1126/science.1184695 



 

 187 

 

Smith, E.P., Orvos, D.R., and Cairns Jr., J. 1993. Impact assessment using the before-

after-control-impact (BACI) model: concerns and comments. Canadian Journal of 

Fisheries and Aquatic Sciences 50:627-637. https://doi.org/10.1139/f93-072 

Smith, J.M., Barnes, W.J.P., Downie, J.R., and Ruxton, G.D. 2006. Structural correlates 

of increased adhesive efficiency with adult size in the toe pad of hylid tree frogs. 

Journal of Comparative Physiology A 192:1193-1204. 

https://doi.org/10.1007/s00359-006-0151-4 

Sterrett S.C., Katz, R.A., Fields, W.R., Campbell Grant, E.H. 2018.The contribution of 

road-based citizen science to the conservation of pond-breeding amphibians. 

Journal of Applied Ecology 56:988-995. https://doi.org/10.1111/1365-2664.13330 

Stockton-Fiti, K., Owens-Bennett, E., Pham, C., and Hokanson, D. 2023. Control of 

quagga veligers using EarthTec QZ for municipal water supply and impact on 

non-target organisms. Management of Biological Invasions 14(4):671-694. 

https://doi.org/10.3391/mbi.2023.14.4.07 

Sugiarto, W. 2022. Impact of wildlife crossing structures on wildlife-vehicle collisions. 

Transportation Research Record: Journal of the Transportation Research Board 

2677:670-685. https://doi.org/10.1177/03611981221108158 

Sun, J.W.C., and Narins, P.M. 2005. Anthropogenic sounds differentially affect 

amphibian call rate. Biological Conservation 121:419–427. 

https://doi.org/10.1016/j.biocon.2004.05.017 

Taylor, B.D., and Goldingay, R.L. 2010. Roads and wildlife: impacts, mitigation and 

implications for wildlife management in Australia. Wildlife Research 37:320–331. 

https://doi.org/10.1071/WR09171 

Thayer, J., Enloe, S., Price, C., MacDonald, G., and Leary, J. 2024. Spatial-temporal 

shifts in submersed aquatic vegetation community structure resulting from a 

selective herbicide treatment in Lake Sampson, Florida, USA. Lake and Reservoir 

Management 3(40):248-263. https://doi.org/10.1080/10402381.2024.2374315 

Thiébaut, G. and Dutartre, A. 2009. Management of invasive aquatic plants in France. In 

Nairne, G.H. (Ed.), Aquatic ecosystem research trends (pp. 25-46). Nova Science 

Publishers, Inc. 

Thomaz, S.M., Kovalenko, K.E., Havel, J.E., and Kats, L.B. 2014. Aquatic invasive 

species: general trends in the literature and introduction to the special issue. 

Hydrobiologia 746:1-12. DOI: https://doi.org/10.1007/s10750-014-2150-8 

Thresher, R.E., Jone, M., and Drake, D.A.R. 2019. Stakeholder attitudes towards the use 

of recombinant technology to manage the impact of an invasive species: sea 

lamprey in the North American Great Lakes. Biological Invasions 21:575-586. 

https://doi.org/10.1007/s10530-018-1848-3 



 

 188 

 

Tissier, M.L., Jumeau, J., Croguennec, C., Petir, O., Habold, C., and Handrich, Y. 2016. 

An anti-predation device to facilitate and secure the crossing of small mammals in 

motorway wildlife underpasses. (I) Lab tests of basic design features. Ecological 

Engineering 95:738-742. http://dx.doi.org/10.1016/j.ecoleng.2016.07.012 

Titley, M.A., Butchart, S.H.M., Jones, V.R., Whittingham, M.J., and Willis, S.G. 2021. 

Global inequities and political borders challenge nature conservation under 

climate change. PNAS 118(7)e2011204118. 

https://doi.org/10.1073/pnas.2011204118 

Tulloch, A.I.T., Possingham, H.P., Joseph, L.N., Szabo, J., and Martin, T.G. 2013. 

