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Abstract: Natural disturbances are an integral part of forested ecosystem function and successional 

pathways. In many forested ecosystems, wildfires are critical to shaping composition and structure, 

which, in turn, has major implications for wildlife usage and behavior. In July 2018, a wildfire 

burned 225 ha of the Altona Flat Rock pine barrens in northern New York. This event presented the 

opportunity to study how wildlife respond to the immediate effects of disturbance in this unique 

habitat but also how that response would change through time as regeneration progressed. Game 

cameras were deployed from September 2018 to September 2020 at two reference (unburned) and 

two disturbed (burned) sites within the pine barrens. We analyzed total and seasonal occurrences, 

to determine how usage differed between disturbed and reference conditions, and with time since 

disturbance. Additionally, for coyote (Canis latrans, Say), white-tailed deer (Odocoileus virginianus, 

Zimmermann), and snowshoe hare (Lepus americanus, Erxleben), we evaluated daily activity pat-

terns and overlap to determine how predator–prey relationships differed between conditions, and 

with time since disturbance. Over 730 days, a total of 1048 wildlife occurrences were captured across 

23 wildlife species. Fifty-seven percent of all occurrences were at reference sites with over 100 more 

occurrences than at disturbed sites; however, differences were most pronounced immediately fol-

lowing the fire and overall occurrences have grown more similar between the sites over time. Spe-

cifically, deer and hare were found more often at reference sites immediately following the fire, but 

shifted to using both conditions equally by the first growing season. Habitat overlap among sym-

patric prey (deer, hare) can be explained by understory regeneration increasing foraging opportu-

nities and concealment cover in the disturbed condition, while predators (coyotes) tracked prey 

availability regardless of the habitat condition. This study provides wildlife management guidance 

on habitat use and response to disturbance for these unique sandstone pavement barrens. 

Keywords: disturbance; ecosystem recovery; succession; regeneration; game cameras;  

predator–prey; diel activity; jack pine 

 

1. Introduction 

Natural disturbances are an integral part of forested ecosystem function and succes-

sional pathways [1–3]. Disturbance effects on an ecosystem range temporally from days 

to centuries [4,5], and spatially from small-scale forest gaps (i.e., 10’s of meters) to large-

scale events such as wildfires (i.e., 100’s to 1000’s of hectares) [1]. Ecosystem-level disturb-

ance may be biotic (e.g., pests and/or pathogen outbreaks) or abiotic (e.g., windthrow, ice 

storms, wildfire) with effects ranging from changes in biogeochemical cycling [6], to veg-

etative structure and assembly [7], to wildlife usage and interactions (i.e., predator–prey 

relationships) [4,8]. 

In many forested ecosystems across the globe, wildfires are a natural disturbance 

critical to shaping regional vegetation [9]. Burning affects not only forest structure, but 
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may also support seedbank activation and seedling establishment by altering microhabi-

tat conditions including increased pulses of nutrients, shifts in albedo, and greater mois-

ture retention [10–14]. 

Changes to forest composition and structure may lead to significant changes in wild-

life abundance, diversity, and interactions (i.e., predator–prey relationships) [15,16]. Wild-

fires impact wildlife mainly by altering resource availability, such as refuge and food. 

Small mammals, such as deer mice (Peromyscus leucopus, Rafinesque) and chipmunks (Ta-

mias striatus, Linnaeus), have been found to respond positively immediately following se-

vere wildfires possibly due to reductions in coarse woody debris and leaf litter, leading to 

enhanced access to seed sources [16,17]. Conversely, lagomorphs are largely absent im-

mediately following fires, as understory concealment cover and browse are removed 

[16,18]. However, as vegetation recovers over time, lagomorphs may find this habitat 

more appealing [16]. 

Wildfires can both negatively and positively impact browsing ungulates such as 

white-tailed deer (Odocoileus virginianus, Zimmermann). While in some cases deer utilized 

recently burned habitat due to increased herbaceous regeneration [19], they have also 

been found to avoid such habitats during vulnerable life stages (e.g., fawn-rearing), as 

increased predation risk results in a trade-off in forage quality [20]. Further, following 

wildfire events, mule deer (Odocoileus hemionus, Rafinesque) have been shown to move 

into adjacent unburned habitat, where hiding cover is greater, which over time also at-

tracts predators [21]. Mustelid predators, such as fisher (Martes pennanti, Erxleben), typi-

cally avoid early successional forests, but may use recently burned areas for hunting pur-

poses due to increased small mammal prey abundance [22]. However, Paragi et al. [23] in 

a study on American marten (Martes americana, Turton) found that this was true only for 

juveniles and transients, making recently burned areas population sinks. This finding sug-

gests that the arrangement of burned areas on the landscape may be the critical factor in 

determining usage [16]. For larger predators, such as coyotes (Canis latrans, Say) in eastern 

North America, wildfires initially reduce concealment cover and prey availability. How-

ever, as vegetation and prey recover, predators have been shown to respond by adjusting 

hunting strategies and consumption rates [24]. 

The objective of this study was to monitor wildlife response to wildfire following a 

2018 wildfire at the Altona Flat Rock pine barrens in northern New York state. In eastern 

North America, pine barrens are fire-dependent systems, unlike the predominantly mesic 

hardwood forest in which they are nested. These systems provide a unique habitat for a 

variety of wildlife species, such as songbirds [25], butterflies [26], and open-habitat species 

such as grouse [27], yet little to no research has been conducted on how other species 

utilize these rare disjunct systems, let alone how wildfire disturbance may influence that 

usage [28]. 

