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Abstract 

Although habitat amount, fragmentation, and connectivity are thought to be 

important drivers of biodiversity, their independent effects have not been evaluated. We 

selected 70 forested sites in Ontario, Canada, such that forest amount, fragmentation 

(number of patches), and structural connectivity (treed corridors) in the surrounding 

landscapes were uncorrelated. We surveyed forest small mammals at each site and 

estimated the relative effects of the three landscape variables on individual species’ 

abundance and occurrence and total species diversity. Most responses had high 

variability, with 95% confidence intervals crossing zero. Configuration variables 

(fragmentation and connectivity) generally had stronger effects on small mammals than 

forest amount. Fragmentation increased small mammal diversity but had variable effects 

on individual species responses. Unexpectedly, species diversity and individual species 

occurrence declined with structural connectivity. Therefore, landscape management 

aimed at decreasing fragmentation or increasing structural connectivity will not benefit 

all forest small mammals in this region.  
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1.0 Introduction 

Human activities have already altered about 46% of the earth’s land cover, making it 

critical to understand how to conserve species in human-altered landscapes (Riggio et al., 

2020). Human-modified landscapes support fewer species, especially habitat specialists 

(Barnes et al., 2014; Newbold et al., 2018; Gentili et al., 2014). Three aspects of 

landscape change that are often suggested to play a role in species declines are habitat 

loss, habitat fragmentation, and reduced habitat connectivity (Barnes et al., 2014; Crooks 

et al., 2017; Pardini et al., 2010; Xu et al., 2019; Haddad et al., 2017). However, while 

the importance of habitat loss is generally acknowledged, the relative roles of these three 

landscape changes are debated (Fletcher et al., 2018; Fahrig et al., 2019; Lindenmayer et 

al., 2020). 

Declining habitat amount is generally thought to play a crucial role in declining 

species diversity and abundance (Fischer & Lindenmayer, 2007; Potts et al., 2010; 

Barnes et al., 2014; Pardini et al., 2010). Across taxa, habitat amount is a good predictor 

of occupancy (Fuentes-Montemayor et al., 2017) and species richness and density 

(Pardini et al., 2010; Melo et al., 2017; Nupp & Swihart, 2000; Watling et al., 2020).  

For forest species, a higher forest amount increases species’ abundances (Rodríguez-San 

Pedro & Simonetti, 2015), lowers predation risk (Clermont et al., 2017), and improves 

species’ survival (Zitske et al., 2011), allowing for a greater diversity of species (Melo et 

al., 2017). 

  Habitat fragmentation is also thought to reduce species diversity and abundance 

(Fletcher et al., 2018; Vieira et al., 2009). Habitat fragmentation occurs when habitat is 

distributed in patches separated by other land covers, generally referred to as the “matrix” 
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(Jennersten, 1988). Forest fragmentation may be harmful to species whose habitat is 

solely in the interior forest, i.e. forest interior specialists, as it increases the amount of 

forest edge and decreases the amount of forest interior in a landscape (Fletcher et al., 

2018, Pardini et al., 2010). Increased edge can favour generalists over forest specialists 

(Bender et al., 1998), changing species composition (Fletcher et al., 2018; Anderson et 

al., 2003). Compared to the forest interior, forest edges can increase the risk of predation 

and have higher levels of parasitism (Wolf & Batzil, 2004; Séchaud et al., 2021; Dijak & 

Thompson, 2000). However, forest small mammal species may respond positively to 

forest edges (Anderson et al., 2006; Buckner & Shure, 1985; Nupp & Swihart, 2000). 

Forest edges have a greater diversity of plants (Anderson et al., 2003) and produce more 

preferred seeds for small mammals than the forest interior (Wolf & Batzil, 2004). 

   To determine the relative effects of habitat loss and habitat fragmentation, they 

must be measured and studied independently of each other (Fahrig 2003). Indeed, studies 

that identify large negative effects of habitat fragmentation typically measure it in ways 

that combine fragmentation with habitat loss (e.g. Crooks et al., 2017; Nupp & Swihart, 

1996; Vieira et al., 2009). Considering fragmentation independent of habitat amount, 

called “fragmentation per se” (Fahrig 2003; Fig. 1), requires varying the number of 

habitat patches while controlling for the effects of habitat amount (e.g., Watling et al., 

2020; Rodríguez-San Pedro & Simonetti, 2015). A review of the effects of fragmentation 

per se on ecological responses (diversity, abundance and movement success) found that 

76% of significant effects of fragmentation per se were positive (Fahrig, 2017). One of 

several possible mechanisms for this is increased habitat heterogeneity, where habitat 

patches occur across a broader range of conditions in a more fragmented landscape, 
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potentially increasing species richness (Stein et al., 2014; Slancarova, 2013). Thus, 

habitat fragmentation may not be harmful to most species when controlling for habitat 

amount.  

In addition to habitat amount and habitat fragmentation, habitat connectivity may 

play an important role in species persistence (Xu et al., 2019; Haddad et al., 2017; Saura 

et al., 2014; Chisholm et al., 2011). Connectivity is the degree to which a landscape 

facilitates the movement of organisms between habitat patches (Marotte et al., 2017; 

Taylor et al., 1993). Higher connectivity may increase diversity and abundance by 

increasing movement and, thus, gene flow (Cushman, 2006; Saura et al., 2014; King et 

al., 2002; Gilbert et al., 2010). Although connectivity is about the movement of 

organisms, actual connectivity measures vary in the degree to which species’ movement 

responses to the landscape are considered. Thus, connectivity measures can be placed on 

a gradient from purely “functional connectivity” to “structural connectivity”. Functional 

connectivity is species-specific and considers how all landscape elements interact with a 

species’ behavioural and other attributes to facilitate (or impede) movement through a 

landscape (Baudry & Merriam, 1988). In contrast, structural connectivity is usually 

equated with physical linear habitat corridors, with an underlying assumption that species 

are most likely to move between patches linked by corridors of the same habitat type as 

the habitat patches (Metzger & Décamps, 1997). Thus, structural connectivity represents 

the degree to which patches are physically connected by similar habitat.  

Support for structural connectivity increasing movement is mixed. A meta-

analysis found that corridors increased the movement of invertebrates, non-avian 

vertebrates and plants (Norton et al., 2010). However, a study on two Australian rodents 
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(Melomys cervinipes and Uromys caudimaculatus) found that while individuals travelled 

through corridors, genetic differentiation still occurred between populations linked by 

corridors (Horskins et al., 2006). This suggests a limited effect of corridors on successful 

inter-patch movement.  

Further, species diversity and abundance have shown mixed responses to 

structural connectivity. Some small mammal studies have found that structural 

connectivity has weak effects on diversity and abundance (Fisher & Merriam, 2000; 

Rizkalla et al., 2009) and that treed corridors do not increase gene flow (Anderson et al., 

2015). However, other studies have found that corridors increase the diversity of forest 

plants (Lenoir et al., 2021) and the abundance of small mammals and butterflies 

(Mortelliti et al., 2011; Haddad et al., 2003).  

One possible reason for the mixed responses to structural connectivity is that 

corridors can serve as additional habitat for some species but not others. For example, 

small mammal species such as the Eastern chipmunk (Tamias striatus) and the hazel 

dormouse (Muscardinus avellanarius) may use treed corridors as foraging and breeding 

habitat (Silva & Prince, 2008; Wolton, 2009). Both specialist and generalist small 

mammals may use corridors as habitat, especially if preferred habitat availability is low 

(Gelling et al., 2007). Similarly, forest plants can use corridors as habitat, despite the 

difference in conditions between corridors and forests (Wehling & Diekmann, 2009). If a 

positive effect of corridors results from the addition of habitat and not from facilitating 

movement between patches, we would expect positive effects of structural connectivity 

on species that use corridors as habitat, but weak (or no) effects on species that do not use 

corridors as habitat.  
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Thus, while habitat amount generally increases the abundance and diversity of 

species, the independent effects of habitat fragmentation and structural connectivity are 

less clear. To our knowledge, Mortelliti et al. (2011) is the only study that has attempted 

to estimate the independent effects of forest amount, fragmentation per se and structural 

connectivity on small mammals, in their case, the red squirrel (Sciurus vulgaris) and the 

hazel dormouse (M. avellanarius). They found that habitat amount had the largest 

(positive) effect on occurrence, followed by connectivity (positive) and fragmentation 

(positive). However, structural connectivity may have been confounded with habitat 

amount because Mortelliti et al. did not include the corridors in their calculation of 

habitat amount, even though the hazel dormouse can use corridors as habitat (Wolton, 

2009).  

