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[bookmark: _Toc80970556]Abstract 
Plant invasions can have strong, negative effects on some amphibians and represent a substantial challenge to conserving native biodiversity. However, invasive plant species do not always impose an immediate threat to amphibian populations and in some cases may facilitate increased abundance and provide additional habitat. The objective of my study was to determine how habitats invaded with pale swallowwort (Vincetoxicum rossicum) affected Plethodon cinereus and P. glutinosus salamander populations, their forest floor microclimate, and prey availability, and to determine if these parameters differed across a microtopographic gradient.  I focused on these two plethodontid species because they were the most abundant within my study area at Oatka Creek County Park in Wheatland, New York during 2019 and 2020, and their many important roles within forested ecosystems have been widely studied. Plethodon glutinosus relative abundance peaked early during late summer 2019, while P. cinereus peaked during early fall.  In 2020 P. cinereus relative abundance peaked in early April and late August, while P. glutinosus peaked in late summer. Peaks in the surface activity of both species corresponded to their documented life history patterns.  P. cinereus relative abundance was significantly higher in uninvaded habitat during 2019 but did not differ between habitat types in 2020. There was no difference in P. glutinosus abundance between habitat types in either year. Plethodon cinereus relative abundance was highest in uphill topography types during both years, but P. glutinosus differed only during 2019. Generalized linear models predicting relative abundance showed positive relationships with the presence of the other Plethodon species, leaf litter depth, relative humidity, soil moisture, swallowwort cover, and arthropod abundance. There was also a negative relationship with temperature. Topography was an important factor in predicting relative salamander abundance, with more of an effect on P. cinereus relative to P. glutinosus, which may result from differences in microhabitat preference and morphology. Patterns in relative salamander abundance and distribution, as well as variation in abiotic parameters may be related to indirect effects of plant cover and microtopography. Ultimately, my findings suggest that swallowwort invasion does not directly and negatively impact P. cinereus and P. glutinosus and instead, may provide favorable microclimate and habitat features during periods of extreme weather, especially as dry spells and elevated temperatures become increasingly prevalent. 






[bookmark: _Toc80970557]Introduction
 Plant invasions in North American temperate forests represent a substantial challenge to the conservation of native biodiversity and ecosystem processes (Ehrenfeld 2003; Powell et al. 2011; Vilá et al. 2011; Drake et al. 2016). While invasive plant species can have negative effects on native fauna through direct physical harm, they can also have indirect impacts, such as habitat alteration and changes in resource availability (Watling et al. 2011 a). Indirect and direct impacts caused by invasive plants may have particularly negative effects on amphibians, due to their highly specialized physiological adaptations and microhabitat requirements (Welsh and Olliver 1998; Welsh and Droege 2001; Bucciarelli et al. 2014); these harmful effects include decreased development rates (Cotten et al. 2012; Perez et al. 2013), decreased survival (Rittenhouse 2011; Martin and Blossey 2013; Sacerdote and King 2013), lowered species diversity (Watling et al. 2011 b), and habitat loss (Greenberg and Green 2013; Watling et al. 2011 a, c). Given these negative effects, recent efforts to restore native amphibian populations have included invasive species eradication (Bucciarelli et al. 2014). However, invasive plant species may not impose an immediate threat to some amphibian populations (Hayes and Holzmueller 2012) and instead may positively influence survival rates (Stephens et al. 2013), facilitate increased abundance (Watling et al. 2011 c), and provide additional habitat (Nagy et al. 2011). Therefore, prior to invasive species removal it is critical to assess the costs and benefits associated with eradication, as removal could perhaps cause native amphibian species more harm than good, especially because many native ecosystems in North America have been compromised by land alteration, climate change, or the establishment of other invasive plant species (Bucciarelli et al. 2014). 
One invasive plant that could negatively affect amphibians is pale swallowwort (Apocynaceae: Vincetoxicum rossicum), an exotic species that is rapidly expanding its range in eastern North America. A perennial herb or small vine, pale swallowwort was introduced into North America about 120 years ago from eastern Europe (Weston et al. 2005) and now threatens many natural and semi-natural forested habitats because it thrives in a wide range of environmental conditions (Tewksbury 2002; Weston et al. 2005). Swallowwort may influence the soil where it grows, which may contribute to the displacement of resident vegetation (Weston et al. 2005). The roots of related Vincetoxicum species contain the glycoside vincetoxin, which may negatively affect the growth and survival of native species such as Asclepias syriaca (common milkweed), allowing swallowwort to have a greater competitive advantage (Bhowmik 1994; Wyatt and Broyles 1994). Like many invasive plants that possess these chemical features, swallowwort can also impact the growth of nearby plants directly, or indirectly by altering the balance of soil microorganisms, thus changing the growth situation in favor of itself (Mogg et al. 2008). The chemical features of pale swallowwort can also hinder fauna. Monarch butterfly (Danaus plexippus) and chrysomelid beetle (Chrysochus auratus) larvae feeding on pale swallowwort instead of their native plant hosts within the same family had increased mortality rates (DiTommaso and Losey 2003; DeJonge et al. 2017), suggesting that swallowwort can act as a sink for host-specific insect populations. The effects of swallowwort’s allelochemicals on amphibians is unknown. However, when vulnerable, cutaneous-respiring herpetofauna are exposed to allelochemicals produced by some invasive plant species, cryptic threats to larval survival and developmental rates can occur. (Martin and Blossey 2013). 
Most studies investigating the effects of invasive plants on amphibians have dealt with species possessing aquatic metamorphic stages. The majority of these studies have been conducted on anurans, along with one experiment on the spotted salamander (Family Ambystomatidae: Ambystoma maculatum). Furthermore, there is only one published study investigating the effects of invasive plants on terrestrial lungless woodland salamanders (Family Plethodontidae), which lack an aquatic metamorphic stage (Maerz et al 2009). Finally, no studies have looked at the effects of pale swallowwort on any amphibian species. Thus, the objective of my study was to determine how the presence of invasive swallowwort affected eastern red-backed salamander (Plethodon cinereus) and northern slimy salamander (P. glutinosus) populations, as well as forest floor microclimate and prey availability. I also determined patterns in P. cinereus and P. glutinosus relative abundance throughout sampling seasons. The widely studied P. cinereus is the most abundant woodland salamander throughout much of its geographic range in eastern North America, and overlaps with its common congener, P. glutinosus (Burton and Likens 1975; Price and Secki-Shields 2002; Walton 2013). Furthermore, terrestrial salamanders have an important ecosystem role, and generate substantial amounts of biomass, exert top-down effects on arthropod communities, and alter leaf litter decomposition, nutrient cycling, and carbon storage (Semlitsch et al. 2014). Lastly, because of their abundance, longevity, and sensitivity to disturbances, Plethodon species are considered indicator species of forest health (Welsh and Droege 2001), which is why I focused on these two species. I hypothesized that relative salamander abundance would be higher in uninvaded habitats and uphill sites due to more favorable microhabitat and microclimate conditions (i.e., cooler temperatures, increased relative humidity and soil moisture), and increased prey availability. 
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I conducted my field study in 2019 and 2020 at Oatka Creek County Park in southern Monroe County, town of Wheatland, New York (Appendix 1, Figure 1). Historically, the area surrounding Oatka Creek contained gristmills, woolen mills, and sawmills (Chapman 2019). Later the creek was diverted to form millraces and supply gypsum mines, and remnant “sinks” where gypsum was mined occur throughout my study area (Appendix 1, Figure 2). Old topographical maps and historical information indicate that the mine and associated sinks were created at some point between 1899 and 1934; the mine closed by 1950. In 1961, the Genesee State Park Commission began negotiations to acquire the land for what is now Oatka Creek Park (Chapman 2019). 
The area of Oatka Creek Park where I conducted the study had a gentle, north-facing slope, and was in a shaded, mesic upland zone composed of mid- to late-successional tree species, including red oak (Quercus rubra), white oak (Q. alba), hickory (Carya spp.), sugar maple (Acer saccharum), basswood (Tilia americana), tulip tree (Liriodendron tulipifera), flowering dogwood (Cornus florida), and American hornbeam (Carpinus caroliniana). The shrub layer was sparse but contained small patches of Japanese barberry (Berberis thunbergii) and American witch-hazel (Hamamelis virginiana). There was a well-developed ground layer of forbs present, including jumpseed (Persicaria virginiana), white snakeroot (Ageratina altissima), wild geranium (Geranium maculatum), pale swallowwort (Vincetoxicum rossicum), woodland violets (Viola spp.), licorice bedstraw (Galium circaezans), enchanter’s nightshade (Circaea lutetiana), and pointed-leaved tick trefoil (Desmodium glutinosum). Where pale swallowwort was absent, black cohosh (Actaea racemosa) dominated the ground layer.
For my study I selected two habitat types and three topography types for the coverboard arrays necessary for assessing salamander populations. The first habitat type was characterized by dense monocultures of swallowwort (invaded plots) and the second contained a mixture nonnative and native vegetation, mostly black cohosh, and licorice bedstraw, excluding swallowwort (uninvaded plots). The three topography types were categorized as uphill, edge, or downhill, in relation to their position surrounding the sinks. 