We used game cameras, in a non-invasive wildlife use survey, to continuously mon-

itor both disturbed (burn) and reference (unburned) conditions to determine (1) the extent 

to which the disturbance changed wildlife usage patterns; (2) how diel activity patterns 

and predator–prey relationships were affected by the disturbance; and (3) how these re-

lationships change with time since disturbance. We hypothesized that wildfire would 

have an immediate and pronounced effect on wildlife occurrence and habitat use that 

would diminish with time since disturbance. Specifically, as the understory regenerates, 

species will return to the disturbed condition for access to high-quality forage and in-

creased hiding cover [16]. Herbivores (deer, hare) will initially be found less often in the 

disturbed condition until rhizomatous species (e.g., bracken fern (Pteridium aquilinum, 

Kuhn) and bristly sarsaparilla (Aralia hispida, Ventenant) are succeeded by the re-estab-

lished fruiting shrub layer [29]. Likewise, predators will shift habitat use tracking of their 

prey more tightly immediately following the fire with diminished habitat coupling as suc-

cession proceeds. 
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2. Materials and Methods 

2.1. Study Site 

The Altona Flat Rock (hereafter referred to as the Flat Rock) is a ~2000 ha sandstone 

pavement pine barrens (Figure 1a), located in Clinton County, New York. The Flat Rock 

is characterized by extremely shallow and infertile soils underlain by prostrate, and often 

exposed, Potsdam Sandstone [30]. Mean annual precipitation at the Flat Rock is ~80 cm 

with mean monthly air temperatures ranging from −11 °C in January to 20 °C in July. 

However, summer temperatures in exposed bedrock areas may be as much as 16 °C 

higher than in surrounding areas, and commonly exceed 38 °C [30]. 

The Flat Rock pine barrens is considered a globally rare ecosystem and is classified 

by the New York Natural Heritage Program as a S1G2 site (<5 sites statewide, 6–20 sites 

globally, ref. [31]). The Flat Rock is dominated by jack pine (Pinus banksiana, Lambert), a 

shade-intolerant boreal species that is near its southern range margin at this location [30]. 

In wetter areas and scattered pockets, red maple (Acer rubrum, Linnaeus), gray birch (Bet-

ula populifolia, Marshall), northern red oak (Quercus rubra, Linnaeus), and eastern white 

pine (Pinus strobus, Linnaeus) are also present. Density of the overstory averages ~2000 

trees per hectare resulting in an open forest environment (Figure 2a). The understory is 

dominated by ericaceous shrubs including lowbush blueberry (Vaccinium angustifolium, 

Aiton) and black huckleberry (Gaylussacia baccata, Koch) that form a dense mat over much 

of the barrens (Figure 2a). Other understory species include sweetfern (Comptonia pere-

grine, Coulter), sheep laurel (Kalmia angustifolia, Linnaeus), bracken fern (Pteridium aquili-

num, Kuhn), rock harlequin (Corydalis sempervirens, Linnaeus), bristly sarsaparilla (Aralia 

hispida, Ventenant), reindeer lichen (Cladonia rangidernia, Weber), and haircap moss (Poly-

trichum commune, Hedwig). 

On 12 July 2018, a wildfire started at the Flat Rock pine barrens. Within six days, the 

fire was contained, having burned 225 ha of the pine barrens (Figure 1b). Much of the area 

within the fire perimeter was left devoid of understory vegetation, with standing dead 

jack pine, contrasting sharply with the live canopy and dense understory present outside 

of the fire perimeter (Figure 2). 

2.2. Study Design and Data Collection 

We selected two camera sites within the disturbed condition and two sites in the un-

disturbed reference condition (Figure 1b). Sites were selected from an established network 

of 20 m2 forest monitoring plots (unpublished data), to minimize non-disturbance-related 

landscape variability that might affect wildlife usage, while also facilitating monitoring 

accessibility. All sites were selected to be on level ground, at similar elevations (~243 m), 

and have similar forest types. Based on pre-disturbance characteristics, all four sites had 

a jack pine overstory (average of 3800 stems/ha) and a blueberry-dominated understory 

(on average 50% relative abundance of ground cover). Additionally, the jack pine at all 

four sites were the same age, having regenerated following a wildfire in 1958, and had the 

same size class distribution (average diameter at breast height = 7.5 cm). 

Further, we selected the two disturbance sites based on their relatively central posi-

tion within the disturbed area (Figure 1b), and their position in regard to how fire severity 

differed across the disturbed area (Figure 1c). We categorized fire severity across the dis-

turbed area using a five-point scale adopted from Keeley [32]. We found that severity var-

ied greatly within the fire perimeter at relatively fine spatial scales, dictated by landscape 

heterogeneity that may have created small-scale wildlife refugia in the wetland areas and 

small pockets of hardwoods that evaded the fire (green areas within fire perimeter shown 

in Figure 1b). Sites were selected to capture this variability to the best extent possible, 

given camera and accessibility limitations. Finally, reference sites were positioned 200 m 

from the disturbance edge so as not to confound wildlife usage differences with other 

changes in forest structure or habitat type. Specifically, we did not want the reference sites 
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to be near an edge of the pine barrens (hardwood forest adjacent), in a different aged, or 

management history, jack pine forest, or at a significantly different elevation. 

In September 2018, two game cameras (Bushnell Trophy Cam HD, Model 119874, 

Bushnell Inc., Overland Park, KS, USA) were deployed at each of the two reference and 

two disturbed sites (total number of cameras = 8). At each site, game cameras were erected 

at ~0.5 m from the base of trees to ensure capture of both small and large wildlife species 

in the field of view [33]. Images were set to capture every 10 s and ran continuously, en-

suring capture of diurnal, crepuscular, and nocturnal wildlife activity. Game cameras 

were checked twice per season and images were downloaded for analysis over the course 

of two years (September 2018–September 2020, inclusive). Game cameras were selected as 

an economical and non-invasive method of capturing a wide array of wildlife species [33]. 

 

Figure 1. Map of study area showing (a) the regional location of the Altona Flat Rock in northern 

New York; (b) satellite image of the Altona Flat Rock centered on the 2018 fire (outlined in black). 