   We investigated the independent effects of forest amount, fragmentation and 

structural connectivity on the species diversity, relative abundance and occurrence of 

forest small mammals in Eastern Ontario, Canada. Fragmentation was the number of 

forest patches in the landscape (Henein et al., 1998; Patterson & Malcolm, 2010). We 

defined connectivity as the percentage of patches connected, directly or indirectly, to the 

sampled forest patch via wooded corridors, i.e. patch connectivity (see Fig. 1). Forest 

amount was expected to have the strongest (positive) effect on small mammal diversity 

and species abundance and occurrence. Fragmentation was expected to weakly increase 

individual species’ abundance, occurrence and small mammal diversity due to increased 

access to more productive forest edges and increased habitat heterogeneity (Slancarova et 

al., 2013). We expected the fragmentation effect to be weaker than the forest amount 

effect. Although forest edges might provide productive foraging habitat, this benefit 
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might be balanced by an increased risk of predation at forest edges (Wolf & Batzil, 2004; 

Séchaud et al., 2021; Dijak & Thompson, 2000). We expected structural connectivity to 

increase individual species abundance, occurrence and small mammal diversity by 

increasing movement and dispersal. Effects of structural connectivity were expected to be 

weaker than the other landscape variables because many small mammals are willing to 

cross the matrix (Bowman & Fahrig, 2002; Bakker & Van Vuren, 2004).  

2.0 Methods 

2.1 Overview 

We estimated the independent effects of forest amount, fragmentation (the 

number of forest patches), and patch connectivity (Fig. 1) on small mammal diversity, 

abundance and occurrence in 70 forested sites in Eastern Ontario, Canada (Fig. 2). We 

selected the sampling sites to minimize the correlations between forest amount, 

fragmentation and patch connectivity. We sampled small mammals using plastic 

footprint-tracking tubes lined with paper with a central ink pad (Rytwinski, 2006; Oddy 

et al., 2018; Nams & Gillis, 2003). As a small mammal crosses the inkpad, its tracks are 

left on the paper (Fig. 4). Footprints are then identified to species. We used footprint 

tracking data to calculate three diversity metrics and each forest species’ relative 

abundance and occurrence per site. Diversity per site was measured as species richness, 

Pielou’s evenness (Pielou, 1966) and Chao’s diversity index (Chao et al., 2005). Relative 

abundance per site was indexed as the total number of tracking tubes with a species 

presence per site. Occurrence was the probability of each species’ presence per site. We 

calculated the forest amount, fragmentation and patch connectivity in circular landscapes 

surrounding each sampling site with radii ranging from 750 – 2500 m. We modelled each 
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small mammal response as a function of the three landscape variables – forest amount, 

number of patches and patch connectivity. To determine the scale of effect (Jackson & 

Fahrig, 2012), we created eight models per response variable from 750 to 2500 m, in 

increments of 250 m. The scale of effect for each response was the scale where the model 

had the lowest corrected Akaike Information Criterion (AICc; Hurvich & Tsai, 

1993). The effect of each landscape variable was its standardized coefficient at the scale 

of effect. 

2.2 Study area 

Our study area was in Eastern Ontario, Canada, within 90 km of Ottawa (see Fig.  

3). This area falls within the Great Lakes-St. Lawrence forest region (OMNR, 2021). 

Forests in this region are primarily deciduous, with common trees being maple (Acer 

spp.), oak (Quercus spp.), and birch (Betula spp.; OMNR, 2021). Common coniferous 

trees are white pine (Pinus strobus), red pine (Pinus resinosa) and Eastern hemlock 

(Tsuga canadensis; OMNR, 2021). In this region, agriculture accounts for 48% of land 

use (OMNR, 2021b), and 39% of the area is treed (see land cover data). 

2.3 Land cover data 

For land cover data, we used the Wooded Area dataset of the Ontario Ministry of 

Natural resources (OMNR, 2021). This dataset has classes for forest patches and 

hedgerows. Forest patches are any area with vegetation >2 m tall, covering >60% of the 

area and patches must be ≥30m wide. Hedgerows are any linear treed features <30 m 

wide, which may or may not be connected to patches. We included forest patches and 

hedgerows in the total forest amount. For calculations of patch connectivity, we defined 



8 
 

corridors as hedgerows connected to forest patches with no treeless gaps >12 m, which is 

larger than a typical large tree crown width in our region (personal observation).  

Before calculating landscape variables, we compared the Wooded Area dataset 

with current satellite imagery and found inaccuracies in some of the Wooded Area’s 

classifications. We, therefore, digitized recent satellite imagery to update the Wooded 

Area dataset using QGIS (QGIS Development Team, 2019) and Google Earth satellite 

imagery (Google, 2019). We did not update areas for which we only found imagery 

during leaf-off periods, as forested areas are not visible in that imagery (~4% of the study 

area). For digitization, we divided the study area into 192 65-km2 squares. We then 

randomly divided the squares among three collaborators. All three collaborators first 

digitized one area together and then digitized another area separately to ensure similar 

results (<12% difference). We added any corridors not included in the Wooded Area 

dataset and removed any corridors that no longer existed. We updated the forest patches 

if the change in forest area between the Wooded Area dataset and satellite imagery was 

>0.25 ha. 

2.4 Site selection 

We began by identifying one potential sampling location per forest patch 

containing interior forest. We defined interior forest as any forest ≥100 m from a forest-

non-forest boundary (Fig. 3). The 100-m buffer was chosen because that is the distance 

within which edge effects have been found on vegetation and fungi (Gehlhausen et al., 

2000; Ruete & Jönsson, 2016), which are components of small mammal habitat 

(Brannon, 2005; Anderson et al., 2003). Sampling locations were 30 m x 30 m areas in 

the forest, at least 100 m from a forest edge, and located arbitrarily in the southwest 



9 
 

corner of the forest patch (Fig. 3). Initially, we had >1200 potential sampling sites. We 

reduced the number of potential sites by selecting sites that were easy to access (<1 km 

from roads), in either deciduous or mixed deciduous-coniferous forest, in forest patches ≤ 

121 ha, and ≥3000 m apart (to avoid spatial autocorrelation; Bowman et al., 2001b), 

resulting in 300 potential sites. As patch size can affect species density and composition, 

we avoided placing sites in forest patches >121 ha, i.e. the top 30% of the patch size 

distribution, to control for patch size effects (Bender et al., 1998; Pardini et al., 2010).  

We then selected 72 of the 300 potential sites to (i) maximize the range of each of 

the three landscape variables (forest amount, fragmentation and connectivity) within 

1500 m of the sampling sites (Fig. 2); (ii) minimize the correlations among the three 

landscape variables, and (iii) avoid regional gradients in the landscape variables. The 

latter minimized the potential confounding of the landscape variables with other variables 

(e.g. road density) that vary across the region. All 300 potential sites in the region were 

placed into one of eight classes, i.e. all combinations of low and high values of each of 

the three landscape variables. For each landscape variable, the “high” values were above 

the 60th percentile, and the “low” values were below the 40th percentile. Then we 

selected nine sites from each of these classes according to the criteria above. Note that we 

used the eight classes for site selection only. We used the landscape predictor variables, 

forest amount (m2), number of patches, and patch connectivity (%) as continuous 

variables in data analysis. We had to remove two sites from our study due to landowner 

issues at one site and unexpected foot traffic at the other. One site had low forest amount, 

high fragmentation and low connectivity, and the other had high forest amount, low 

fragmentation and high connectivity. These two sites were removed before collecting any 
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small mammal data, resulting in 70 final sampling sites. Sampling locations were initially 

in the Southwest corner of the patches. However, we occasionally moved sampling 

locations within the patch to avoid standing water, be placed within mixed deciduous or 

deciduous areas, and avoid forest openings. All sampling locations were finalized before 

site setup and data collection. All landscape variables were calculated in the landscapes 

surrounding these final sampling locations. 

We chose 1500 m as the landscape radius during site selection because it is close 

to the home ranges of the two species anticipated to be most abundant, Peromyscus 

leucopus and Tamias striatus (Nupp & Swihart, 2000; Fisher & Merriam, 2000; Silva et 

al., 2005; Bowers et al., 1990). However, during data analysis, we used multiple potential 

landscape radii (750 – 2500 m). 

2.5 Small mammal sampling 

We used non-baited footprint tracking tubes to determine small mammal 

diversity, relative abundance and occurrence. A footprint tracking tube is a plastic pipe 

with a piece of paper inside and an “inkpad” stapled to the center of the paper (Fig. 4). 

When a small mammal runs through the tube, it crosses the inkpad, leaving behind a 

stamp of its footprint on the paper. The ink pad was a piece of waxed butcher paper with 

a 3:1 (by weight) mixture of carbon powder and paraffin oil dabbed onto it (Rytwinski, 

2006). A small piece of duct tape was used to attach the tracking paper to the tube to 

prevent removal by raccoons (Procyon lotor; Fig. 5). 

Each sampling site contained a grid of 36 tracking tubes spaced 6 m apart (Fig. 6). 