[bookmark: _Toc80970560]Annual Weather Data
During March to October 2019, when salamanders are most surface-active, the Rochester, NY area was characterized by increased precipitation. The average annual precipitation was 59.1 cm, and the average temperature was 14.5°C. The second year of my study in 2020 was much drier, with an average annual precipitation of 54.8 cm, and a similar average temperature to 2019 (National Weather Service 2021a, b). 

[bookmark: _Toc80970561]Vegetation and Microhabitat 
In July 2019 and August 2020, I quantified species composition and percent cover of native and non-native plant species within 1.0 m2 of each coverboard using a square quadrat. While measuring vegetation parameters, I also measured leaf litter depth (mm) in each corner of the quadrat surrounding each coverboard. In late July 2019 and early August 2020, I collected soil samples from each habitat and topography type (n= 24) and measured the pH of each soil sample three times in the lab, using methods from the Kellogg Biological Station, University of Michigan (2019). I weighed field-moist soil to approximately 15 g into two replicate extraction containers that I securely covered. Using a graduated cylinder, I added 15 mL of deionized water to each sample, then covered and shook each container for 30 sec. I then removed the covers to allow soil slurries to equilibrate for 30 min. While doing so, I standardized the pH meter at pH 7 and 4. While gently swirling the soil slurries, I placed the electrode into the container and measured pH three times and averaged the readings. In between samples, I rinsed the electrode three times with deionized water.  
 I also recorded percent soil moisture beneath each coverboard once a month (n= 216) during July, August, and September 2019 and 2020 using a Vernier LabQuest soil moisture sensor (Vernier Software and Technology LCC, Beaverton, OR). I did this by averaging the readings taken beneath the four corners of each coverboard.
Before I began salamander surveys, I installed three Lascar EL-USB-2 data loggers (Lascar Electronics, Erie, PA) at ground level within patches of vegetation in each habitat and topography combination (n= 6), for a total of 18 loggers, to monitor average daily minimum temperature (°C) and maximum relative humidity (%), since amphibians generally prefer relatively cool and moist environments. The data loggers recorded readings every 30 min to help determine microclimate in each array. In 2019 I recorded data from 8 July to 29 November. For 2020, I recorded data from 19 April to 7 June. Four of the replicate data loggers monitoring microclimate in the arrays malfunctioned during my study in 2020, producing an incomplete dataset. Therefore, any missing data from data loggers were removed prior to averaging the recordings for each array.

[bookmark: _Toc80970562]Prey Availability 
During May and September 2020, I sampled arthropod communities within each habitat and topography type to evaluate prey availability for salamanders. I collected leaf litter within a 25 x 25 cm frame from 12 locations adjacent to one-third of the coverboards within each habitat and topography type, randomly chosen) for a total of 72 samples each for May and September. I sampled arthropods within 15 cm of every coverboard, rather than directly beneath them, to ensure that I would not disrupt prey availability beneath the coverboards. I stored the samples in Ziploc bags for transport to the lab. Samples that I could not process the same day were refrigerated. I carefully sorted through each sample using tweezers and a heat lamp, and collected all visible, live prey items, including annelids and arthropods. I preserved invertebrates in 70% ethanol and identified them to taxonomic order using a dissecting microscope and quantified the average number of individual arthropods per coverboard array.  

[bookmark: _Toc80970563]Study Species and Salamander Sampling
Initially, I sought to determine the effects of swallowwort only on eastern red-backed salamanders, which is why I placed coverboards at least 1.30 m apart from one another, as P. cinereus adults move 0.85-0.88 m and juveniles move 1.14-1.22 m per year (Oustertrout and Liebgold 2010) and have an average home range diameter of 1.15 m (Oustertrout and Liebgold 2010). However, after I began sampling in July 2019, I began finding many northern slimy salamanders under the coverboards. Due to the distribution of swallowwort patches and because I already had placed the coverboards, I did not change the distance between each coverboard to account for the larger home range diameter of adult northern slimy salamanders, which is approximately 9 m (Petranka 1998).
I used a common method, wooden coverboard arrays (Moore 2005; Michael et al. 2018) to monitor relative salamander abundance (total number of individuals detected within a given sample date) for each coverboard array. I placed 216 untreated maple coverboards in mid-June 2019. Each habitat and topography array contained nine, 3.2 cm-thick, 30.5 x 30.5 cm untreated sugar maple (Acer saccharum) coverboards, for a total of 36 coverboards representing combinations of either mixed or swallowwort vegetation and uphill, edge, and downhill topographies. 
I used maple as coverboard material because Moore (2005) reported that encounter rates for eastern red-backed salamanders found under untreated maple coverboards were greater than under cedar, pine, and chip coverboards. To allow for an adjustment period, I began sampling coverboards in July 2019, approximately 1 mo after deploying them.
	From early July through late October 2019 and from late March through late October 2020, I checked coverboards biweekly for salamanders. I counted the number of salamanders under coverboards and measured each salamander, recording its total length and SVL, wet mass (g), morph type (striped and unstriped for P. cinereus), and age class. Salamanders were categorized as adults, juveniles, and hatchlings based on SVL. Plethodon cinereus hatchlings have a snout-vent length (SVL) of approximately 14-15 mm, while juveniles range from 15-30 mm, and adults are ≥ 30 mm (Marvin 1996; Petranka 1998). Adults weigh approximately 1 g. Plethodon glutinosus hatchlings have an SVL around 12-15 mm (Highton 1956), and adults weigh around 5 g and have an SVL ranging from 52-66 mm (Marvin 1996; Price and Secki-Shields 2002). I also recorded whether adults were gravid. Once I completed observations and measurements, I marked each salamander with a fluorescent elastomer before release (Northwest Marine Technology, Shaw Island, WA), to track movement between the two habitat types. To identify the habitat type where salamanders were captured, in 2019 I marked salamanders from invaded habitats with orange, and those found in uninvaded habitat with yellow. In 2020 I marked salamanders from invaded habitats with blue, and those found in uninvaded habitat with red; I did this for both species.  
It is difficult to obtain accurate estimates of true salamander abundance because terrestrial salamanders are fossorial and are only surface-active when ambient conditions are cool and moist (Bailey et al. 2004). As such, they have a very low detection rate, relative to their absolute abundance (Semlitsch et al. 2014). Therefore, I quantified relative abundance as the total number of individuals per habitat and topography type; there were four replicates of nine coverboards each per habitat and topography type. 