Camera locations are represented with red points within the disturbed area (sites D1 and D2) and 

blue points at the reference sites, located 200 m beyond the fire perimeter (sites R1 and R2). Total 

number of wildlife occurrences over the study duration is given in parentheses for each site; and 

(c) kriged surface [34] of fire severity based on a five-point scale, with 1 being unburned and 5 

severely burned [32]. Kriging is interpolated from a network of 40 plots arrayed across the dis-

turbed area. 
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Figure 2. Representative photos of Altona Flat Rock pine barrens (a) outside of 2018 wildfire perim-

eter (reference condition summer 2018), (b) inside perimeter of 2018 wildfire (disturbed condition 

summer 2018), and (c) inside perimeter of 2018 wildfire 2 years after the disturbance. Both (a) and 

(b) photos were taken in August 2018—within one month following the wildfire. Photo (c) was 

taken in August 2020. 

2.3. Data Analysis 

To assess wildlife usage in the disturbed versus reference forest, image captures were 

sorted and analyzed using the camTrapR package in R [35]. To ensure temporal independ-

ence between images of the same species on the same camera, we used a minimum delta 

time of 5 min. [33,35]. While some studies have used times of up to 1 hour to avoid double-

counting deer that linger at a camera site [36], other studies have found that shorter time 

periods are suitable, especially for smaller mammals [33,37]. We processed camera data 

using delta values ranging from 5 to 60 min. to assess how this affected species counts. 

We found that deer counts were minimally affected by the shorted delta time (<10% 

change in occurrences over the entire study timeframe), and that upon inspection of spe-

cific photos, many of these potential double-counts were actually due to groups of deer 

progressing past the camera in single-file. Further, increased deer occurrences at shorter 

delta times were temporally spread out across the study timeframe and spatially spread 

out across sites, meaning that at most, we overcounted deer by <2 individuals per season, 

per forest condition. Finally, we found that longer delta times reduced smaller mammal 

occurrences (i.e., hare) potentially artificially, as we could not confirm individual identi-

ties. Based on this analysis, we determined that the 5-min. interval adequately captured 
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all wildlife species, while not having a meaningful impact of double-counting larger, lin-

gering animals. All subsequent analysis used these processed data. 

To determine overall habitat usage, we calculated the number of individual occur-

rences per day for all observed wildlife species in both the disturbed and reference sites 

over the full course of the study (fall 2018 to summer 2020 inclusive = 730 days). Occur-

rences from all four cameras in each of the forest conditions (2 cameras per site, 2 sites per 

condition) were pooled for this and all subsequent analyses. Further, we calculated occur-

rences per day by season over the study period for white-tailed deer, snowshoe hare 

(Lepus americanus, Erxleben), and predators (combined totals of coyote, bobcat (Lynx rufus, 

Schreber), fisher, and red fox (Vulpes vulpes, Linnaeus)). We used a chi-square test to de-

termine if occurrences differed between the forest conditions based on the assumption 

that if no habitat selection was occurring, expected proportions would be equal in the two 

conditions. Finally, to explore the major predator–prey relationships, we used the activity 

kernel density estimation tool in camTrapR [35] to examine diel activity patterns in deer, 

hare, and coyote. We analyzed diel activity patterns for these three species and calculated 

the percent overlap between deer and coyote, and hare and coyote seasonally in both the 

disturbed and reference forests. 

3. Results 

Over the entire course of the study (21 September 2018–20 September 2020 = 730 

days), we cataloged a total of 1048 unique wildlife occurrences (Tables 1 and A1, Figures 

3 and A1). Overall, there were over 100 more occurrences in the reference condition (57% 

of all occurrences) compared to the disturbed condition; overall species richness was 

equal; and similarity was relatively high between conditions (Table 1). Of the 23 species 

catalogued across the two forest conditions over the course of the study, 19 occurred in 

both conditions, with 8 species occurring in only one of the conditions, being predomi-

nantly avifauna (raptors and songbirds, Figure 3, Table A1). The one exception to this was 

the gray squirrel (Sciurus carolinensis, Gmelin) which was only catalogued in the reference 

condition. All of the species that occurred in only one forest condition were rare (n ≤ 2) 

over the study duration (Figure 2, Table A1). Even though richness was equal, diversity 

was higher in the disturbed condition due to the greater evenness of the most common 

species (i.e., deer, hare, and coyote), with deer comprising almost 50% of total occurrences 

in the reference condition, but only 36% in the disturbed condition (Figure 3, Table A1). 

Table 1. Summary of total wildlife observations (n) over the entire study period. Between site av-

erages, and standard deviations in parentheses, are given for occurrences, richness, and diversity 

for the disturbed and reference conditions. Average similarity between the disturbed and refer-

ence conditions are also reported. 

Condition n Occurrences Richness Diversity 1 Similarity 2 

Disturbed 

(burned) 
452 226 (±73.54) 14 (±1.41) 5.56 (±0.48) 0.66 (±0.14) 

Reference 

(unburned) 
596 298 (±154.15) 14 (±5.66) 4.41 (±1.21) / 

1 Diversity is calculated as the transformed Shannon–Weiner Diversity Index (eH’). 2 Similarity is 

calculated as 1—the Bray–Curtis Dissimilarity Index. 
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Figure 3. Species-specific wildlife occurrences per day in both disturbed and reference conditions 

from fall 2018 to summer 2020. The raptors category includes Cooper’s (Accipiter cooperii, Bona-

parte), red-tailed (Buteo jamaicensis, Gmelin), and sharp-shinned hawks (Accipiter striatus, Vieillet). 

The songbird category includes hermit thrush (Catharus guttatus, Pallus), northern flicker (Colaptes 

auratus, Linnaeus), dark-eyed junco (Junco hyemalis, Linnaeus), cedar waxwing (Bombycilla cedrorum, 

Vieillet), eastern phoebe (Sayornis phoebe, Latham), American robin (Turdus migratorius, Linnaeus), 

blue jay (Cyanocitta cristata, Linnaeus), and American crow (Corvus brachyrhynchos, Brehm). Refer to 

Table A1 for species-specific abundance in these categories. 