We placed tube grids parallel to our bearings when entering the forest but rotated grids to 

avoid large obstructions (boulders, fallen trees etc.) or standing water within the grid 
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area. We did not purposefully place tubes near logs or other areas to increase small 

mammal interest. We used four different tube sizes with diameters of 3.75 cm, 5 cm, 7.62 

cm and 10 cm. Tracking tube lengths were 30 cm for the two smaller tube sizes (3.75 cm 

and 5 cm) and  43.5 cm for the larger tube sizes (7.62 cm and 10 cm). The short tracking 

tubes had 30 cm long tracking papers, and the larger tubes had 35.56 cm long tracking 

papers. Tracking papers were four widths, 7 cm, 10 cm, 14 cm and 20 cm, for the four 

tube sizes. Inkpad squares were also four sizes, corresponding to the four tube sizes 6 x 6 

cm, 7 x 7 cm, 11 x 11 cm and 13 x 13 cm. Each sampling matrix had 9 tubes of each size. 

The four sizes were assigned positions in the matrix using a random number generator, 

edited to ensure each row and column had each tube size. All 70 sites had the same tube 

arrangement and the same number of tubes. 

We began by placing tracking tubes lined with papers without ink pads at all sites 

between May 4, 2020, and May 29, 2020, and left them for 14-21 days to allow animals 

to become accustomed to them. We then sampled bi-weekly, 4 times from June 1, 2020, 

to August 30, 2020. Every second week, we collected the old set of tracking papers and 

placed new, freshly inked papers in the tubes. 

We identified species footprints visually using records from previous studies in 

our area (Rytwinski et al., 2009; Martin & Fahrig, 2012). We counted the number of 

species present per paper. The number of individual tracks per paper was not recorded, as 

many papers had too many overlapping tracks to distinguish among them. Over the two-

week sampling period at each site, some papers were damaged by people, water, 

raccoons, or slugs. We recorded the condition of each paper (1- good, 2- some damage 

but readable, 3- unreadable).  
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2.6 Response variables 

We included only the seven forest-dwelling small mammal species in our region: 

white-footed mouse (Peromyscus leucopus), Eastern chipmunk (Tamias striatus), red-

backed vole (Myodes gapperi, previously Clethrionomys gapperi), Northern short-tailed 

shrew (Blarina brevicauda), American red squirrel (Tamiasciurus hudsonicus), woodland 

jumping mouse (Napaeozapus insignis) and Eastern grey squirrel (Sciurus carolinensis). 

We excluded three species that occurred in our samples but were not forest specialists 

(Silva & Prince, 2008): the house mouse (Mus musculus), meadow jumping mouse 

(Zapus hudsonius), and Eastern meadow vole (Microtus pennsylvanicus). 

We included three categories of response variables: diversity metrics, each 

species’ relative abundance, and each species’ occurrence. We standardized the diversity 

and relative abundance response variables. Diversity response variables were: species 

richness, Pielou’s evenness (Pielou, 1966) and Chao’s diversity index (Chao et al., 2005). 

Species richness per site (S) was the number of species observed across all four sampling 

periods at each sampling site. Pielou’s evenness was: 𝐽′ =
− ∑ 𝑝𝑖∗ln(𝑝𝑖)𝑆

𝑖=1

ln(𝑆)
, where pi was the 

proportion of all papers at the site with tracks of species i. The numerator of Pielou’s 

evenness is the Shannon-Weiner diversity index. Chao’s diversity index adjusts for the 

likely underestimation of rare-species abundances. We used the Chao1 diversity metric, 

appropriate for abundance measures (here, the number of papers with tracks). The 

formula was 𝐶ℎ𝑎𝑜1 =  𝑆𝑜𝑏𝑠 +
𝐹1(𝐹1−1)

2 (𝐹2−1)
, where F1 was the number of singleton 

species with 1 track recorded at a site, and F2 was the number of doubleton species with 

two tracks recorded at a site.  
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Species relative abundance was the total number of tracking papers containing a 

species’ footprints, summed across all four sampling periods for each site (max=144). 

Relative abundance is not a measure of absolute abundance, as a single individual could 

leave tracks in multiple tubes at a site. However, this measure has been previously shown 

to be a reliable index of abundance (Fahrig and Merriam, 1985). We had sufficient 

tracking data to create relative abundance models for five of the seven species: P. 

leucopus, T. striatus, M. gapperi, B. brevicauda and T. hudsonicus. We could not create a 

relative abundance index for N. insignis or S. carolinensis as they had zero abundance at 

most sites (Fig. 7).  

Species occurrence was a binary response, where 0 indicated no tracks of a 

species at a site across all sampling periods and 1 indicated at least 1 track recorded for 

that species at a site. We had sufficient presence and absence counts to create occurrence 

models for five of the seven species: T. striatus, M. gapperi, B. brevicauda, T. 

hudsonicus and N. insignis. We could not create an occurrence model for P. leucopus or 

S. carolinensis, as the former was present at all sites and the latter was absent from most 

sites (Fig. 7).  

2.7 Landscape predictor variables 

We calculated the three landscape predictor variables in 8 nested circular 

landscapes centred on each sampling site, with radii from 750 m to 2500 m in 250 m 

increments. We chose 2500 m as the largest scale because the distribution of patch 

connectivity became dominated by outliers at scales >2500 m (Fig.  A). The smallest 

scale we evaluated (750 m) was chosen because this was the scale where all sites had at 

least 2 patches in the landscape, as required for estimating connectivity. Forest amount 
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was all forested area within a landscape, including all patches and hedgerows and any 

portions of patches and hedgerows that intersected the landscape boundary. Forest 

fragmentation was the number of forest patches in the landscape, including those that 

intersected the landscape boundary. Patch connectivity was the number of patches in the 

landscape connected to the focal patch (the patch with the sampling site) by corridors, 

divided by the number of patches in the landscape (excluding the focal patch), recorded 

as a percentage. Connections were corridors as defined above, and both direct and 

indirect connections were included (Fig. 1).  

2.8 Analysis 

We used generalized linear models for all response variables: linear models for 

the diversity and relative abundance responses and binomial models for the occurrence 

responses. All models contained the three landscape predictors and sampling effort. 

Sampling effort is the total number of tracking papers collected per site (excluding 

unrecovered papers or papers classed as 3 - unreadable) multiplied by the number of days 

the papers were in the tubes. For each response variable, we built a model at each spatial 

scale from 750 to 2500 m, with all three landscape predictors measured at that scale. We 

chose the scale of effect for each response as the scale where the model had the best fit or 

the lowest AICc (Moraga et al., 2019; Hurvich & Tsai, 1993). We standardized the 

landscape variables to compare their effects.  All models were run using R version 4.0.5 

(R Core Team, 2021). 

Once the scale of effect had been determined for each response variable, we 

considered three potential confounding variables: road density in the landscape, the 

Shannon diversity index of understory plants at the sampling site, and the percentage of 
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deciduous trees at the sampling site. We included confounding variables to ensure we 

correctly interpreted the effects of our three landscape variables. Road density affects 

small mammal abundances and movement (Rytwinski, 2006; Ford & Fahrig, 2008). Plant 

diversity affects plant-dependent small mammal species’ abundance and diversity (Stein 

et al., 2014), and deciduous trees increase the abundance of some small mammals 

(Bowman et al., 2001a; Schulte-Hostedde et al., 1997; Wolf & Batzli, 2004; Montiglio, 

2014). We calculated road density using the Ontario Road Network database (ORN, 

2021) as the area of roads (m2) in a landscape divided by the landscape area at the scale 

of effect. We sampled understory plants (<1 m in height) in eight 6.52 m2  quadrats 

spaced 6 m apart, once in May-June and once in July- August, for two records per 

sampling site (Gabriel, 2021). We calculated the Shannon diversity index of the 

understory plants based on the coverage of all plant species <1m in height. All trees ≥5 m 

tall were counted within one 4 m x 30 m transect per site. We calculated the percentage 

of deciduous trees as 100 x the number of deciduous trees / the total number of trees. We 

then calculated the Spearman’s Rho correlation between all confounding variables and 

between each confounding variable and each landscape variable at the scale of effect. 

Finally, we created three models, each with a different confounding variable, per 

response and kept confounding variables in the final model if they changed the 

interpretation of our results. All confounding variables were at the scale of effect 

determined previously. Each confounding model had the four predictor variables from the 

previous scale of effect modelling step; predictors were: the three landscape variables, 

sampling effort, and one confounding variable (either road density, understory plants 

Shannon diversity or percentage of deciduous trees). We compared each model 
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containing a confounding variable to the model without any confounding variables. We 

included a potential confounding variable in a final model if it changed the interpretation 

of the effect of any of our landscape variables of interest - forest amount, fragmentation, 

or connectivity. We included any confounding variable that 1) changed the sign of a 

landscape variable of interest or 2) changed the relative strength of a landscape variable 

of interest (Tables J-V).  