[bookmark: _Toc80970564]Statistical Analyses 
I performed statistical analyses using PRIMER-e V6 (Clarke and Gorley 2006, Auckland, New Zealand), and SPSS 25 (IBM Corporation, Armonk, NY). I tested all data for normality using the Shapiro-Wilk test and normal probability plots. I attempted to transform my data using arcsine, log, and/or square root transformations when necessary. If data still did not achieve normality, I used non-parametric statistical analyses. I considered p-values less than α= 0.05 statistically significant.  
[bookmark: _Toc71891831][bookmark: _Toc77588380][bookmark: _Toc80970565]Vegetation, Microhabitat, Prey Availability, and Relative Salamander Abundance
I analyzed plant composition among coverboard arrays via an exploratory resemblance matrix. I pretreated 2019 and 2020 percent cover data using the square root transformation and generated Bray-Curtis similarity matrices for all analyses in PRIMER-e V6 (Clarke and Gorley 2006). I used an analysis of pairwise population similarities (ANOSIM) to test for significant differences in plant species composition among coverboard arrays, with significance assessed by permutation testing (999 permutations). I also used a two-way SIMPER (similarities percentages procedure) to determine which plant species contributed the most to similarities for each coverboard array. I set the cut-off for low contributions at 90% (Macreadie et al. 2015). I also used non-metric multi-dimensional scaling (nMDS) ordinations to visualize differences in species composition among coverboard arrays. 
I used a series of generalized linear mixed models (GLMMs) with an identity link function to determine if there were significant differences in average leaf litter depth, soil pH and moisture, minimum daily temperature, maximum daily relative humidity, arthropod abundance (number of individuals/ coverboard array), and relative salamander abundance (number of detected individuals/ coverboard array) among arrays. I used the Wald X2 test, which tests the null hypothesis of no effect by scaling parameter estimates by their standard errors and comparing the resulting test statistic to zero (Bolker et al. 2009). 
To determine the frequency of occurrence for each salamander study species and whether this suggested interspecific competition, I followed similar methodology from the desert rodent study conducted by Bowers and Brown (1982). I took the proportion of boards containing one species and the proportion of boards with the second species on a specific sample date and multiplied them together. This generated the proportion of boards expected to have both species, based on chance. If the actual proportion observed was greater than the expected proportion, then it was considered a positive association. If the proportion observed was less than the expected proportion, then it suggested interspecific competition at small spatial scale. 

[bookmark: _Toc77588381][bookmark: _Toc80970566][bookmark: _Toc71891834]Variables Predicting Relative Salamander Abundance 
I also constructed generalized linear models to determine whether the measured habitat variables accounted for variation in relative abundance of P. cinereus and P. glutinosus. I used backwards model selection, in which all selected variables were entered into the model, the least significant variable was removed, and the model was run again until the best fit model was obtained (Mac Nally 2000). I ran two separate model sets because I did not sample arthropods in 2019 and I also needed to account for the fewer number of data logger replicates I had per array, due to failure of some loggers during 2020. For 2019 I included five predictor variables in my models. Percent swallowwort cover, leaf litter depth, average soil moisture, and the other species’ abundance (total number of individuals/array) were entered as covariates, and topography type was entered as a factor. For 2020 I used the same predictor variables as in 2019, but also included arthropod abundance (total number of arthropods/ array) for each habitat and topography type as the sixth predictor variable. The other set of models contained temperature and humidity data that were also entered as covariates. For all models, I decided not to include pH as a covariate since there was no differences in pH among habitat and topography types.
Prior to modeling, I examined variables in a correlation matrix to remove highly correlated variables (r > 0.80) (Danz et al. 2007). Percent mixed vegetative cover was highly correlated with percent swallowwort cover; therefore, I excluded this variable from the models. I selected best abundance models using second order Akaike’s Information Criterion (AICc) and reported full models with a Δ AICc < 2.0 (Burnham and Anderson 2002). Finally, I used Akaike weights to determine the likelihood of each model being the best model given the dataset. 
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Plant species composition between invaded and uninvaded habitats differed significantly in both years (Figure 1; Table 1). The average dissimilarity between habitat types in 2019 and 2020 was 85.7% and 91.1%, respectively. Similarity in species composition within uninvaded habitats in 2019 was 35.0% and increased to 36.3% in 2020. The species with the most abundant percent cover that accounted for the majority of similarity between uninvaded habitats included Actaea racemosa, Galium circaezans, Parthenocissus quinquefolia, Geranium maculatum, and Vincetoxicum rossicum (Table 2). Average similarity within invaded habitats in 2019 was 59.8%, with pale swallowwort dominating the majority of this habitat type (Table 2). The average similarity for this habitat type increased to 65.2% in 2020. 
Overall, plant species composition among topography types for both years did not significantly differ (Figure 1; Appendix 2). Across habitat types, average similarity for edge sites in 2019 and 2020 was 52.34 and 49.8%, respectively (Table 3). Uphill site similarity was 46.7% in 2019 and 52.4% in 2020 (Table 4). Downhill site similarities were 43.2% and 50.0% in 2019 and 2020, respectively (Table 5). Actaea racemosa and Vincetoxicum rossicum were the most dominant species present, with the highest percent cover among topography types (Tables 3, 4, and 5).
Leaf litter depth in uninvaded habitat was significantly greater than swallowwort-dominated habitats during 2019 (Wald Χ2= 8.01, df= 1, p= 0.00), while there was no significant difference between habitat types in 2020, although uninvaded habitats tended to have more (Wald Χ2= 2.97, df= 1, p= 0.09) (Figure 2). Leaf litter depth in 2019 also significantly differed among topography types, with uphill containing the most litter, followed by downhill and edge, respectively (Wald Χ2= 52.2, df= 2, p= 0.00) (Figure 2). There was also a significant interaction between habitat and topography for 2019 litter depth (Wald Χ2= 9.33, df= 2, p= 0.009). Leaf litter depth during 2020 also significantly differed among topography types (Wald Χ2= 15.54, df= 2, p= 0.00), with downhill containing the most litter and edge the least (Figure 2), and no significant interaction between habitat and topography and leaf litter depth (Wald Χ2= 3.58, df= 2, p= 0.17).
[bookmark: _Hlk77330740]Soil pH did not significantly differ between habitat types in 2019 (Wald Χ2= 2.13, df= 1, p= 0.15) or 2020 (Wald Χ2= 0.07, df= 1, p= 0.80) (Figure 3). The same pattern in pH was also observed for topography during both years (Wald Χ2= 5.03, df= 2, p= 0.08) (Figure 3). There was, however, significant interactions between habitat and topography during 2019 (Wald Χ2= 16.42, df= 2, p= 0.00) and 2020 (Wald Χ2= 5.85, df= 2, p= 0.05). 
Soil moisture in 2019 differed between habitat types, with swallowwort-dominated habitats with significantly wetter soils (F= 9.96, df= 1, p=0.003), but soil moisture did not significantly differ among topography types (F= 0.60, df= 2, p= 0.55) (Figure 4). There was, however, a significant interaction between the two factors (F= 14.47; df= 2, p= 0.00). In uninvaded habitat soil moisture increased while going from uphill to downhill, and soil moisture in invaded habitat decreased while going from downhill to uphill.
There was a significant difference in soil moisture among months (F= 6.08, df= 2, p= 0.005), with soil moisture lowest in July and highest in August. There were also no significant interactions between habitat and month (F= 2.15, df= 2, p= 0.13), topography and month (F= 1.98, df= 4, p= 0.12), and no significant three-way interaction between the fixed factors (F= 2.32, df= 4, p= 0.08).
There was no significant difference in percent soil moisture between habitat types during 2020 (F= 3.41, df= 1, p= 0.07), but soil moisture significantly differed among topography types (F= 8.97, df= 2, p= 0.001), with downhill being the wettest and uphill being the driest. There was also a significant difference among months (F= 4.99, df= 2, p= 0.01) (Figure 4). August had the highest soil moisture while September had the lowest. There was a significant interaction between habitat and topography (F= 16.25, df= 4, p= 0.00), again, with the similar trend observed during 2019. There were also no significant interactions between habitat and month (F= 0.42, df= 2, p= 0.66), topography and month (F= 1.15, df= 4, p= 0.35), and habitat, topography, and month (F= 2.37, df= 4, p= 0.08).
Average minimum daily temperature between habitats during 2019 did not significantly differ (Wald Χ2= 0.69, df= 1, p= 0.41), but differed among topography types (Wald Χ2= 8.10, df=2, p= 0.01), with lower temperatures in downhill sites relative to uphill and edge (Figure 5). There was no significant interaction between habitat and topography during 2019 (Wald Χ2= 5.44, df= 2, p= 0.07). Furthermore, there was no significant difference in maximum daily relative humidity between habitat types (Wald Χ2= 0.68, df= 1, p= 0.41), but differed significantly among topography types (Wald Χ2= 21.81, df= 2, p= 0.00). Uphill sites had the highest relative humidity followed by edge and downhill, respectively (Figure 5). There was a significant interaction between habitat and topography (Wald Χ2= 29.48, df= 2, p= 0.00).
Minimum daily temperature was significantly higher in uninvaded habitats during 2020 (Wald Χ2= 18.0, df= 1, p= 0.00), but did not significantly differ among topography types (Wald Χ2= 1.73, df= 2, p= 0.42) (Figure 6). There was also a significant interaction between habitat and topography (Wald Χ2= 43.92, df= 2, p= 0.00). Maximum daily relative humidity was significantly higher in uninvaded habitats relative to swallowwort-dominated habitats during 2020 (Wald Χ2= 120.38, df= 1, p= 0.00), and also differed among topography types (Wald Χ2= 263.13, df= 2, p= 0.00). Edge sites had the highest maximum daily relative humidity while downhill contained the lowest (Figure 6). There was also a significant interaction between habitat and topography during 2020 (Wald Χ2= 57.4, df= 2, p= 0.00).