When considered in terms of time since disturbance, total wildlife occurrences were 

much higher in the reference condition immediately following the wildfire in fall and winter 

of 2018–2019 (Figure 4a). However, by spring 2019, occurrences became similar between the 

two conditions (Figure 4a). Notable discrepancies to similarity between conditions were in 

winter and spring 2020, when the reference and disturbed conditions each had significantly 

higher occurrence rates, respectively, than the other condition (Figure 4a). 

Differences in overall wildlife occurrences between the two conditions were primar-

ily driven by deer and hare dynamics (Figure 4b,c). Deer occurrences were initially much 

lower in the disturbed condition following the wildfire; however, occurrence rates became 

similar by winter 2019 and generally remained so until winter 2020, when deer were much 

more abundant in the reference condition (Figure 4b). The other notable difference in deer 

occurrence rate was during summer 2020—the only season, over the course of the study, 

where deer occurred more frequently in the disturbed condition (Figure 4b). 

Hare occurrences were at their lowest level, across both forest conditions, in fall 2018 

immediately following the disturbance. However, by winter 2019, hare occurrences in the 

reference condition were at their highest, and the difference between the conditions was 

at its greatest (Figure 4c). Following winter 2019, occurrence rates became similar with the 

one exception of spring 2020, when occurrences were significantly higher in the disturbed 

condition (Figure 4c). 
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Figure 4. Occurrences per day for (a) all species, (b) deer, (c) hare, and (d) all predators combined 

(coyote, bobcat, fisher and red fox) from fall 2018 to summer 2020 for the reference and disturbed 

forest conditions. Stars indicate a significant difference (p ≤ 0.05) between forest conditions based on 

chi-square tests. Note scale differences on y-axes. 
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Predator occurrences showed no significant differences, based on the chi-square test 

results, between the conditions at any point over the course of the study. However, pred-

ators were generally higher in the disturbed condition (Figure 4d). Interestingly, this is 

the case even when prey species (deer and hare) are more abundant in the reference con-

dition (e.g., winter 2020) or similar between the two conditions (e.g., spring and summer 

2019). Two notable exceptions to this are in winter 2019 and summer 2020, when predators 

occurred more often in the reference condition. Fall 2019 is also notable in that there were 

very low numbers of predators recorded in either of the forest conditions (Figure 4d). 

Overall, daily activity patterns for deer and hare did not differ greatly between sea-

sons and forest condition (Figure 5). Deer were generally more active during daylight 

hours (between 6:00 and 18:00). In several cases, deer activity was bimodal, with activity 

being greatest in early morning (~6:00) and early evening (~18:00) (e.g., fall 2018 reference 

condition), while in other cases, activity remained relatively high throughout the day (e.g., 

fall 2018 disturbed condition) (Figure 5). In contrast, hare were more active during 

nighttime hours (18:00–6:00) and activity patterns remained distinctly constant across sea-

sons and forest condition for the duration of the study (Figure 5). Following the wildfire, 

coyote activity initially tracked hare activity patterns in the reference condition, where 

hare were much more prevalent (Figure 4). However, as hare occurrences increased in the 

disturbed condition (spring 2019 onward, Figure 4), coyote activity followed suit, with 

overlap first increasing and then becoming similar to the reference condition by fall 2019 

(Figure 6). Throughout the study, coyote tracked deer to a greater degree in the reference 

condition compared to the disturbed condition, with the one notable exception being in 

spring 2020, when both deer and hare occurrences in the disturbed condition were high, 

and reflected coyote behavior (Figures 4–6). Interestingly, coyote overlap with deer in the 

reference condition is notably higher than any of the other overlap combinations in three 

seasons (fall 2019, and winter and summer 2020, Figure 6). 
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Figure 5. Seasonal daily activity plots for deer (solid brown line), hare (solid green line), and coyote (dashed black line) in the reference and disturbed forest 

conditions from fall 2018 to summer 2020. Activity overlap between deer and coyote or hare and coyote is shown by the shaded areas in each plot and as a percentage 

value. The number of individuals (n) is given in each plot with the first value being either deer or hare and the second coyote. Note differences in scale on y-axes.  
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Figure 6. Summary of activity between deer and coyote and hare and coyote seasonally from fall 

2018 to summer 2020 for the reference and disturbed forest conditions. Values correspond to overlap 

percentages in Figure 5. 

4. Discussion 

4.1. Herbivore Habitat Use 

Herbivore habitat use varied by species and over time at the Flat Rock barrens, 

largely associated with understory structure. We found that both deer and hare strongly 

favored the reference condition in the immediate wildfire aftermath. Numerous studies 

have documented hare avoidance of recently burned habitat [18,38–40]. In our study, this 

avoidance of the disturbed condition was most evident during the first winter following 

the wildfire, when occurrences were almost exclusively in the reference condition; this 

likely reflected their reliance on understory shrubs for food, predator concealment, and 

thermal benefits [16]. However, following that first winter, hare began using the disturbed 

and reference condition habitat equally over the course of 2019, and were found in the 

disturbed condition more often in the spring of 2020—the beginning of the second grow-

ing season following the wildfire. 

Other studies have found that hare will return to burned areas 1–6 years following 

disturbance in scrub oak (Quercus ilicifolia, Wangenheim) and pitch pine (Pinus rigida, Mil-

ler) barrens [18], and in two summers post-fire in a boreal upland forest site [41]. In all cases, 

it has been found that avoidance is largely based on the lack of understory vegetation as 

concealment against predators [18,40,42]. Sievert and Keith [42] reported that 87% of hare 

mortality is attributed to predation, such that much of their habitat selection must weigh the 

risk of foraging and predation pressure. Wolfe et al. [38] noted that hare select habitat with 

a shrub layer taller than 1 m [38]. At the Flat Rock, the ericaceous understory rarely, if ever, 

reaches that height, but does provide a dense continuous ‘mat’ of cover that had almost 

completely regrown to reference-like conditions by spring 2020. This relatively quick recov-

ery of the understory, along with microhabitat heterogeneity resulting from varied fire se-

verity across the disturbed area, may have hastened the hare’s return to the disturbed con-

dition even sooner than other studies have found [16]. Further, Litvaitis et al. [39] found that 

understory diversity is not as critical compared to structural complexity, making the Flat 

Rock understory an ideal hare habitat, even at this early successional stage. 