3.0 Results  

3.1 General 

Forest amount per site ranged from 15.1 – 81.6% at the smallest landscape radius 

(750 m) and 2.3 – 64.1% at the largest (2500 m). The number of forest patches per site 

ranged from 2 – 17 at the smallest radius (750 m) and from 11 – 86 at the largest radius 

(2500 m). Patch connectivity per site ranged from 0 – 100% at the smallest radius  

(750 m) and 0 – 67% at the largest (2500 m). The correlation between forest amount and 

the number of patches ranged from -0.215 – 0.223, depending on the scale (Table B). The 

correlation between forest amount and patch connectivity ranged between -0.214 and 

0.197, and the correlation between the number of patches and patch connectivity ranged 

between -0.049 and 0.025 (Table B-C). Spearman’s Rho correlation between 

confounding variables and landscape variables was low (<|0.5|; Table E-H), except for 

the correlation between patch connectivity and road density which ranged from -0.573 – -

0.427 (Table G). Correlations between confounding variables were low(<|0.5|; Table D). 

Ninety-one percent of all footprint tracking papers were recovered (Fig. 7).  A 

mean of 130.9 of 144 papers were recovered per site (Fig. 7). At two sites, there was a 

low percentage of papers recovered  (35.4% and 47.2%) due to damage by people, water, 
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slugs, or raccoons; all other sites had >65% of papers recovered (Fig. 5, Fig. 7). The 

average paper was in good condition (1.3), with 1 being good and 3 being unreadable 

(Fig. 4B).    

The mean forest species richness per site was 4 (range 2-6; Fig. 7). Mean Pielou’s 

evenness per site was 0.62 ± 0.16 (SE), with 0 being uneven and 1 being completely 

even. The mean Chao’s diversity index per site was 8.575 ± 1.86 (SE). The species in 

decreasing mean relative abundance (number of presences out of 144 papers) per site 

were P. leucopus with 32.74 ± 22.56 (SE), T. striatus with 24.29 ± 27.15, M. gapperi 

with 3.71 ± 3.33, T. hudsonicus with 1.66 ± 2.68, B. brevicauda with 1.54 ± 2.16, N. 

insignis with 0.33 ± 0.70 and S. carolinensis with 0.071 ± 0.26 (Fig. 7). The species in 

order of decreasing presence out of all 70 sites (%) were P. leucopus with 100.0%, T. 

striatus with 88.6%, M. gapperi with 84.3%, B. brevicauda with 60.0%, T. hudsonicus 

with 50.0%, N. insignis with 22.9% and S. carolinensis with 7.1% (Fig. 7). For a table of 

all detected species’ abundance and presence, see Table A. 

3.2 Scale of effect 

The scale of effect (the scale with the lowest AICc; Hurvich & Tsai, 1993; 

Jackson & Fahrig, 2012) depended on the response variable and ranged from the 

minimum scale of 750 m to the maximum scale of 2500 m. For species richness and 

Chao diversity, the scale of effect was 750 m, and for Pielou’s evenness, the scale of 

effect was 2000 m (Fig. B). For the relative abundance models, the scale of effect was 

1000 m for P. leucopus, 2500 m for T. striatus, M. gapperi and B. brevicauda, and  

1750 m for T. hudsonicus (Fig. C). For the occurrence models, the scale of effect was 

2250 m for T. striatus, 2500 m for M. gapperi, 750 m for B. brevicauda, 1000 m for T. 
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hudsonicus and 750 m for N. insignis (Fig. D). There was equal support for at least one 

other scale for most models (delta AICc<2; Burnham & Anderson, 2002; Fig. B-D). 

However, the T. striatus and B. brevicauda relative abundance models and the M. 

gapperi occurrence model all had a well-defined single scale of effect (Fig. B-D). 

3.3 Potential confounding variables 

For 8 of the 13 final models, the potential confounding variables did not change 

the signs of the landscape variable coefficients or their relative strengths and were not 

included in the final models (Table J-V). For Pielou’s evenness, adding understory plant 

Shannon diversity at the sampling sites changed the relative strength of patch 

connectivity from stronger than forest amount to equal forest amount (Table K). For the 

Chao diversity model, including road density in the surrounding landscape changed the 

effect of forest amount from negative to positive (Table L). For the T. striatus occurrence 

model, adding the understory plant Shannon diversity at the sampling sites changed forest 

amount from the weakest landscape variable to the second strongest landscape variable 

(Table R). For the M. gapperi occurrence model, including road density changed patch 

connectivity from negative to positive (Table S). For the T. hudsonicus occurrence 

model, including road density changed forest amount from the second strongest to 

weakest of the three landscape variables (Table U).  

3.4 Effects of forest amount, fragmentation and connectivity  

In eight of 13 final models, forest amount had a positive effect. The forest amount 

coefficients all had confidence intervals crossing zero. For the three diversity responses, 

the forest amount coefficients were very close to zero (Table 1, Fig. 8). The relative 

occurrence of M. gapperi had the strongest positive response to forest amount (β= 0.520),  
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and the relative abundance of T. striatus decreased with forest amount (β= -0.090), but its 

occurrence increased (β= 0.348; Fig. 9-10). Although some coefficient estimates were 

large (>0.5), the uncertainty was high. 

In seven of the 13 final models, the effects of forest fragmentation were positive 

with high uncertainty. The coefficients for forest fragmentation were positive for species 

richness and Chao’s diversity and negative for species evenness, though the confidence 

intervals all crossed zero (Fig. 8, Table 1). The individual species’ responses to forest 

fragmentation were variable, with positive coefficients in two of five models of species’ 

relative abundance and positive coefficients in three of five models of occurrence. The 

strongest responses to fragmentation were the positive response of T. striatus relative 

abundance (β= 0.266), the strong positive response of N. insignis occurrence (β= 0.533), 

and the negative responses of M. gapperi relative abundance and occurrence (β= -0.311, 

β= -0.769; Fig. 9-10, Table 2-3). 

The effect of patch connectivity was negative in nine of 13 final models. 

Connectivity coefficients were negative for all three diversity responses (Fig. 8, Table 1). 

As for forest amount and fragmentation, most of the confidence intervals for patch 

connectivity coefficients included zero, indicating high uncertainty (Fig. 8-10, Table 1-3). 

The strongest connectivity effects, with the lowest uncertainty, were the positive effects 

on the relative abundances of T. striatus and B. brevicauda (β= 0.306, β= 0.424) and a 

negative effect on the occurrence of N. insignis (β= -0.699; Fig. 9-10). Notably, while the 

relative abundance of T. striatus and B. brevicauda increased with connectivity, the 

occurrence of both species declined with connectivity; in more connected sites, T. striatus 

and B. brevicauda were less likely to occur, but their abundances were higher. 
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In most final models, the strongest effect size was patch connectivity (7/13 final 

models), followed by the number of patches (4/13 final models), followed by forest 

amount (2/13 final models; Table 1-3, Fig. 8-10). In seven of 13 final models, the number 

of patches had the second strongest effect size, and in eight of 13 final models, forest 

amount had the weakest effect size (Table 1-3). For the diversity models, patch 

connectivity was strongest in two of the three final models. The strongest effect for the 

relative abundance models was both forest amount (2/5 final models) and patch 

connectivity (2/5 final models). For the occurrence models, the strongest effect was patch 

connectivity in three of five final models, followed by fragmentation in two of five final 

models. 

4.0 Discussion 

Our results suggest that a fragmented landscape of many small, unconnected 

forest patches increases small mammal diversity and the occurrence of most forest small 

mammal species in forested sites in Eastern Ontario (Fig. 8, Fig. 10). Species occurrence 

increased with fragmentation for three of five species, Tamias striatus, Blarina 

brevicauda and Tamiasciurus hudsonicus. We speculate that the likelihood of 

colonization may be higher in a more fragmented landscape. For a given total amount of 

habitat, fragmentation per se reduces the distance between patches (Tischendorf et al., 

2005). Reducing interpatch distance may encourage movement and, thus, increase 

colonization (Saura et al., 2014). Colonization is essential for small mammals in the study 

region because these species undergo large population reductions during winter, leading 

to frequent local extinctions in forest patches (Middleton & Merriam, 1981; Baker & 

Brooks, 1981; Bowman et al., 2001b). Total dispersal, and therefore colonization, might 
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also be higher in a landscape with many small patches because the population density of 

many small mammal species increases with declining patch size (Nupp & Swihart, 1996; 

Rizkalla & Swihart, 2009; Moore & Swihart, 2005; Reunanen & Grubb, 2005;  

Fig. 11(1) ). Therefore, in highly fragmented landscapes with many small patches, the 

number of colonists available should be higher than in less fragmented landscapes with 

fewer, larger patches. Positive fragmentation effects could also be from positive edge 

effects due to increased shrub diversity near forest edges (Perea et al., 2011; Benedek & 

Sîrbu, 2018; Darling et al., 2019). 