[bookmark: _Toc80970569]Prey Availability 
Average arthropod abundance (number of individuals/coverboard array) was significantly higher in uninvaded habitats during September 2020 (Wald Χ2= 4.66; df= 1, p= p=0.03) (Figure 7) but did not differ among topography types (Wald Χ2= 3.09; df= 2, p= 0.21). There was also no significant interaction between habitat and topography relative to arthropod abundance (Wald Χ2= 3.99; df= 2, p= 0.14).
There was no significant difference in average arthropod abundance between habitat types during May 2020 (Wald Χ2= 2.15; df= 1, p= 0.14), but abundance significantly differed among topography types (Wald Χ2= 17.78, df= 2, p= 0.00), with edge sites containing the highest arthropod abundance and uphill sites with the lowest (Figure 7). There was no significant interaction between habitat and topography types during May relative to arthropod abundance (Wald Χ2= 0.78, df= 2, p= 0.68).


[bookmark: _Toc80970570]Relative Salamander Abundance and Distribution 
From 7 July to 8 August 2019, I found more P. cinereus in invaded habitats, and thereafter, I found more in uninvaded habitats (Figure 8). Abundance in invaded habitats during 2019 was highest on 29 September. The highest overall abundance for P. cinereus in uninvaded sites was on 20 October. For uninvaded habitats P. glutinosus abundance peaked around 2 September, and overall P. glutinosus abundance in invaded habitat was highest on 9 September (Figure 8).
Generally, P. cinereus abundance in 2019 was highest on 23 September for all topography types (Figure 8). Plethodon cinereus occupancy was highest in uphill sites during 29 September. Around 15 August to 23 September, downhill abundance gradually increased while edge and uphill sites experienced much fluctuation (Figure 8). Throughout my 2019 study, P. glutinosus abundance fluctuated greatly among all topography types, but it seemed that edge sites had the highest abundance on 2 and 9 September (Figure 8). Abundance of P. glutinosus peaked in all topography types around 2 September. In 2020 P. cinereus abundance peaked twice in early spring and late summer, while P. glutinosus only peaked once during mid-summer. Furthermore, P. glutinosus numbers were highest when P. cinereus numbers were down. Plethodon cinereus relative abundance was highest on 14 April, and uninvaded habitat arrays also tended to have a lower abundance than invaded habitat arrays (Figure 9). Among topography types in 2020, P. cinereus abundance was also greatest on 14 April, and followed the same trend as habitat types (Figure 9).  For 2020, I did not encounter P. glutinosus until later in the season, near the end of April (Figure 9).  P. glutinosus abundance was highest on 17 August and 4 August for invaded and uninvaded habitats, respectively (Figure 9). Plethodon glutinosus abundance among topography types experienced a lot of fluctuation in 2020. Similar to habitat types, I did not observe P. glutinosus until 28-April. (Figure 9). 
In 2019 and 2020 I did not encounter any salamanders that were marked in one habitat type and recaptured in the other; thus I did not detect movement of marked salamanders between uninvaded and invaded habitats.  
Plethodon cinereus relative abundance was significantly higher in uninvaded habitat (Wald Χ2= 10.11, df= 1, p= 0.001) and significantly differed among topography types during 2019 (Wald Χ2= 14.45, df= 2, p= 0.001). Uphill had the highest relative abundance while downhill had the lowest (Figure 10). There was also a significant interaction between habitat and topography (Wald Χ2= 16.44, df= 2, p= 0.00), with uninvaded uphill areas with the highest abundance and invaded downhill with the lowest.  However, P. cinereus relative abundance in 2020 did not significantly differ between habitats (Wald Χ2= 1.70, df= 1, p= 0.19), but differed among topography types (Wald Χ2= 120.26, df= 2, p= 0.00), again with uphill containing the highest relative abundance, but edge with the lowest during 2020 (Figure 10). There was no significant interaction between the two factors (Wald Χ2= 0.70, df= 2, p= 0.70).
There was no significant difference in P. glutinosus relative abundance between habitat types during 2019 (Wald Χ2= 0.23, df= 1, p= 0.63), but it did significantly differ among topography types (Wald Χ2= 9.5, df= 2, p= 0.009). Relative abundance was highest in the edge sites followed by downhill and uphill (Figure 10). There was also a significant interaction between habitat and topography for 2019 P. glutinosus relative abundance (Wald Χ2= 50.89, df= 2, p= 0.00). Relative abundance of P. glutinosus did not significantly differ between habitat types during 2020 (Wald Χ2= 0.92, df= 1, p= 0.34), and also did not differ among topography types (Wald Χ2= 0.03, df= 2, p= 0.99). There was also no significant interaction between the two factors (Wald Χ2= 2.16, df= 2, p= 0.34).