Similar to the hare, and other studies [43,44], we found that deer were far more prev-

alent in the reference condition than the disturbed condition immediately following the 

wildfire. However, deer, again similar to the hare, returned quickly to using the disturbed 

condition habitat in relatively equal proportions to the reference condition by spring 2019. 

Deer are commonly associated with early successional habitat [45] and their use of mid-
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successional stages is expected to increase until light limitations due to canopy closure 

reduces understory browse [46]. Further, deer may be responding to increased plant qual-

ity, palatability and fruit production, coupled with lower chemical defense production, 

following a fire [19,20,47]. Lowbush blueberry, the dominant understory species at the 

site, may respond to burning with increased fruiting, but this response has been shown to 

be highly variable due to differences in fire severity and ash nutrient loads [48]. 

While deer occurrences generally became more similar between the disturbed and 

reference conditions from spring 2019 onwards, there were notable differences from the 

hare behavior in that deer occurrences remained slightly higher in the reference condition 

throughout the study. Lyon and Jensen [49] noted a tradeoff between available browse 

and hiding cover, and Cherry et al. [20] showed that maternal deer shift their habitat use 

patterns, favoring hiding cover to conceal calves at the expense of higher quality browse. 

In an open-canopy forest, such as the Flat Rock, lack of concealment cover may always be 

an issue, but becomes heightened following the disturbance until the understory at least 

partially obstructs sightlines. While this may be especially important during parturition 

in late May–early June, it does not explain the higher use of the reference condition during 

other seasons. It may, however, indicate that concealment in the reference condition was 

no longer a significant issue by spring 2020, the one season during the study when deer 

occurred more frequently in the disturbed condition than the reference. There is also evi-

dence that reduction in browse height may benefit herbivores by increasing sightlines and 

enhancing their ability to respond to predators—but this depends upon the type of pred-

ator (e.g., sit and wait/ambush vs. cursorial). Both deer and hare antipredator tactics ver-

sus cursorial predators (coyote, foxes) involve hiding and crypsis [50], making understory 

reduction detrimental for these species. 

4.2. Predator–Prey Relationships 

Studies of coyote response to wildfire are few; however, Oehler and Litvaitis [51] 

suggest canids would generally respond positively to wildfire disturbance, as they do to 

habitat fragmentation. In our study, coyotes occurred more often in the disturbed condi-

tion immediately following the wildfire, perhaps due to increased sightlines and openness 

[16] or increases in alternative prey such as rodents. However, after the initially high use 

of the disturbed condition following the wildfire, coyotes shifted to using the reference 

condition in the winter of 2019, most likely due to the paucity of prey in the disturbed 

condition regardless of any benefits the lack of understory might convey [52]. Shifts back 

to use of the disturbed condition in spring 2019 and winter/spring 2020 could be explained 

by efforts to be less constrained by snow, although by 2020, the understory was almost com-

pletely regrown and it appears likely that habitat use is overall more tightly linked to prey 

availability rather than habitat characteristics, similar to what Ballard et al. [11] found to be 

the case with wolves. Overall, coyotes had higher activity overlap in the reference condition 

throughout the study. However, they notably tracked deer in the disturbed condition dur-

ing the spring of 2020, and had considerably higher, or equal overlap with both hare and 

deer in the disturbed condition at other time periods as well. This may be due to their ability 

to shift foraging strategy from being visually based (their dominant sense) during the day 

to auditory and/or olfactory sense-based at night [53]. This shift might afford these predators 

greater access to more spatially complex hunting habitat [53] in the open disturbed condi-

tion where longer sightlines may favor daytime hunting, while the reference condition 

would be favored for nocturnal hunting. Again however, the almost complete regrowth of 

the Flat Rock understory by the second growing season confounds this explanation and 

strengthens our position that coyotes are responding almost entirely to prey availability in 

their habitat selection and not any inherent habitat qualities themselves. 

Diel activity for herbivores did not vary dramatically across year or season. Hare ac-

tivity was largely nocturnal (18:00–6:00) and activity patterns persisted over time since 

disturbance, season, and across forest condition, which supports the findings of other 

studies in Montana [54]. Feierbend and Kielland [55] noted that Alaskan snowshoe hares 
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were most active between 18:00 and 8:00 and their nocturnal movements were 4–7 times 

greater than at mid-day. However, these researchers also noted that hare activity is more 

variable in heterogeneous landscapes, a result we did not find at the Flat Rock. Further, 

other studies have shown that hare activity was restricted to night during the more stress-

ful winter season, but was more crepuscular during other seasons [56], also a result that 

our data do not support. 

Coyote activity was primarily nocturnal from fall 2018 through spring 2019 and had 

the highest overlap with hare in the reference condition, but behavior became more cre-

puscular and had higher overlap with deer in subsequent seasons. Interestingly, however, 

is that in summer 2020, when hare abundance was low in both forest conditions, we ob-

served coyote occurrences shift to favor the reference condition where deer were more 

commonly observed and potentially timed with parturition. Similar to our findings, 

Hidgon et al. [57] noted that adult deer, regardless of gender, were crepuscular whereas 

family groups with fawns were more diurnally active during parturition and the sensitive 

summer lactation period [57]. Crawford et al. [58] noted that predator presence during 

parturition often shifted deer towards diurnal activity to avoid nocturnal coyote. As deer 

fawns age, we can expect there to be a shift in activity that develops as they become more 

aware of their surroundings and large enough to escape predators [58,59]. While this 

might explain coyote behavior in late spring and summer, our data are not robust enough 

(i.e., not enough occurrences at finer timescales) to assess this properly. 