The negative responses of forest small mammal diversity and occurrence to 

structural connectivity were unexpected (Fig. 8, Fig. 10). We speculate that corridors 

connected to forest patches might act as ecological traps if predators are more abundant 

in corridors and small mammals are more likely to travel through corridors than across 

the matrix (Fig. 11(2)). This idea is consistent with work showing that corridors increase 

the occurrence of some small mammal predators, including long-tailed weasels, coyotes, 

raccoons and domestic cats (Silva & Prince, 2008; Gehring & Swihart, 2003; Gehring & 

Swihart, 2021). Additionally, although some small mammal species are willing to cross 

open spaces (Bakker & Van Vuren, 2004; Bowman & Fahrig, 2002), they may prefer to 

use areas with more overhead cover, such as corridors (Bakker & Van Vuren, 2004; 

Sullivan & Sullivan, 2014, Clermont et al., 2017; Perea et al., 2011; Rizkalla & Swihart, 

2007). If corridors are ecological traps, the likelihood of colonization of a patch may be 

lower when connected to other patches via corridors than when other patches are nearby 

but separated by the matrix. The impact of lower colonization would be elevated during 

spring when agricultural fields are more barren, strengthening small mammals’ 
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preference to travel through corridors instead of through the matrix (Cummings & 

Vessey, 1994; Butet et al., 2010; Fischer & Schröder, 2014). 

In contrast to the trends for species occurrence and species diversity, the 

occurrence of the red-backed vole Myodes gapperi (previously Clethrionmys gapperi) 

and the woodland-jumping mouse Napaeozapus insignis declined with fragmentation 

(Fig. 10). We speculate that fragmentation reduces the likelihood of M. gapperi and N. 

insignis colonizing patches and reduces their abundances due to adverse edge effects. 

Both species are forest specialists and may be less willing to cross the matrix than other 

small mammal species (D’Amico et al., 2015; Sekgororoane & Dilworth, 1995; Menzel 

et al., 1999; Sullivan & Sullivan, 2014; Bowman et al., 2001a). In addition, both species 

are associated with moist environments and food sources such as fungi that are found in 

forest interiors (Brannon, 2005; Tisell, 2018; Orrock et al., 2003; Whitaker, 1963; 

Stephens, 2018), and maybe less abundant in drier forest edges (Malmivaara-Lämsä et 

al., 2008). A more fragmented landscape has more edge and less forest interior, which 

would reduce the amount of habitat for these species. It is also possible that these two 

species may fare poorly in competition with field species at forest edges. The meadow 

vole (Microtus pennsylvanicus) is known to outcompete M. gapperi (Halliday & Morris, 

2013) and is mainly found in forest edges or the matrix (Silva & Prince, 2008; Darling et 

al., 2019).  

Although species occurrence consistently declined with connectivity, three of five 

species’ relative abundance increased with connectivity; Peromyscus leucopus, T. striatus 

and B. brevicauda increased with connectivity (Fig. 9). As suggested above, the decline 

in occurrence may be due to corridors increasing predation (Silva & Prince, 2008; 
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Gehring & Swihart, 2003; Gehring & Swihart, 2021), thus reducing colonization. If 

corridors increase small mammals’ perception of danger, they may reduce emigration 

from patches with established populations (cf. “landscape of fear”; Laundré et al., 2014). 

Some work has shown that small mammals can be aware of predation risk; for example, 

they spend less time foraging with higher predation risk (Clermont al., 2017; Wolf & 

Batzli, 2004; Loggins et al., 2019). Thus, corridors may decrease emigration as 

populations grow during the summer, increasing the abundance of populations somewhat 

confined to the patch. We emphasize that this explanation is speculation. As ours is the 

first study to evaluate the effects of structural connectivity independent of forest amount 

and fragmentation effects, we are only documenting patterns; understanding the 

mechanisms responsible for those patterns would require further study. 

Connectivity reduced the relative abundance of two species, M. gapperi and T. 

hudsonicus (Fig. 9). Despite the potential predation risk posed by corridors, these two 

species may attempt to emigrate via treed corridors and thus be subject to high predation 

mortality, reducing their populations (Andreassen et al., 1996). Both species prefer to 

move through spaces with overhead cover (Bakker & Van Vuren, 2004; D’Amico et al., 

2015). For T. hudsonicus, an arboreal species (Steele, 1998), travel through treed 

corridors may be especially attractive.    

Relative abundance declined with fragmentation for three of five species, the 

white-footed mouse (P. leucopus), the Northern short-tailed shrew (B. brevicauda) and 

the red-backed vole (M. gapperi; Fig. 9). The negative fragmentation effect on P. 

leucopus abundance was particularly unexpected based on previous patch-scale literature 

showing that P. leucopus density increases with declining patch size (Nupp & Swihart, 
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1996; Buckner & Shure, 1985). Extrapolating this to a landscape scale, we expected 

higher P. leucopus densities in more fragmented landscapes; when forest amount is 

constant, fragmented landscapes should have smaller patches than less fragmented 

landscapes. Therefore, higher densities within small patches should increase the number 

of immigrants to a focal patch in fragmented landscapes, increasing abundance 

(Denomme-Brown et al., 2020). We found the opposite, suggesting that a landscape-scale 

mechanism(s) counters this patch-size effect (Fahrig et al., 2019). Currently, we cannot 

speculate on the landscape-scale mechanism for negative fragmentation effects for P. 

leucopus. Negative fragmentation effects were anticipated for M. gapperi, a forest 

interior specialist (Sekgororoane & Dilworth, 1995; Darling et al., 2019). The negative 

response of B. brevicauda to forest fragmentation may be due to the lower abundance of 

prey species P. leucopus and M. gapperi in more fragmented landscapes (Brittain et al., 

2005). 

Forest amount had surprisingly weak effects in most models, with coefficients 

near zero and 85% of final models having a stronger configuration (fragmentation or 

connectivity effect; Fig. 8-10; Table 1-3). Additionally, all confidence intervals for forest 

amount effects crossed zero (Fig. 8-10). Weak forest amount effects might indicate that 

forest small mammals cannot saturate forest patches in our region. Inability to saturate 

the landscape could be driven by high overwinter mortality (Middleton & Merriam, 1981; 

Baker & Brooks, 1981) and the relatively short breeding season for population build-up 

(Morris, 1986; Montiglio et al., 2014). Populations may thus rarely reach the carrying 

capacity of the landscape. Additionally, our study area has more forested area than other 

fragmentation and connectivity studies. Forest amount ranged from 15 to 82% and 2 to 
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64%  across our landscapes (depending on the scale), while in other studies, forest 

amount typically ranged from ≤10 to ≤50% (Rizkalla et al., 2009; Betts et al., 2007; 

Henein & Merriam, 1998; Pardini et al., 2010; Fuentes-Montemayor et al., 2017; 

Rodríguez-San Pedro & Simonetti, 2015). One study that had more extremes of forest 

cover (<5 to 80%) found that changes in configuration become less important at lower 

forest amounts (Mortelliti et al., 2011). Perhaps, at low forest amounts, changes in forest 

cover become more important relative to changes in configuration, but this requires 

further evaluation. 

A limitation of this study was that, in selecting our sites, we did not distinguish 

among the different land covers present between forest patches, i.e. the matrix cover 

types. The matrix was variable across landscapes, including urban areas, agricultural 

fields, sparsely treed areas, alvars, gravel and sand pits and bodies of water. Differential 

effects of these matrix cover types on forest small mammal movements likely explain 

some of the variability in our data. A study in Chile found that matrix cover changed the 

effects of forest amount and fragmentation on forest bat activity (Rodríguez-San Pedro, 

2015). They observed weaker effects of forest amount and more positive effects of 

fragmentation in landscapes with a forestry-plantation matrix than in landscapes with an 

agricultural matrix (Rodríguez-San Pedro, 2015). Additionally, small mammal species 

can forage in some matrix covers (Fisher & Merriam, 2000; Braga et al., 2015), changing 

the species composition (Hurst et al., 2014; Braga et al., 2015). Even the same cover 

type, such as agriculture, may have variable effects on small mammals travelling through 

it, depending on the agricultural practices, such as the use of pesticides (Butet et al., 

2010; Arlettaz et al., 2010; Sirami et al., 2019; Fischer & Schröder, 2014; Balestrieri et 
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al., 2019). These matrix effects would have contributed to the variability in our small 

mammal data, increasing the uncertainty around the estimated effects of our three 

landscape variables of interest. 

We generally found high uncertainty around parameter estimates; many 

confidence intervals crossed zero (Fig. 8-10). This high uncertainty implies that factors 

other than landscape structure strongly influence small mammal diversity, occurrence, 

and abundance. Local habitat features such as soil moisture or availability of specific 

plant species can influence small mammals’ abundance and occurrence (Schulte-

Hostedde et al., 2001; Brannon, 2005; Fitzgibbon, 1993; Patterson & Malcolm, 2010; 

Tisell, 2018). Our site selection occurred during the winter preceding our field season 

when sites were covered in snow, making it impossible to select sites for consistent 

microhabitat features.   