[bookmark: _Toc80970571]Generalized Linear Models: effect of predictor variables on salamander abundance
I ran two separate model sets because I did not sample arthropods in 2019 and I also needed to account for the fewer number of data logger replicates I had per array, due to failure of some loggers during 2020. The best model for predicting 2019 P. cinereus abundance, excluding temperature and relative humidity data, showed a positive relationship with P. glutinosus and leaf litter depth, which was also shown in the second-best model (Table 6). The best model for 2020 P. cinereus abundance also suggested a positive relationship with P. glutinosus presence; compared to uphill topography, edge and downhill sites had fewer salamanders. There was also a negative relationship with May arthropod abundance (Table 6). All models with ΔAICc values < 2.0 included topography as a factor (Table 6). 
The best models for 2019 P. glutinosus, excluding temperature and relative humidity, showed a positive relationship with P. cinereus and edge and downhill topography (Table 7). Models 2 and 3 also showed a positive relationship between P. glutinosus abundance and soil moisture (Table 7). The 2020 models predicting P. glutinosus abundance also showed a positive relationship with P. cinereus presence and soil moisture (Table 7). All models with ΔAICc values < 2.0 included topography as a factor (Table 7).
The best model predicting 2019 P. cinereus abundance, including temperature and relative humidity data, showed a negative relationship with edge and downhill topography, a positive relationship with P. glutinosus abundance and leaf litter depth (Table 8). The best models predicting 2020 P. cinereus abundance that included temperature and relative humidity data showed a similar negative relationship with edge and downhill topography types relative to uphill sites, a negative relationship with temperature, and a positive relationship with soil moisture (Table 8). All models included topography as a factor (Table 8). 
The best model (including temperature and relative humidity) predicting 2019 P. glutinosus abundance showed a positive relationship with P. cinereus abundance (Table 9). The best model predicting 2020 P. glutinosus abundance that included temperature and relative humidity data showed a weak, positive relationship with swallowwort cover (Table 9). 

[bookmark: _Toc80970572]Discussion

[bookmark: _Toc80970573]Factors affecting relative salamander abundance 
Plethodon cinereus relative abundance differed between habitat and topography types but varied based on year and microclimate conditions. During both years, topography, and the presence of P. glutinosus were significantly important in predicting P. cinereus relative abundance. During 2019, leaf litter significantly and positively predicted P. cinereus abundance, while temperature and soil moisture were the main variables predicting P. cinereus abundance during 2020. Farallo et al. (2016) compared microhabitats of widely distributed P. cinereus and a microendemic species (P. sherando) and found that P. cinereus occurred in microhabitats that were cooler and more mesic, which would help to explain the differences in their distribution among habitat and topography types. Leaf litter depth, however, which was greater in uninvaded habitat, had a more substantial role in predicting P. cinereus relative abundance, which was also supported by the models. Leaf litter is one of many important habitat features for plethodontids because their skin requires constant contact with moist soil or leaf litter in order to respire; otherwise, they will desiccate (Welsh and Droege 2001). Furthermore, increased leaf litter may also be related to increased arthropod abundance, and therefore increased relative salamander abundance (Maerz et al. 2009).  
	During 2020, invaded habitat contained wetter soils and cooler temperatures relative to uninvaded habitat, but 2020 was a drier year compared to 2019, according to annual weather data. Although statistically nonsignificant, P. cinereus relative abundance during 2020 was higher within invaded swallowwort habitat. The ideal habitat parameters and slightly higher abundance within swallowwort coverboard arrays suggests that P. cinereus were taking refuge in swallowwort patches to prevent desiccation because invaded plots provided more cover, subsequently leading to a more suitable microclimate with cooler temperatures.
 During both years, the presence of P. cinereus and soil moisture were important in predicting P. glutinosus relative abundance. During 2019, topography shared a strong, positive relationship with P. glutinosus distribution, while swallowwort cover during 2020 weakly predicted their distribution among habitat types. Across both sample years, P. glutinosus abundance also tended to be slightly higher in invaded habitat, relative to uninvaded, and only differed among topography types during 2019, which was also a relationship observed in the models. The generalized linear models for P. glutinosus also showed a biologically significant relationship with soil moisture, which may be because this species shows a greater preference for moist soils, which tended to be prominent in invaded habitat. Shelford (1913) and Vernberg (1955) observed increased sensitivity of P. glutinosus to dryness relative to P. cinereus, and Grover (1998) documented the species’ preference for soils with higher moisture content, while P. cinereus showed no such selectivity. 
It is also important to note that relative humidity did not enter into the best fit models for P. glutinosus, which may be related to their larger body size and smaller surface area-to-volume ratio. As a result, P. glutinosus is less restricted to this specific microclimate parameter compared to P. cinereus. Spotila (1972) reported that P. glutinosus did not show specific adaptations in its thermal responses or water relations, as compared to other plethodontids, which would also account for the mostly equal distribution among habitat and topography types that I observed during my study.  In contrast, P. cinereus relative abundance and distribution tended to be skewed toward uphill and downhill topography types and whichever habitat provided the most ideal microclimate. Spotila (1972) also documented P. cinereus having a lower preferred temperature than P. glutinosus and one of the highest dehydration rates of the plethodontids that were studied, suggesting that P. cinereus is more susceptible to desiccation, unlike its larger congener, P. glutinosus (Grover 1998), which has a greater behavioral preference for wetter soils.  Consequently, P. glutinosus has increased dispersal capabilities and a larger home range than P. cinereus. 
Because of the weak relationships between swallowwort cover and relative salamander abundance for both species, my findings suggest that swallowwort cover does not negatively impact relative salamander abundance and prey availability, and instead may offer suitable microclimate and habitat when ambient conditions are unfavorable. Because amphibians are relatively susceptible to desiccation, favorable abiotic conditions that reduce this risk, such as cooler temperatures and a higher relative humidity within invaded areas, may act as an environmental filter, thereby shifting species composition (Peterman and Semlitsch 2013; 2014). A tall, multilayered canopy provided by pale swallowwort and black cohosh could act as buffers for salamanders against summer weather extremes in the study area, such as wind, fluctuations in temperature, and direct sun, thus providing stable within-stand microclimates (Welsh and Droege 2001). Differences in topography gradients generates microhabitat variability, which in turn, also affects patterns in animal assemblages (Menin et al. 2007). At the array level, the models indicated that topography was an important factor in predicting salamander abundance, however, perhaps on a larger scale, topography in addition to plant cover could be secondary factors influencing salamander distribution, as salamanders are instead reacting to the favorable conditions produced by these factors, including increased substrate moisture and lower temperatures (Grover 1998). In particular, this was supported by the significant interactions between habitat and topography types and soil moisture. In uninvaded plots, moisture increased while going downhill, and in invaded plots, moisture decreased while going downhill, suggesting that pale swallowwort was changing the distribution of available microclimates across the topographic landscape, and consequently relative salamander abundance.
The main reason I marked salamanders was to determine if they disappeared more quickly from invaded habitats. However, none of the salamanders I marked in one habitat were found in the other, indicating that there was no movement between habitat types. This coincides with Monti et al.’s (2000) study, who also recaptured marked P. cinereus at the station in which they had initially been found. Plethodon cinereus dispersal tends to be infrequent in mark-recapture studies but can be flexible (Cabe et al. 2007).  Plethodon cinereus have the potential to disperse over a very large area (adults up to 90 m) depending on whether there is suitable habitat that is also unsaturated with other individuals (Kleeberger and Werner 1982; Cabe et al. 2007). Additionally, the proportion of resighted salamanders during my study also tended to be inflated relative to data in Monti et al. (2000) because I did not uniquely mark individual salamanders, so I may have been recapturing the same individual on multiple occasions without knowing. Perhaps if I had marked each salamander uniquely, I would have observed detailed patterns of their individual movement within habitat types. However, given the large number of salamanders I encountered during my study P. cinereus (n= 1,759 marked; P. glutinosus n =238 marked), giving each individual a unique set of marks would have been nearly impossible because I would eventually run out of marking combinations, and this would have also been extremely time-consuming. 
Several of my models showed evidence of a positive correlation between the abundance of the two species. However, interspecific competition based on size-dependent interactions has been documented between adult P. cinereus and juvenile P. glutinosus, significantly reducing P. glutinosus growth (Prince and Secki-Shields 2002). However, the contradiction between my results and those of Prince and Secki-Shields (2002) may have been due to scale-dependent effects. Plethodon cinereus and P. glutinosus apparently responded in similar ways to the same complex set of habitat variables at the array-level. However, the two species tended to occur under the same coverboard less frequently than predicted by chance alone (Table 10). My results suggests that on a fine scale, P. cinereus and P. glutinosus may tend to avoid one another, which supports the findings of Bowers and Brown (1982) in their study of desert rodent communities in the American Southwest. They found that similar-sized species tended to occur less frequently than predicted at the local scale likely due to effects of competition, however this effect disappeared at a larger spatial scale A similar pattern could have been occurring in my study, at the array-level. However, on a smaller scale, it is important to understand size-based competitive interactions between ecologically similar species, as this allows us to also understand their abundance and distribution (Price and Secki-Shields 2002). Although very local competition among P. cinereus and P. glutinosus may have affected my findings, analyzing whether competitive interactions affected spatial distribution of salamanders throughout habitats and topography types was outside the scope of my study but should still be considered. 