5. Conclusions 

We found that wildlife species’ habitat use was strongly impacted by the wildfire; 

however, this effect did not last as long as has been reported in other studies [16]. Our 

results indicate that species returned to the disturbed condition as early as the first grow-

ing season following the wildfire. This result points to the uniqueness of the Flat Rock 

pine barrens ecosystem, where later successional stages of mature jack pine form a rela-

tively open canopy over a dense understory of ericaceous shrubs. As such, the later suc-

cessional forest architecture does not differ structurally from the early successional stages 

immediately following the wildfire, where standing dead trees still formed a quasi-can-

opy and the shrub layer almost completely regrew in the first two growing seasons. Sim-

ilar to the findings of Monamy and Fox [60], this appears to have led to species, who in 

other systems would otherwise not repopulate disturbed areas for up to 10 years (during 

the initiation stage), instead returning much sooner temporally but at a similar time in 

terms of successional/ecological stage. 

While our study demonstrates this result for common mammals in the region (i.e., 

deer, hare, and coyotes), our game-camera approach does not allow us to draw strong 

conclusions for other mammal and bird species—many of whom may be more strongly 

affected by structural changes in living versus dead standing trees as nesting habitat and 

forage availability than the larger mammals we observed. For instance, granivores have 

been found to respond positively immediately following wildfire due to increased seed 

supply, while other groups such as folivores and omnivores do not appear until much 

later in the successional pathway [16,61]. 

An important component of this, and other studies, on wildlife response to disturb-

ance is that changes in successional stage and forest structure, and subsequent wildlife 

usage, continue to unfold over the course of multiple decades [28]. Further complicating 

predictions is that climate change, coupled with changes to historic disturbance regimes, 

may lead to phenological mismatches in species’ life-history traits, resulting in novel plant 

and animal communities, successional pathways, and ecosystem functioning [62]. The 

Flat Rock, located at the southern extent of jack pine’s range, may be particularly suscep-

tible to changes in climate and disturbance regime [63,64], making continued long-term 

study of this, and other ecosystems, paramount for wildlife and forest management. We 

plan on continuing monitoring wildlife usage over the ensuing decades as forest structure 
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continues to change. Further, we plan on expanding our camera array to more fully cap-

ture the landscape heterogeneity of the pine barrens and surrounding areas. Camera lo-

cations based on specific habitat conditions, replicated across the study area, are necessary 

to fully understand wildlife usage. 
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Appendix A 

Table A1. Species raw count occurrences for the reference and disturbed conditions. 

Species Scientific Name Reference Disturbed 

American crow Corvus brachyrhynchos, Brehm 1 5 

American robin Turdus migratorius, Linnaeus 11 43 

Blue jay Cyanocitta cristata, Linnaeus 1 0 

Bobcat Lynx rufus, Schreber 2 7 

Cedar waxwing Bombycilla cedrorum, Vieillet 0 1 

Cooper’s hawk Accipiter cooperii, Bonaparte 1 0 

Eastern coyote Canis latrans, Say 41 49 

Eastern phoebe Sayornis phoebe, Latham 0 1 

Eastern turkey Meleagris gallopavo, Linnaeus 1 12 

Fisher Pekania pennanti, Erxleben 12 6 

Gray squirrel Sciurus carolinensis, Gmelin 2 0 

Hermit thrush Catharus guttatus, Pallas 5 1 

Dark-eyed junco Junco hyemalis, Linnaeus 0 1 

Northern flicker Colaptes auratus, Linnaeus 1 3 

Porcupine Erethizon dorsatum, Linnaeus 1 1 

Raccoon Procyon lotor, Linnaeus 15 8 

Red fox Vulpes vulpes, Linnaeus 7 8 

Red squirrel Sciurus vulgaris, Linnaeus 39 4 

Red-tailed hawk Buteo jamaicensis, Gmelin 0 1 

Ruffed grouse Bonasa umbellus, Linnaeus 4 3 

Sharp-shinned hawk Accipiter striatus, Vieillot 1 0 

Snowshoe hare Lepus americanus, Erxleben 180 134 

White-tailed deer Odocoileus virginianus, Zimmermann 271 164 
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Appendix B 

Species Reference Disturbed 

White-tailed 

deer 

Odocoileus  

virginianus, 

Zimmermann 

 

  

 

Coyote 

Canis latrans, 

Say 

  

Snowshoe 

hare 

Lepus ameri-

canus, Erxleben
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Red fox 

Vulpes vulpes, 

Linnaeus  

  

Bobcat 

Lynx rufus, 

Schreber 

  

Fisher 

Pekania pen-

nanti, Erxleben 

  

Raccoon 

Procyon lotor, 

Linnaeus 

  

Turkey 

Meleagris gal-

lopavo, Lin-

naeus 

  

Figure A1. Representative game camera photos from the reference and disturbed conditions. 

References 

1. De Grandpré, L.; Waldron, K.; Bouchard, M.; Gauthier, S.; Beaudet, M.; Ruel, J.C.; Hébert, C.; Kneeshaw, D.D. Incorporating 

insect and wind disturbances in a natural disturbance-based management framework for the boreal forest. Forests 2018, 9, 471, 

doi:10.3390/f9080471. 

2. Turner, M.G.; Collins, S.L.; Lugo, A.E.; Magnuson, J.J.; Scott Rupp, T.; Swanson, F.J. Disturbance dynamics and ecological 

response: The contribution of long-term ecological research. Bioscience 2003, 53, 46–56, doi:10.1641/0006-

3568(2003)053[0046:DDAERT]2.0.CO;2. 



Forests 2021, 12, 676 17 of 19 
 

 

3. Attiwill, P.M. The disturbance of forest ecosystems: The ecological basis for conservative management. For. Ecol. Manag. 1994, 

63, 247–300, doi:10.1016/0378-1127(94)90114-7. 