This is the first study to test the independent effects of forest amount, 

fragmentation and structural connectivity on forest small mammals. Landscape 

configuration (fragmentation or connectivity) had stronger effects than landscape 

composition (forest amount). The configuration effects were often opposite to our 

expectations and varied among species. Forest fragmentation increased the abundance 

and occurrence of some species. In contrast, forest fragmentation decreased other 

species’ abundance and occurrence. Given the contrasting effects of fragmentation, 

landscape management aimed at altering habitat fragmentation for a given species could 

negatively affect others. Most surprisingly, species richness and occurrence decreased 

with structural connectivity, suggesting that structural connectivity is not equivalent to 

functional connectivity for these forest small mammals. The negative connectivity effects 
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were unexpected because they ran counter to the earliest work on connectivity (Fahrig 

and Merriam 1985). Our unexpected results illustrate the importance of estimating 

connectivity effects independent of habitat amount and fragmentation effects.  
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Tables
Table 1. Standardized coefficients, confidence intervals (in square brackets), and 
significance for forest small mammal diversity models. The scales of effect, i.e. 
distance in m within which the landscape variables were measured, are indicated 
with each response variable. All diversity indices were standardized. Sampling 
effort is the number of small mammal footprint tracking papers recovered per site 
multiplied by the time the papers were deployed. Forest amount and number of 
patches are the total area of forest (m2) and the number of forest patches, 
respectively, in the landscape with the radius of the scale of effect. Patch 
connectivity is the percentage of patches within the landscape that are directly or 
indirectly connected to the focal patch via treed corridors. Understory Shannon 
diversity is the Shannon diversity index of understory plants (<1 m tall) at each site. 
Road density is the area of roads (m2) divided by the landscape area at the scale of 
effect. Species richness is the number of small mammal species per site (max= 7). 
Evenness is Pielou’s evenness (Pielou, 1966). Chao’s diversity (Chao et al., 2005) is a 
diversity index that assumes the abundance of rare species is under-estimated. 
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Table 2. Standardized variable coefficients, confidence intervals (in square 
brackets) and significance for relative abundance models of individual forest small 
mammal species. All relative abundances were standardized. The scales of effect, i.e. 
distance in m within which the landscape variables were measured, are indicated 
with each response variable. Sampling effort is the number of small mammal 
footprint tracking papers recovered per site multiplied by the time the papers were 
deployed. Forest amount and number of patches are the total area of forest (m2) and 
the number of forest patches, respectively, in the landscape with the radius of the 
scale of effect. Patch connectivity is the percentage of patches within the landscape 
that are directly or indirectly connected to the focal patch via treed corridors. 
Relative abundance is the total number of tracking tubes with the presence of each 
species (max=144).



41

Table 3. Standardized coefficients, confidence intervals (in square brackets) and 
significance for occurrence models of forest small mammal species. The scales of 
effect, i.e. distance in m within which the landscape variables were measured, are 
indicated with each response variable. Sampling effort is the number of small 
mammal footprint tracking papers recovered per site multiplied by the time the 
papers were deployed. Forest amount and number of patches are the total area of 
forest (m2) and the number of forest patches, respectively, in the landscape with the 
radius of the scale of effect. Patch connectivity is the percentage of patches within 
the landscape that are directly or indirectly connected to the focal patch via treed 
corridors. Understory Shannon diversity is the Shannon diversity index of 
understory plants (<1 m tall) at each site. Road density is the area of roads (m2) 
divided by the landscape area at the scale of effect. Occupancy is the presence of the 
species at a sampling site.



42 
 

Figures 
 

Figure 1. Diagram of habitat fragmentation and patch connectivity for a given total 
amount of habitat. All landscapes (circles) contain the same amount of habitat 
(green rectangles), and connections are provided by corridors (dark green lines). 
Fragmentation is the number of patches, i.e. 3 in the top row and 6 in the bottom 
row (Henein et al., 1998; Patterson & Malcolm, 2010).  Patch connectivity is the 
number of patches connected to the focal patch (the patch containing the sampling 
site) directly or indirectly by habitat corridors, divided by the number of patches in 
the landscape: 𝐂𝐩 =

𝑵𝒑−𝟏

𝑵𝑳−𝟏
,  where Cp= patch connectivity, Np = the number of 

patches directly or indirectly connected to the focal patch and NL= the number of 
patches in the landscape. Note that the patch size in the landscape decreases as 
connectivity increases to maintain a constant total amount of habitat. 
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Figure 2. A: Locations of 70 forest small mammal sampling sites and their 
surrounding landscapes within 1500 m. The treed area is gray. Sites are filled 
circles, with colours and outline thickness indicating whether the landscape was 
classed as high or low for each landscape variable. Sites were selected to represent 
combinations of high and low values for each landscape variable – forest amount, 
fragmentation (number of patches), and patch connectivity – such that the three 
variables were only weakly correlated. The classes (high/low) were used for site 
selection only; the three landscape variables were analyzed as continuous variables 
in statistical models at 8 spatial scales 750 – 2500 m. In the field, each site had a 30 
m x 30 m sampling grid at its centre, consisting of 36 tracking tubes for small 
mammal detection. B: Example site with high forest amount, high number of 
patches and high patch connectivity within 1 km. C: Example site with low forest 
amount, high number of patches and high patch connectivity within 1 km. D: 
Example site with low forest amount, low number of patches and low patch 
connectivity within 1 km.  
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Figure 3. Example of sampling site placement within a focal patch. The interior area 
was the forested area more than 100 m from the edge, and potential focal patches 
were patches containing any interior area. The sampling point was in the SW corner 
of the interior area within each focal patch. For site selection, we measured forest 
amount, the number of patches, and patch connectivity (Fig. 1) within 1500 m of 
each potential sampling point in the region.   
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Figure 4.  A: An Eastern chipmunk (Tamias striatus) running through a 10 cm 
diameter tracking tube. B: A footprint tracking paper after two weeks inside a 
tracking tube. In the center is the inkpad (the pink butcher paper) with black ink, 
and on one side are chipmunk (T. striatus) tracks. This paper was scored as 1, highly 
readable. C: A white-footed mouse (P. leucopus) investigating a 10 cm diameter 
tracking tube. 
 

 

 

 

Figure 5. A raccoon (Procyon lotor) removes a tracking tube paper from a 10 cm 
diameter tracking tube. The blue arrow is pointing to the tracking paper. 
 
 



46 
 

 

Figure 6.  Illustration of the layout of the four sizes of small mammal tracking tubes. 
The same layout of 36 tubes was used at all 70 sampling sites. Footprint tracking 
tubes were plastic tubes with a strip of paper inside, with tracking paper having a 
central ink pad (Fig. 4). Tubes were placed 6 m apart arranged in a grid. 
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Figure 7. A: Relative abundance and proportional occurrence of the seven forest 
small mammal species. Each filled-in circle represents the relative abundance 
(proportion of tracking papers with footprints) per site (N=70). In order 
of decreasing relative abundance, species detected were P. leucopus, T. striatus, M. 
gapperi, B. brevicauda, T. hudsonicus, N. insignis and S. carolinensis. The right axis 
is the percentage of sites (N=70) with a species presence, depicted by grey box 
outlines. B: Histogram of species richness per site (N=70). C: Histogram of the 
percentage of footprint tracking papers recovered per site (N=70), out of 144 
deployed per site. In total, 91% of all papers were recovered. Some papers were 
destroyed by people, water, slugs, or raccoons (Fig. 5). 
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Figure 8. Standardized landscape variable coefficients for models of forest small 
mammal diversity measures at their scales of effect (see Supplementary Fig. B), with 
95% confidence intervals. A: Standardized forest amount coefficients. B: 
Standardized fragmentation (number of patches) coefficients. C: Standardized 
patch connectivity coefficients. Species richness is the number of forest small 
mammal species per site (max= 7). Evenness is Pielou’s evenness (Pielou, 1966). 
Chao’s diversity (Chao et al., 2005) is a diversity index that adjusts for an assumed 
under-estimation of the abundances of rare species. 
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Figure 9. Standardized landscape variable coefficients for forest small mammal 
relative abundance models at their scales of effect (see Supplementary Fig. C), with 
95% confidence intervals. A: Standardized forest amount coefficients. B: 
Standardized fragmentation (number of patches) coefficients. C: Standardized 
patch connectivity coefficients. Relative abundance is the total number of tracking 
tubes with the presence of a species (max=144). 
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Figure 10. Standardized landscape variable coefficients for forest small mammal 
occurrence models at their scales of effect (see Supplementary Fig. D ), with 95% 
confidence intervals. A: Standardized forest amount coefficients. B: Standardized 
fragmentation (number of patches) coefficients. C: Standardized patch connectivity 
coefficients. Occurrence is the presence or absence of a species at each site. 
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Figure 11.  Illustration of hypothesized mechanisms to explain positive 
fragmentation effects and negative structural connectivity effects on richness and 
occurrence of forest small mammals at forested sample sites. 1A and B) Small 
mammal density is higher in a sample site in a landscape with many small forest 
patches because small mammal density decreases with patch size. The higher small 
mammal density in non-focal patches would increase the number of colonists to the 
focal patch, potentially increasing small mammal richness and occurrence in the 
sampling patch. 2A and B) If corridors increase the abundance of small mammal 
predators and forest small mammals preferentially travel along wooded corridors, 
then corridors may act as ecological traps. Increased predation would then lower 
colonization of the focal patch in landscapes with higher structural connectivity. All 
panels have the same total amount of forest, including patches and corridors. 
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Appendices 
 