[bookmark: _Toc80970574]Differences in predictor variables among habitat and topography types 
Given the importance of certain predictor variables in affecting salamander distribution, it may be important to ask how we might understand the nature and distribution of the predictors among habitat and topography types. While there were considerable differences in plant species composition between invaded and uninvaded habitats, there was no difference in composition among uphill, edge, and downhill sites, suggesting that vegetation characterizing invaded and uninvaded habitats is primarily influenced by factors other than microtopography. Ultimately, pale swallowwort and black cohosh drove the distinct separation between habitat types, as they were the most common plant species within my study area. Pale swallowwort’s aggressive growth and ability to twine and sprawl contributes to its successful competition against pre-existing vegetation, resulting in large, dense monocultures (Weston et al. 2005; Douglass et al. 2011). Additionally, swallowwort is successful in establishing and surviving across a range of disturbance regimes and can grow in a variety of different habitat conditions (Averill et al. 2010), which may explain why swallowwort grew well in all three topography types.
Temperature, relative humidity, soil moisture, and leaf litter depth varied spatially and temporally among habitat and topography types. Topography, even on a micro-scale, can be a source of environmental heterogeneity in forest communities (Dwyer and Merriam 1981; Moeslund et al. 2013). Higher soil moisture and relative humidity within invaded habitats could be explained by pale swallowwort’s dense growth form (Weston et al. 2005), reducing light penetration and evaporation, and increasing moisture retention. Similarly, other studies report on plant invasions altering soil moisture, microclimate, and leaf litter decomposition (Ashton et al. 2005; Wolkovich et al. 2009; Williams and Ward 2010; Watling et al. 2011; Ruckli et al. 2013; Si et al. 2013; Kuebbing et al. 2014).
Regarding arthropod communities, invasive plants can affect arthropods differently and sometimes without notice, but this also depends on specific habitat requirements of the resident taxa and their life stages (Litt et al. 2014). Furthermore, Torma et al. (2014; 2019) and Alsfeld et al. (2009) highlighted the importance of microtopography-driven differences in shaping arthropod assemblages, which was indirectly related to microtopographic variation and directly to differences in vegetation parameters.
Lastly, studies have reported that plant invasions elevate soil pH in eastern deciduous forests (Ehrenfeld et al. 2001). However, soil pH levels were all within neutral range for my study, suggesting that soil pH did not share any obvious relationships with habitat type. Similarly, Simmons et al. (2011) also found no distinct differences in soil pH among topographic positions in Garland, Texas, and Beatty (1984) also found no differences between pH and microsites within hemlock-dominated areas but did find microsite heterogeneity significantly differed in non-hemlock sites, in Rensselaerville, New York. In particular, Beatty’s (1984) study shows that pH is more related to vegetation parameters rather than topography. 

[bookmark: _Toc80970575]Conclusions
My study was the first of its kind to investigate pale swallowwort’s impacts on any amphibian species, and more notably, was also the first of its kind to investigate the effects of swallowwort on any Plethodon species and will contribute to the growing body of literature surrounding the study of invasive species effects on amphibians and their microhabitats. There was no clear, direct effect of pale swallowwort on relative salamander abundance and distribution, but I consistently found variation in biotic and abiotic parameters among habitat and topography types. However, habitat heterogeneity is common in forested ecosystems (Moeslund et al. 2013). My hypotheses regarding relative salamander abundance, microhabitat, microclimate, and prey availability differing significantly between invaded and uninvaded habitats and topography types were partially supported. Plethodon cinereus and P. glutinosus abundance, microhabitat, and microclimate, did vary among habitat and topography types, but were strongly influenced by indirect effects of microtopography. My hypothesis stating there would be differences in prey availability among habitats and topography types was not fully supported because arthropod abundance during May and September were similar between habitats and slightly differed among topography types only in May. 
Given the lack of any negative impacts of swallowwort on terrestrial salamanders at my study site, from a conservation perspective, the alteration of forest landscapes through invasive plant removal or physical transformation could have important implications for plethodontid distribution, especially because they have highly permeable skin and rely entirely on cutaneous respiration, thereby restricting them to a narrow range of habitat requirements. Since plant cover is an important component making up salamander microhabitat and climate, the potential impacts associated with invasive plant removal from northeastern forests should be carefully assessed, as the presence of invasive plant stands may provide plethodontids additional habitat and favorable microclimates during periods of extreme weather, especially as dry spells and elevated temperatures become increasingly prevalent. Thus, we should not automatically assume that the presence of invasive plant species will directly harm native salamanders and amphibians. 
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 Tables

Table 1. Global R values generated from the ANOSIM that tested for significant differences in plant species composition among habitat and topography types at Oatka Creek Park. Global R values closer to “1” indicate high separation/ distinction between and among the levels of habitat and topography. Bold values denote statistical significance (Clarke and Gorley 2015).   
	
	2019
	2020

	Habitat
	0.797
	0.892

	Topography
	0.053
	0.062




Table 2. The five most abundant plant species with the highest average percent cover contributing the highest similarity percentages for differences observed between habitat types in 2019 and 2020 at Oatka Creek Park.  
	