4. Lovett, G.M.; Canham, C.D.; Arthur, M.A.; Weathers, K.C.; Fitzhugh, R.D. Forest ecosystem responses to exotic pests and 

pathogens in eastern North America. Bioscience 2006, 56, 395–405, doi:10.1641/0006-3568(2006)056[0395:FERTEP]2.0.CO;2. 

5. Pickett, S.T.A.; White, P.S. The Ecology of Natural Disturbance and Patch Dynamics; Academic Press: Orlando, FL, USA, 1985. 

6. Keiser, A.D.; Knoepp, J.D.; Bradford, M.A. Disturbance decouples biogeochemical cycles across forests of the southeastern US. 

Ecosystems 2016, 19, 50–61, doi:10.1007/s10021-015-9917-2. 

7. Dukes, J.S.; Pontius, J.; Orwig, D.; Garnas, J.R.; Rodgers, V.L.; Brazee, N.; Cooke, B.; Theoharides, K.A.; Stange, E.S.; Harrington, 

R.; et al. Responses of insect pests, pathogens, and invasive plant species to climate change in the forests of northeastern North 

America: What can we predict? Can. J. For. Res. 2009, 39, 231–248, doi:10.1139/X08-171. 

8. Sergio, F.; Blas, J.; Hiraldo, F. Animal responses to natural disturbance and climate extremes: A review. Glob. Planet. Chang. 2018, 

161, 28–40, doi:10.1016/j.gloplacha.2017.10.009. 

9. Thompson, J.R.; Spies, T.A. Vegetation and weather explain variation in crown damage within a large mixed-severity wildfire. 

For. Ecol. Manag. 2009, 258, 1684–1694, doi:10.1016/j.foreco.2009.07.031. 

10. Lampainen, J.; Kuuluvainen, T.; Wallenius, T.H.; Karjalainen, L.; Vanha-Majamaa, I. Long-term forest structure and 

regeneration after wildfire in Russian Karelia. J. Veg. Sci. 2004, 15, 245–256, doi:10.1111/j.1654-1103.2004.tb02259.x. 

11. Ballard, T.M. Impacts of forest management on northern forest soils. For. Ecol. Manag. 2000, 133, 37–42, doi:10.1016/S0378-

1127(99)00296-0. 

12. Certini, G. Effects of fire on properties of forest soils: A review. Oecologia 2005, 143, 1–10, doi:10.1007/s00442-004-1788-8. 

13. Boerner, R.E.J. Fire and nutrient cycling in temperate ecosystems. Bioscience 1982, 32, 187–192, doi:10.2307/1308941. 

14. Ahlgren, I.F.; Ahlgren, C.E. Ecological effects of forest fires. Bot. Rev. 1960, 26, 483–533, doi:10.1007/BF02940573. 

15. Bond, M.L. Mammals and mixed- and high-severity fire. In The Ecological Importance of Mixed-Severity Fires: Nature’s Phoenix; 

Elsevier Inc.: Amsterdam, The Netherlands, 2015; pp. 89–117, ISBN 9780128027608. 

16. Fisher, J.T.; Wilkinson, L. The response of mammals to forest fire and timber harvest in the North American boreal forest. Mamm. 

Rev. 2005, 35, 51–81, doi:10.1111/j.1365-2907.2005.00053.x. 

17. Converse, S.J.; White, G.C.; Block, W.M. Small mammal responses to thinning and wildfire in ponderosa pine–dominated forests 

of the southwestern United States. J. Wildl. Manag. 2006, 70, 1711–1722, doi:10.2193/0022-541x(2006)70[1711:smrtta]2.0.co;2. 

18. Gigliotti, L.C.; Jones, B.C.; Lovallo, M.J.; Diefenbach, D.R. Snowshoe hare multi-level habitat use in a fire-adapted ecosystem. J. 

Wildl. Manag. 2018, 82, 435–444, doi:10.1002/jwmg.21375. 

19. Vogl, R.J.; Beck, A.M. Response of white-tailed deer to a Wisconsin wildfire. Am. Midl. Nat. 1970, 84, 270–273, 

doi:10.2307/2423752. 

20. Cherry, M.J.; Warren, R.J.; Conner, L.M. Fire-mediated foraging tradeoffs in white-tailed deer. Ecosphere 2017, 8, e01784, 

doi:10.1002/ecs2.1784. 

21. O’Brien, C.S.; Krausman, P.R.; Boyd, H.M.; Ballard, W.B.; Cunningham, S.C.; Devos, J.C. Influence of coyotes on habitat use by 

mule deer following a Wildfire. Calif. Fish Game 2010, 96, 7–22. 

22. Badry, M.; Proulx, G.; Woodward, P. Home-range and habitat use by fishers translocated to the aspen parkland of Alberta. In 

Martes: Taxonomy, Ecology, Techniques, and Management; Provincial Museum of Alberta: Edmonton, AB, Canada, 1997; pp. 235–

251. 

23. Paragi, T.F.; Johnson, W.N.; Katnik, D.D.; Magoun, A.J. Marten selection of postfire seres in the Alaskan taiga. Can. J. Zool. 1996, 

74, 2226–2237, doi:10.1139/z96-253. 

24. Lino, S.; Sillero, N.; Torres, J.; Santos, X.; Álvares, F. The role of fire on wolf distribution and breeding-site selection: Insights 

from a generalist carnivore occurring in a fire-prone landscape. Landsc. Urban Plan. 2019, 183, 111–121, 

doi:10.1016/j.landurbplan.2018.12.003. 

25. Bried, J.T.; Langwig, K.E.; Dewan, A.A.; Gifford, N.A. Habitat associations and survey effort for shrubland birds in an urban 

pine barrens preserve. Landsc. Urban Plan. 2011, 99, 218–225, doi:10.1016/j.landurbplan.2010.10.003. 