Figure A. Standardized landscape values at different scales for all sites (N=70). A: 
Standardized habitat or forest amount at scales from 750-6000 m. B: Fragmentation 
or the number of patches at scales from 750-6000 m. C: Standardized patch 
connectivity at scales ranging from 750-5000 m. Patch connectivity is the percentage 
of patches connected to the focal patch using treed corridors. The formula is:  𝑪𝒑 =
𝑵𝒑 – 𝟏

𝑵𝑳 – 𝟏
  where  𝑪𝒑 = patch connectivity, Np = the number of patches directly connected 

to the focal patch and NL= the number of patches in the landscape. 
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Table A. Total relative abundance and occurrence across all sites and sampling 
periods. Relative abundance is the number of footprint tracking papers with the 
presence of each species. Each site (N=70) had 144 tracking papers in total; the 
maximum total relative abundance is 10 080. Percent presence is the percentage of 
sites (N=70) with each species presence. Percent presence of 100% indicates a 
species detected at all sites. Species in order are Peromyscus leucopus, Tamias 
striatus, Myodes gapperi, Blarina brevicauda, Tamiasciurus hudsonicus, Neozapus 
insignis, Sciurus carolinensis, Microtus pennsylvanicus, Mus musculus and Zapus 
hudsonius.
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Table B. A: Correlations (Spearman's Rho) between forest amount (m2) and the 
number of patches at landscape radii from 750 – 2500 m. B: Correlations 
(Spearman's Rho) between forest amount (m2) and the patch connectivity (%) at 
landscape radii from 750 – 2500 m. Shaded boxes indicate scales that are a scale of 
effect for a diversity, relative abundance or occurrence model. 
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Table C. Correlation (Spearman's Rho) between patch number (number of patches) 
and patch connectivity (%) at landscape radii from 750-2500 m. Shaded boxes 
indicate scales that are a scale of effect for a diversity, relative abundance or 
occurrence model.

+
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Table D. Correlations (Spearman's Rho) between confounding variables. 
Correlations between Road density generated from the Ontario Road Network 
(ORN, and the Shannon diversity index of all plants below 5 m in height and the 
percentage of deciduous trees per site. Shaded boxes indicate that the confounding 
variable is included at that scale.
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Table E. Correlations (Spearman's Rho) between road density, generated from the 
Ontario Road Network (ORN) and forest amount, generated from the updated 
Wooded Area dataset, from 750-2500 m. Shaded boxes indicate that the 
confounding variable is included at that scale.
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Table F. Correlations (Spearman's Rho) between road density, generated from the 
Ontario Road Network (ORN) and fragmentation, or the number of forest patches, 
generated from the Wooded area dataset from 750-2500m. Shaded boxes indicate 
that the confounding variable is included at that scale.
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Table G. Correlations (Spearman's Rho) between Road density, generated from the 
Ontario Road Network (ORN) and patch connectivity generated from the Wooded 
area dataset from 750-2500m. Patch connectivity is the percentage of patches 
connected to the focal patch using treed corridors. The formula is: 𝑪𝒑 =

𝑵𝒑 – 𝟏

𝑵𝑳 – 𝟏
  

where 𝑪𝒑 = patch connectivity, Np = the number of patches directly connected to the 
focal patch and NL= the number of patches in the landscape. Shaded boxes indicate 
that the confounding variable is included at that scale.
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Table H. A: Correlation of forest amount (m2), generated from the Wooded Area 
dataset, and confounding variables per site. The confounding variables were the 
Shannon diversity index of all understory plants (plants below 1 m in height) and 
the percentage of deciduous trees per site. B: Correlation of the number of patches 
generated from the Wooded Area dataset and confounding variables per site. The 
confounding variables were the Shannon diversity index of understory plants and 
the percentage of deciduous trees per site. C: Patch connectivity generated using the 
Wooded Area dataset and confounding variables per site. The confounding 
variables were the Shannon diversity index of all understory plants and the 
percentage of deciduous trees per site. Patch connectivity is the percentage of 
patches connected to the focal patch using treed corridors. The formula is:  𝑪𝒑 =
𝑵𝒑 – 𝟏

𝑵𝑳 – 𝟏
  where  𝑪𝒑 = patch connectivity, Np = the number of patches directly connected 

to the focal patch and NL= the number of patches in the landscape. Shaded boxes 
indicate that the confounding variable is included at that scale.  
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Table I. Correlation (Spearman's Rho) between Shannon diversity index of 
understory plants (<1m in height) and the percentage of deciduous trees per site 
(N=70).
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Figure B. Standardized coefficients and 95% confidence intervals (CI) for the effects 
of standardized landscape variables - forest amount, number of patches, and patch 
connectivity - on small forest mammal diversity responses measured within multiple 
spatial extents around 70 sampling sites. All response variables were standardized. 
A: species richness per site. B: Pielou's Evenness per site. C: Chao's diversity index 
per site. Forest amount and number of patches are, respectively, the amount of 
treed area (m2) and the number of distinct patches of treed area in the landscapes 
surrounding the sampling sites. Patch connectivity is the percentage of patches in 
the surrounding landscapes connected to the sampled patch (the "focal patches") 
through corridors. Points and lines indicate landscape variable coefficients. Grey 
bars indicate delta AICc's for the models containing the landscape variables at each 
spatial extent. The scale of effect is taken as the scale where the model fit is best, i.e., 
delta AICc = 0. 
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 Figure C. Standardized coefficients and 95% confidence intervals (CI) for the 
effects of standardized landscape variables - forest amount, number of patches, and 
patch connectivity - on small forest mammal relative abundance measured within 
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multiple spatial extents around 70 sampling sites. All relative abundances were 
standardized. A: relative abundance (number of papers with presence) of P. 
leucopus per site. B: the relative abundance of T. striatus per site. C: the relative 
abundance of M. gapperi per site. D: the relative abundance of B. brevicauda per 
site. E: the relative abundance of T. hudsonicus per site. Forest amount and number 
of patches are, respectively, the amount of treed area (m2) and the number of 
distinct patches of treed area in the landscapes surrounding the sampling sites. 
Patch connectivity is the percentage of patches in the surrounding landscapes 
connected to the sampled patch (the "focal patches") through corridors. Points and 
lines indicate landscape variable coefficients. Grey bars indicate delta AICc's for the 
models containing the landscape variables at each spatial extent. The scale of effect 
is taken as the scale where the model fit is best, i.e., delta AICc = 0. 
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Figure D. Standardized coefficients and 95% confidence intervals (CI) for the 
effects of standardized landscape variables - forest amount, number of patches, and 
patch connectivity - on small forest mammal occurrence measured within multiple 
spatial extents around 70 sampling sites. A: occurrence (number of papers 
with presence) of P. leucopus per site. B: the occurrence of T. striatus per site. C: the 
occurrence of M. gapperi per site. D: the occurrence of B. brevicauda per site. E: the 
occurrence of T. hudsonicus per site. Forest amount and number of patches are, 
respectively, the amount of treed area (m2) and the number of distinct patches of 
treed area in the landscapes surrounding the sampling sites. Patch connectivity is 
the percentage of patches in the surrounding landscapes connected to the sampled 
patch (the "focal patches") through corridors. Points and lines indicate landscape 
variable coefficients. Grey bars indicate delta AICc's for the models containing the 
landscape variables at each spatial extent. The scale of effect is taken as the scale 
where the model fit is best, i.e., delta AICc = 0. 