	Abundance
	Contribution (%)
	

	
	2019
	2020
	2019
	2020
	Habitat Type

	Actaea racemosa
	3.63
	3.60
	47.26
	51.24
	Uninvaded

	Galium circaezans
	2.41
	2.31
	21.57
	22.32
	Uninvaded

	Parthenocissus quinquefolia
	1.43
	0.95
	11.87
	7.15
	Uninvaded

	Geranium maculatum
	1.24
	0.87
	7.99
	6.46
	Uninvaded

	Vincetoxicum rossicum
	7.84
	7.53
	87.41
	94.81
	Invaded



 





Table 3. The five most abundant plant species with the highest average percent cover contributing the highest similarity percentages for differences observed within edge topography sites in 2019 and 2020 at Oatka Creek Park.  Across habitat types, average similarity for edge sites in 2019 and 2020 was 52.38% and 49.77%, respectively. 
	
	Abundance 
	Contribution (%)

	
	2019 
	2020 
	2019 
	2020

	Vincetoxicum rossicum
	4.37
	3.68
	60.36
	59.58

	Actaea racemosa
	2.12
	1.63
	14.58
	15.72

	Galium circaezans
	1.90
	1.80
	12.00
	15.52









Table 4. The five most abundant plant species with the highest average percent cover contributing the highest similarity percentages for differences observed within uphill topography sites in 2019 and 2020 at Oatka Creek Park.  Uphill site similarity was 46.69% in 2019 and 52.43% in 2020.
	
	Abundance 
	Contribution (%)

	
	2019 
	2020 
	2019 
	2020

	Vincetoxicum rossicum
	3.73
	3.97
	52.13
	68.38

	Actaea racemosa
	2.62
	1.79
	23.45
	16.83

	Galium circaezans
	1.37
	0.97
	7.41
	3.85

	Parthenocissus quinquefolia
	0.83
	0.70
	4.97
	3.96








Table 5. The five most abundant plant species contributing the highest average percent cover contributing the highest similarity percentages for differences observed within downhill topography sites in 2019 and 2020 at Oatka Creek Park.  Similarity for this site in 2019 was 43.17% and 49.94% in 2020.
	
	Abundance 
	Contribution (%)

	
	2019 
	2020 
	2019 
	2020

	Vincetoxicum rossicum
	3.77
	3.80
	52.08
	54.69

	Actaea racemosa
	2.63
	2.63
	28.17
	25.16

	Galium circaezans
	1.14
	1.11
	6.48
	5.55

	Geranium maculatum
	0.87
	0.70
	5.18
	3.73









Table 6.  Best P. cinereus abundance models (ΔAICc < 2) excluding temperature and relative humidity data for 2019 and 2020. Bold values denote significance. 
	Year
	Rank
	AICc
	ΔAICc
	Wi
	Variable
	β

	2019
	1
	184.48
	0.00
	0.68
	P. glutinosus
	0.93

	
	
	
	
	
	Topography
	

	
	
	
	
	
	Edge
	1.50

	
	
	
	
	
	Down
	-10.20

	
	
	
	
	
	Leaf Litter
	1.48

	2019
	2
	186.24
	1.77
	0.28
	
P. glutinosus
	1.00

	
	
	
	
	
	Topography
	

	
	
	
	
	
	Edge
	-0.93

	
	
	
	
	
	Down
	-11.09

	
	
	
	
	
	SW Cover
	-0.76

	
	
	
	
	
	Leaf Litter
	1.21

	2020
	1
	203.28
	0.00
	0.79
	
P. glutinosus
	1.65

	
	
	
	
	
	Topography
	

	
	
	
	
	
	Edge
	-62.48

	
	
	
	
	
	Down
	-35.75

	
	
	
	
	
	May Arthropods
	-0.62
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Table 7. Best P. glutinosus abundance models (ΔAICc < 2) excluding temperature and relative humidity data for 2019 and 2020. Bold values denote significance, and the asterisk represents biological significance (p= 0.058).
	Year
	Rank
	AICc
	ΔAICc
	Wi
	Variable
	β

	2019
	1
	149.51
	0.00
	0.41
	P. cinereus
	0.171

	


	
	
	
	
	Topography
	

	
	
	
	
	
	Edge
	5.58

	
	
	
	
	
	Down
	3.66

	2019
	2
	149.76
	0.25
	0.36
	P. cinereus
	0.171

	
	
	
	
	
	Topography
	

	
	
	
	
	
	Edge
	5.54

	
	
	
	
	
	Down
	2.23

	
	
	
	
	
	Moisture
	3.60*

	2019
	3
	150.90
	1.40
	0.20
	P. cinereus
	0.22

	
	
	
	
	
	Topography
	

	
	
	
	
	
	Edge
	5.70

	
	
	
	
	
	Down
	2.85

	
	
	
	
	
	Moisture
	0.57

	
	
	
	
	
	SW Cover
	0.04

	2020
	1
	127.65
	0.00
	0.46
	Moisture
	3.10

	2020
	2
	128.01
	0.36
	0.39
	P. cinereus
	2.69

	
	
	
	
	
	Moisture
	5.54
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Table 8. Best P. cinereus abundance models (ΔAICc < 2) including average minimum daily temperature and average maximum daily relative humidity data for 2019 and 2020. Bold values denote significance.
	Year
	Rank
	AICc
	ΔAICc
	Wi
	Variable
	β

	2019
	1
	154.24
	0.00
	0.94
	Topography
	

	
	
	
	
	
	Edge
	-0.85

	
	
	
	
	
	Down
	-15.25

	
	
	
	
	
	P. glutinosus
	1.09

	
	
	
	
	
	Leaf Litter
	1.69

	2020
	1
	188.49
	0.00
	0.69
	Topography
	

	
	
	
	
	
	Edge
	-81.65

	
	
	
	
	
	Down
	-41.15

	
	
	
	
	
	Temperature
	-7.28

	2020
	2
	190.36
	1.87
	0.27
	Topography
	


	
	
	
	
	
	Edge
	-95.73

	
	
	
	
	
	Down
	-46.36

	
	
	
	
	
	Temperature
	-6.31

	
	
	
	
	
	Moisture
	3.41





Table 9. Best P. glutinosus abundance models (ΔAICc < 2) including average minimum daily temperature and average maximum daily relative humidity data for 2019 and 2020. Bold values denote significance.
	Year
	Rank
	AICc
	ΔAICc
	Wi
	Variable
	β

	2019
	1
	125.49
	0.00
	0.91
	P. cinereus
	0.24

	2020
	1
	118.00
	0.00
	0.81
	SW cover
	0.062















[bookmark: _Hlk79927305]Table 10. Proportion of coverboards containing P. cinereus only, P. glutinosus only, both, and the expected outcomes for both species during several 2019 and 2020 sample dates.
	
	24-Aug 2019
	3-Sep 2019
	10-Sep 2019

	P. cinereus
	0.53
	0.57
	0.68

	p. glutinosus
	0.47
	0.32
	0.27

	Both
	0.00
	0.11
	0.051

	Expected both
	0.25
	0.18
	0.18




	
	4-Aug 2020
	17-Aug 2020
	10-Sep 2019

	P. cinereus
	0.46
	0.50
	0.52

	P. glutinosus
	0.50
	0.38
	0.35

	Both
	0.042
	0.12
	0.13

	Expected both
	0.23
	0.19
	0.18
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[bookmark: Figures]Figure 1. nMDS ordination plots comparing vegetative species composition between mixed and swallowwort habitats and topography types at the Oatka Creek Park study site during 2019 and 2020. U, E, and D, represent uphill, edge, and downhill topography types. I pretreated data with square root transformations and ran ordinations on Bray-Curtis similarity matrices generated from the transformed data. 
Figure 2. Average leaf litter depth (mm) per coverboard array during 2019 and 2020. Error bars represent ± 1 standard deviation. 