Realising the full potential of citizen science monitoring programs. Biological 

Conservation 165:128-138. https://doi.org/10.1016/j.biocon.2013.05.025 

Urban, M.C. 2015. Accelerating extinction risk from climate change. Science 348:571-

573. DOI: 10.1126/science.aaa49 

Vadrot, A.B.M. 2020. Multilateralism as a ‘site’ of struggle over environmental 

knowledge: the north-south divide. Critical Policy Studies 14(2):233-245. 

https://doi.org/10.1080/19460171.2020.1768131 

Valencia-Aguilar, A., Cortés-Gómez, A.M., and Ruiz-Agudelo, C.A. 2013. Ecosystem 

services provided by amphibians and reptiles in neotropical ecosystems. 

International Journal of Biodiversity Science, Ecosystem Services & Management 

9(3):257-272. https://doi.org/10.1080/21513732.2013.821168 

van Wilgen, B.W., Moran, V.C., and Hoffmann, J.H. 2013. Some perspectives on the risks 

and benefits of biological control of invasive alien plants in the management of 

natural ecosystems. Environmental Management 52:531-540. DOI: 

10.1007/s00267-013-0099-4 

Vander Zanden, M.J. and Olden, J.D. 2008. A management framework for preventing the 

secondary spread of aquatic invasive species. Canadian Journal of Fisheries and 

Aquatic Sciences 65:1512-1522. https://doi.org/10.1139/F08-099 

Venables, W.N. and Ripley, B.D. 2002. Modern applied statistics with S (4th ed.). 

Springer. https://www.stats.ox.ac.uk/pub/MASS4/ 

Vermont Reptile & Amphibian Atlas. 2021. Gray treefrog. Vermont Reptile & Amphibian 

Atlas. Available at https://www.vtherpatlas.org/herp-species-in-vermont/hyla-

versicolor/. 

VTDEC 2008. A threat to Vermont’s lakes: Eurasian watermilfoil an invasive non-native 

aquatic plant. Vermont Department of Environmental Conservation. Retrieved 

from 

https://anrweb.vt.gov/PubDocs/DEC/WSMD/lakes/docs/ans/lp_milfoilbookletco

mbined08.pdf 



 

 189 

 

VTDEC. 2021. List of waterbodies with a confirmed presence of an aquatic invasive 

species. Vermont Department of Environmental Conservation. Retrieved from 

https://dec.vermont.gov/sites/dec/files/wsm/lakes/AIS/GreeterPage/InfestedWater

Bodies2021%20.pdf 

VTDEC. 2022. Aquatic invasive species control. Vermont Department of Environmental 

Conservation. Retrieved from https://dec.vermont.gov/watershed/lakes-

ponds/aquatic-invasives/control 

Wagner, K.I., Hauxwell, J., Rasmussen, P.W., Koshere, F., Toshner, P., Aron, K., Helsel, 

D.R., Toshner, S., Provost, S. Gansberg, M., Masterson, J., and Warwick, S. 2007. 

Whole-lake herbicide treatments for Eurasian watermilfoil in four Wisconsin 

lakes: effects on vegetation and water clarity. Lakes and Reservoir Management 

23(1):83-94. DOI: 10.1080/07438140709353912 

Warren, R., VanDerWal, J., Price, J., Welbergen, J.A., Atkinson, I., Ramirez-Villegas, J., 

Osborn, T.J., Jarvis, A., Shoo, L.P., Williams, S.E., and Lowe, J. 2013. 

Quantifying the benefit of early climate change mitigation in avoiding 

biodiversity loss. Nature Climate Change 3(7):678-682. 

https://doi.org/10.1038/nclimate1887 

Watson, K.A. and Watson, M.J. 2015. Wildlife restoration: mainstreaming translocations 

to keep common species common. Biological Conservation 191:830-838. 

https://doi.org/10.1016/j.biocon.2015.08.035 

Weidlich, E.W.A., Flórido, F.G., Sorrini, T.B., and Brancalion, P.H.S. 2020. Controlling 

invasive plant species in ecological restoration: a global review. Journal of 

Applied Ecology 57(9):1806-1817. https://doi.org/10.1111/1365-2664.13656 

Wersal, R.M., Madsen, J.D., Woolf, T.E., and Eckberg, N. 2010. Assessment of herbicide 

efficacy on Eurasian watermilfoil and impacts to the native submersed plant 

community in Hayden Lake, Idaho, USA. Journal of Aquatic Plant Management 

48:5-11. 