66

Table J. Models for species richness per site with confounding variables. The scale 
of effect for forest amount, number of patches, patch connectivity and road density 
is 750 m. The upper number is the coefficient, and the 95% confidence interval is 
within the square brackets. Symbols indicate significance (see footnote), and the last 
row is the AIC of the model. Forest amount is the amount of forest (m2) within the 
landscape, and the number of patches is the number of patches within the 
landscape. Patch connectivity is the percent of patches within the landscape directly 
connected to the focal patch via corridors. Road density is the area of roads (m2) 
divided by the landscape area. Understory Shannon diversity is the Shannon 
diversity index of understory plants (˂1 m) at the site. % deciduous trees are the 
percentage of deciduous trees >5 m tall at each site.
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Table K. Models for Pielou's evenness per site with confounding variables. The scale 
of effect for forest amount, number of patches, patch connectivity and road density 
is 2750 m. Road density was included in the final model as it changed the forest 
amount's coefficient from positive to negative. The upper number is the coefficient, 
and the 95% confidence interval is within the square brackets. Symbols indicate 
significance (see footnote), and the last row is the AIC of the model. Forest amount 
is the amount of forest (m2) within the landscape, and the number of patches is the 
number of patches within the landscape. Road density is the area of roads (m2) 
divided by the landscape area. Understory Shannon diversity is the Shannon 
diversity index of understory plants (˂1 m) at the site. % deciduous trees are the 
percentage of deciduous trees >5 m tall at each site.
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Table L. Models for Chao's diversity index per site with confounding variables. The 
scale of effect for forest amount, number of patches, patch connectivity and road 
density is 5500 m. The upper number is the coefficient, and the 95% confidence 
interval is within the square brackets. Symbols indicate significance (see footnote), 
and the last row is the AIC of the model. Forest amount is the amount of forest (m2) 
within the landscape, and the number of patches is the number of patches within the 
landscape. Road density is the area of roads (m2) divided by the landscape area. 
Understory Shannon diversity is the Shannon diversity index of understory plants 
(˂1 m) at the site. % deciduous trees are the percentage of deciduous trees >5 m tall 
at each site.
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Table M. Models for P. leucopus relative abundance index per site with confounding 
variables. The scale of effect for forest amount, number of patches, patch 
connectivity and road density is 4000 m. The upper number is the coefficient, and 
the 95% confidence interval is within the square brackets. Symbols indicate 
significance (see footnote), and the last row is the AIC of the model. Relative 
abundance is the number of species' presences per site (max=144). Forest amount is 
the amount of forest (m2) within the landscape, and the number of patches is the 
number of patches within the landscape. Road density is the area of roads (m2) 
divided by the landscape area. Understory Shannon diversity is the Shannon 
diversity index of understory plants (˂1 m) at the site. % deciduous trees are the 
percentage of deciduous trees >5 m tall at each site. The understory Shannon 
diversity index was included in the final model as it changes forest amount's 
coefficient from positive to negative.
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Table N. Models for T. striatus relative abundance per site with confounding 
variables. The scale of effect for forest amount, number of patches, patch 
connectivity and road density is 2500 m. The upper number is the coefficient, and 
the 95% confidence interval is within the square brackets. Symbols indicate 
significance (see footnote), and the last row is the AIC of the model. Relative 
abundance is the number of species' presences per site (max=144). Forest amount is 
the amount of forest (m2) within the landscape, and the number of patches is the 
number of patches within the landscape. Patch connectivity is the percent of patches 
within the landscape directly connected to the focal patch via corridors. Road 
density is the area of roads (m2) divided by the landscape area. Understory 
Shannon diversity is the Shannon diversity index of understory plants (˂1 m) at the 
site. % deciduous trees are the percentage of deciduous trees >5 m tall at each site.
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Table O. Models for M. gapperi relative abundance per site with confounding 
variables. The scale of effect for forest amount, number of patches, patch 
connectivity and road density is 4750 m. The upper number is the coefficient, and 
the 95% confidence interval is within the square brackets. Symbols indicate 
significance (see footnote), and the last row is the AIC of the model. Relative 
abundance is the number of species' presences per site (max=144). Forest amount is 
the amount of forest (m2) within the landscape, and the number of patches is the 
number of patches within the landscape. Road density is the area of roads (m2) 
divided by the landscape area. Understory Shannon diversity is the Shannon 
diversity index of understory plants (˂1 m) at the site. % deciduous trees are the 
percentage of deciduous trees >5 m tall at each site.
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Table P. Models for B. bravicauda relative abundance per site with confounding 
variables. The scale of effect for forest amount, number of patches, patch 
connectivity and road density is 2500 m. The upper number is the coefficient, and 
the 95% confidence interval is within the square brackets. Symbols indicate 
significance (see footnote), and the last row is the AIC of the model. Relative 
abundance is the number of species' presences per site (max=144). Forest amount is 
the amount of forest (m2) within the landscape, and the number of patches is the 
number of patches within the landscape. Patch connectivity is the percent of patches 
within the landscape directly connected to the focal patch via corridors. Road 
density is the area of roads (m2) divided by the landscape area. Understory 
Shannon diversity is the Shannon diversity index of understory plants (˂1 m) at the 
site. % deciduous trees are the percentage of deciduous trees >5 m tall at each site.
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Table Q. Models for T. hudsonicus relative abundance per site with confounding 
variables. The scale of effect for forest amount, number of patches, patch 
connectivity and road density is 5750 m. The upper number is the coefficient, and 
the 95% confidence interval is within the square brackets. Symbols indicate 
significance (see footnote), and the last row is the AIC of the model. Relative 
abundance is the number of species' presences per site (max=144). Forest amount is 
the amount of forest (m2) within the landscape, and the number of patches is the 
number of patches within the landscape. Road density is the area of roads (m2) 
divided by the landscape area. Understory Shannon diversity is the Shannon 
diversity index of understory plants (˂1 m) at the site. % deciduous trees are the 
percentage of deciduous trees >5 m tall at each site. Understory Shannon diversity 
was included in the final model as it changed the relative strength of the number of 
patches to be stronger than the forest amount.
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Table R. Models for T. striatus occurrence per site with confounding variables. The 
scale of effect for forest amount, number of patches, patch connectivity and road 
density is 2500 m. The upper number is the coefficient, and the 95% confidence 
interval is within the square brackets. Symbols indicate significance (see footnote), 
and the last row is the AIC of the model. Forest amount is the amount of forest (m2) 
within the landscape, and the number of patches is the number of patches within the 
landscape. Patch connectivity is the percent of patches within the landscape directly 
connected to the focal patch via corridors. Road density is the area of roads (m2) 
divided by the landscape area. Understory Shannon diversity is the Shannon 
diversity index of understory plants (˂1 m) at the site. % deciduous trees are the 
percentage of deciduous trees >5 m tall at each site.
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Table S. Models for M. gapperi occurrence per site with confounding variables. The 
scale of effect for forest amount, number of patches, patch connectivity and road 
density is 4750 m. The upper number is the coefficient, and the 95% confidence 
interval is within the square brackets. Symbols indicate significance (see footnote), 
and the last row is the AIC of the model. Forest amount is the amount of forest (m2) 
within the landscape, and the number of patches is the number of patches within the 
landscape. Road density is the area of roads (m2) divided by the landscape area. 
Understory Shannon diversity is the Shannon diversity index of understory plants 
(˂1 m) at the site. % deciduous trees are the percentage of deciduous trees >5 m tall 
at each site.
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Table T. Models for B. bravicauda occurrence per site with confounding variables. 
The scale of effect for forest amount, number of patches, patch connectivity and 
road density is 2500 m. The upper number is the coefficient, and the 95% 
confidence interval is within the square brackets. Symbols indicate significance (see 
footnote), and the last row is the AIC of the model. Forest amount is the amount of 
forest (m2) within the landscape, and the number of patches is the number of 
patches within the landscape. Patch connectivity is the percent of patches within the 
landscape directly connected to the focal patch via corridors. Road density is the 
area of roads (m2) divided by the landscape area. Understory Shannon diversity is 
the Shannon diversity index of understory plants (˂1 m) at the site. % deciduous 
trees are the percentage of deciduous trees >5 m tall at each site.
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Table U. Models for T. hudsonicus occurrence per site with confounding variables. 
The scale of effect for forest amount, number of patches, patch connectivity and 
road density is 5750 m. The upper number is the coefficient, and the 95% 
confidence interval is within the square brackets. Symbols indicate significance (see 
footnote), and the last row is the AIC of the model. Forest amount is the amount of 
forest (m2) within the landscape, and the number of patches is the number of 
patches within the landscape. Road density is the area of roads (m2) divided by the 
landscape area. Understory Shannon diversity is the Shannon diversity index of 
understory plants (˂1 m) at the site. % deciduous trees are the percentage of 
deciduous trees >5 m tall at each site. Understory Shannon diversity was included in 
the final model as it changed the relative strength of the number of patches from 
weaker than forest amount to stronger than forest amount.
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Table V. Models for N. insignis occurrence per site with confounding variables. The 
scale of effect for forest amount, number of patches, patch connectivity and road 
density is 5750 m. The upper number is the coefficient, and the 95% confidence 
interval is within the square brackets. Symbols indicate significance (see footnote), 
and the last row is the AIC of the model. Forest amount is the amount of forest (m2) 
within the landscape, and the number of patches is the number of patches within the 
landscape. Road density is the area of roads (m2) divided by the landscape area. 
Understory Shannon diversity is the Shannon diversity index of understory plants 
(˂1 m) at the site. % deciduous trees are the percentage of deciduous trees >5 m tall 
at each site. Understory Shannon diversity was included in the final model as it 
changed the relative strength of the number of patches from weaker than forest 
amount to stronger than forest amount.