Figure 3. Average soil pH per coverboard array during 2019 and 2020. Error bars represent standard deviation.

Figure 4. Average percent soil moisture per coverboard array during July, August, and September 2019 and 2020 using the Vernier LabQuest. Error bars represent standard deviation. 







Figure 5. Average daily minimum temperature (°C) and maximum relative humidity (%) data per coverboard array during July to November 2019. Error bars represent standard deviation. 







Figure 6. Average daily minimum temperature (°C) and maximum relative humidity (%) data per coverboard array during March to June 2020. Error bars represent standard deviation. 







Figure 7. Average arthropod abundance (number of individuals) per coverboard array during May and September 2020. Error bars represent standard deviation. 





Figure 8. Plethodon cinereus and P. glutinosus abundance (average number of individuals/ array) from July to November 2019 for habitat and topography types. The error bars represent ±1 standard error.







Figure 9. Plethodon cinereus and P. glutinosus abundance (average number of individuals/ array) from March to October 2020 for habitat and topography types. The error bars represent ±1 standard error.






Figure 10. Average P. cinereus and P. glutinosus abundance (number of detected individuals) per coverboard array during 2019 and 2020. Error bars represent standard deviation. 
[bookmark: _Toc80970579]Appendices 

[bookmark: _Toc80809385][bookmark: _Toc80970580]Salamander study maps of Oatka Creek Park
[bookmark: _Toc70430820][bookmark: _Toc79921902][bookmark: _Toc80809386][bookmark: _Toc80970581]Figure 1. Map of Oatka Creek Park, Wheatland, Monroe County, NY. The red place marker indicates where I conducted my salamander field study. 


Figure 2. Topographic map of Oatka Creek Park from 1934 depicting the gypsum mine entrance. The red place marker indicates my study area location. 
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2. Vegetation and microhabitat statistical results from PRIMER-e 

ANOSIM test results for pairwise topography type comparisons 
	
	Uphill & Downhill
	Uphill & Edge
	Edge & Downhill

	2019
	0.036
	0.044
	0.078

	2020
	0.047
	0.053
	0.09


 

SIMPER average dissimilarity test results for pairwise topography type comparisons 
	
	Uphill & Downhill
	Uphill & Edge
	Edge & Downhill

	2019
	56.20
	51.56
	54.78

	2020
	50.38
	50.59
	52.70
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Functional connectivity is the extent of movement across a landscape resulting from spatial arrangement and landscape features, as well as the actual movement behavior of organisms in response to these features (Kindlmann and Burel 2008). In particular, understanding functional connectivity when salamander movement behavior varies among habitat types may help identify barriers to dispersal and predict species distribution in relation to perceived habitat quality features, such as the presence of invasive species (Connette and Semlitsch 2013). To determine whether P. cinereus exhibited context-dependent movement behavior in response to different substrate types, I hand-harvested swallowwort stems, leaves, and roots, as well as native plant species that are commonly found in salamander habitat: licorice bedstraw (Galium circaezans), wild geranium (Geranium maculatum), white snakeroot (Ageratina altissima), Virginia creeper (Parthenocissus quinquefolia), and jumpseed (Persicaria virginiana) during August 2020. I dried swallowwort plants separately from the native species at 65°C for 2 h and at 35°C for approximately 5 d (Douglass et al. 2011). I placed dried plant parts in separate Ziploc plastic bags and hand-crushed those until a mixture of evenly sized pieces were obtained. 
I constructed 12 experimental terrariums using two, 30.5 cm in diameter, 8.1 cm-deep, clear plastic deep dish plant saucers with numerous 0.16 cm drilled air openings (Figure 1). I separated each terrarium into three, 10.2 cm sections using hand cut 1.3 cm-thick wood partitions that were level with the substrate to prevent mixing of the treatments, but that permitted test salamanders to move freely among sections. I placed an even layer of dampened Eco Earth® coconut fiber substrate across the bottom half of each terrarium. In the first section (“SW”), I evenly spread the prepared swallowwort tissue across the coconut substrate and placed an additional layer of dampened coconut substrate on top of the plant tissue. I followed this procedure for the native plant tissue in the second section of the terrarium (“mixed”). The last section intentionally did not contain any plant material and consisted of only coconut substrate (“bare”). All surfaces of the sections were equal in height. I furnished each section of the terrarium with one, equally-sized untreated maple cover object to provide a refuge and prevent desiccation of salamanders. 
In September 2020, I collected 20 P. cinereus adults from the Brockport Woodlot on the SUNY Brockport Campus in Brockport, Monroe County, NY. I collected salamanders from a location outside the study site to ensure I did not disrupt the Oatka Creek Park population and also ensure a non-biased response to the leachates, as swallowwort was absent from the area where I collected salamanders. I marked each salamander with a unique fluorescent elastomer for identification and recorded their capture location into a GPS to ensure I released them back to the same location after the experiments. When I was not testing salamanders, they were housed in separate 10-gallon (75.7 L) terrariums that were lined with moistened coconut substrate and contained several wooden cover objects to provide refuges. I fed them flightless Drosophila melanogaster fruit flies once daily. The experimental trials ran from September 2020 to October 2020. I began each trial by placing a single salamander in the center of each terrarium. They were then given a 1 h acclimation period before I began recording their location. After the initial adjustment period I recorded their location (M=mixed, SW=swallowwort, B=bare) once an hour for 12 h. I tested each salamander on five separate occasions. In between trials, I cleaned the terrariums and changed the plant and substrate materials. 
When I placed salamanders in the terrariums, many of them quickly and randomly moved to a cover object and remained there throughout the majority of the experiment. Some individuals, however, switched substrate areas and cover objects throughout the duration of the experiment, but this occurred infrequently.  
I used a one-way ANOVA to determine if there was a difference in the average number of hourly visits among the three substrate types. There was no significant difference in the average number of visits among substrate types (F= 0.09; MSE=149.58; p= 0.92). Bare substrate was frequented the most at 20.90 observations, followed by mixed at 20.30, then swallowwort at 19.30 (Figure 2). 
The results of my terrarium experiment confirm that P. cinereus does not show sensitivity towards swallowwort litter because I did not observe any behavioral movements for P. cinereus that indicated a negative reaction to the leachates. In fact, salamanders frequented all substrate types, even bare areas where leaf litter was absent Therefore, I concluded that invasive swallowwort leachates do not pose a direct immediate threat to P. cinereus and are not an identifiable barrier to their dispersal and distribution, at least in an experimental setting. For a future study, I recommend observing dispersal patterns of P. cinereus in the field using a passive integrated transponder (PIT) system to gain further insight on how swallowwort patches containing leachates affects their, movement, spatial distributions, microhabitat selection, and site fidelity (Connette and Semlitsch 2012).
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Description automatically generated]Figure 1. Terrariums constructed for the salamander behavioral response leachate experiment. Each section contained leached leaf litter topped with coconut substrate and circular wooden cover objects. The sections were separated by wooden partitions. To avoid salamanders escaping, a clear piece of glass was placed on top of the terrarium. 

[image: ]Figure 2. Average number of visits to each substrate type by salamanders. Error bars represent standard deviation, and the letters represent statistical significance (One-way ANOVA, F= 0.09; MSE=149.58; p= 0.92). Substrate types with different letters indicates significance.
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