Williams, S.L. and Grosholz, E.D. 2008. The invasive species challenge in estuarine and 

coastal environments: marrying management and science. Estuaries and Coasts 

31:3-20. https://doi.org/10.1007/s12237-007-9031-6 

Wilson, K.A., Auerbach, N.A., Sam, K., Magini, A.G., Moss, A.S.L, Langhans, S.D., 

Budiharta, S., Terzano, D., and Meijaard, E. 2016. Conservation research is not 

happening where it is most needed. PLoS Biol 14(3):e1002413. 

Doi:10.137/journal.pbio.1002413 

Wilson, K.A., McBride, M.F., Bode, M., and Possingham, H.P. 2006. Prioritizing global 

conservation efforts. Nature 440:337-340. https://doi.org/10.1038/nature04366 

Wilson, M.C., Chen, X., Corlett, R.T., Didham, R.K., Ding, P., Holt, R.D., Holyoak, M., 

Hu, G., Hughes, A.C., Jiang, L., Laurance, W.F., Liu, J., Pimm, S.L., Robinson, 



 

 190 

 

S.K., Russo, S.E., Si, X., Wilcove, D.S., Wu, J., and Yu, M. 2016. Habitat 

fragmentation and biodiversity conservation: key findings and future challenges. 

Landscape. Ecology 31:219-227. https://doi.org/10.1007/s10980-015-0312-3 

Winter, M., Fiedler, W., Hochachka, W.M., Koehncke, A., Meiri, S., and De la Riva, I. 

2016. Patterns and biases in climate change research on amphibians and reptiles: a 

systematic review. Royal Society Open Science 3:160158. 

http://dx.doi.org/10.1098/rsos.160158 

Woinarski, J.C.Z., Legge, S.M., Woolley, L.A., Palmer, R., Dickman, C.R., Augusteyn, J., 

Doherty, T.S., Edwards, G., Geyle, H., McGregor, H., Riley, J., Turpin, J., and 

Murphy, B.P. 2020. Predation by introduced cats Felis catus on Australian frogs: 

compilation of species records and estimation of numbers killed. Wildlife 

Research 47:580–588. https://doi.org/10.1071/WR19182 

Woltz, H.W., Gibbs, J.P., and Ducey, P.K. 2008. Road crossing structures for amphibians 

and reptiles: Informing design through behavioral analysis. Biological 

Conservation 141:2745–2750. https://doi.org/10.1016/j.biocon.2008.08.010 

Wren, S., Angulo, A., Meredith, H., Kielgast, J., Dos Santos, M., and Bishop, P. 2015. 

Amphibian Conservation Action Plan. IUCN/SSC Amphibian Specialist Group 

(eds) 2015. 

Wyman, R.L. 1988. Soil acidity and moisture and the distribution of amphibians in five 

forests of southcentral New York. Copeia 2:394-399. 

https://www.jstor.org/stable/1445879 

Wyman, R.L. and Jancola, J. 1992. Degree and scale of terrestrial acidification and 

amphibian community structure. Journal of Herpetology 26(4):392-401. 

https://www.jstor/stable/1565115 

Zhang, C. and Boyle, K.J. 2010. The effect of an aquatic invasive species (Eurasian 

watermilfoil) on lakefront property values. Ecological Economics 70(2):394-404. 

https://doi.org/10.1016/j.ecolecon.2010.09.011 

Zipkin, E.F., Kraft, C.E., Cooch, E.G., and Sullivan, P.J. 2009. When can efforts to 

control nuisance and invasive species backfire? Ecological Applications 

19(6):1585-1595. 

 