26. Swengel, A.B. Effects of management on butterfly abundance in tallgrass prairie and pine barrens. Biol. Conserv. 1998, 83, 77–

89, doi:10.1016/S0006-3207(96)00129-2. 

27. Radeloff, V.C.; Mladenoff, D.J.; Gustafson, E.J.; Scheller, R.M.; Zollner, P.A.; He, H.S.; Resit Akçakaya, H. Modeling forest 

harvesting effects on landscape pattern in the Northwest Wisconsin Pine Barrens. For. Ecol. Manag. 2006, 236, 113–126, 

doi:10.1016/j.foreco.2006.09.007. 

28. Volkmann, L.A.; Hutchen, J.; Hodges, K.E. Trends in carnivore and ungulate fire ecology research in North American conifer 

forests. For. Ecol. Manag. 2020, 458, 117691, doi:10.1016/j.foreco.2019.117691. 

29. Hallisey, D.M.; Wood, G.W. Prescribed fire in scrub oak habitat in central Pennsylvania. J. Wildl. Manag. 1976, 40, 507–516, 

doi:10.2307/3799955. 

  



Forests 2021, 12, 676 18 of 19 
 

 

30. Franzi, D.A.; Adams, K.B. The Origin and fate of the sandstone pavement pine barrens in northeastern New York. In New 

England Intercolllegiate Geologic Conference Guidebook, Proceedings of the New England Intercollegiate Geologic Conference, Burlington, 

VT, USA, 1–3 October 1999; Wright, S.F., Ed.; University of Vermont Graphics and Printing: Burlington, VT, USA, 1999; pp. 201–

212. 

31. Reschke, C. Ecological Communities of New York State; New York Natural Heritage Program, N.Y.S. Department of Environmental 

Conservation: Troy, NY, USA, 1990. 

32. Keeley, J.E. Fire intensity, fire severity and burn severity: A brief review and suggested usage. Int. J. Wildl. Fire 2009, 18, 116–

126, doi:10.1071/WF07049. 

33. Meek, P.D.; Ballard, G.; Claridge, A.; Kays, R.; Moseby, K.; O’Brien, T.; O’Connell, A.; Sanderson, J.; Swann, D.E.; Tobler, M.; et 

al. Recommended guiding principles for reporting on camera trapping research. Biodivers. Conserv. 2014, 23, 2324–2343, 

doi:10.1007/s10531-014-0712-8. 

34. ArcGIS Release for Desktop, Version 10.5; Environmental Systems Research Institute (ESRI): Redlands, CA, USA, 2018.  

35. Niedballa, J.; Sollmann, R.; Courtiol, A.; Wilting, A. camtrapR : An R package for efficient camera trap data management. 

Methods Ecol. Evol. 2016, 7, 1457–1462, doi:10.1111/2041-210X.12600. 

36. Watts, D.E.; Parker, I.D.; Lopez, R.R.; Silvy, N.J.; Davis, D.S. Distribution and abundance of endangered Florida Key deer on 

outer islands. J. Wildl. Manag. 2008, 72, 360–366, doi:10.2193/2007-166. 

37. Kelly, M.J.; Holub, E.L. Camera trapping of carnivores: Trap success among camera types and across species, and habitat 

selection by species, on Salt Pond Mountain, Giles County, Virginia. Northeast. Nat. 2008, 15, 249–262, doi:10.1656/1092-

6194(2008)15[249:ctocts]2.0.co;2. 

38. Wolfe, M.L.; Debyle, N.V.; Mccabe, T.R. Snowshoe hare cover relationships in northern Utah. Behav. Biol. 1982, 46, 662–670. 

39. Litvaitis, J.A.; Sherburne, J.A.; Bissonette, J.A. Influence of understory characteristics on snowshoe hare habitat use and density. 

Source J. Wildl. Manag. 1985, 49, 866–873, doi:10.2307/3801359. 

40. Litvaitis, J.A.; Sherburne, J.A.; Bissonette, J.A. A comparison of methods used to examine snowshoe hare habitat use. J. Wildl. 

Manag. 1985, 49, 693–695, doi:10.2307/3801696. 

41. Keith, L.B.; Surrendi, D.C. Effects of fire on a snowshoe hare population. J. Wildl. Manag. 1971, 35, 16–26, doi:10.2307/3799867. 

42. Sievert, P.R.; Keith, L.B. Survival of snowshoe hares at a geographic range boundary. J. Wildl. Manag. 1985, 49, 854–866, 

doi:10.2307/3801358. 

43. Meek, M.G.; Cooper, S.M.; Owens, M.K.; Cooper, R.M.; Wappel, A.L. White-tailed deer distribution in response to patch burning 

on rangeland. J. Arid Environ. 2008, 72, 2026–2033, doi:10.1016/j.jaridenv.2008.06.002. 

44. Lashley, M.A.; Chitwood, M.C.; Kays, R.; Harper, C.A.; DePerno, C.S.; Moorman, C.E. Prescribed fire affects female white-tailed 

deer habitat use during summer lactation. For. Ecol. Manag. 2015, 348, 220–225, doi:10.1016/j.foreco.2015.03.041. 

45. Cairns, A.L.; Telfer, E.S. Habitat use by 4 sympatric ungulates in boreal mixedwood forest. J. Wildl. Manag. 1980, 44, 849–857, 

doi:10.2307/3808313. 

46. Johnson, A.S.; Hale, P.E.; Ford, W.M.; Wentworth, J.M.; French, J.R.; Anderson, O.F.; Pullen, G.B. White-tailed deer foraging in 

relation to successional stage, overstory type and management of Southern Appalachian forests. Am. Midl. Nat. 1995, 133, 18–

35, doi:10.2307/2426344. 

47. Archibald, S.; Bond, W.J.; Stock, W.D.; Fairbanks, D.H.K. Shaping the landscape: Fire-grazer interactions in an African savanna. 

Ecol. Appl. 2005, 15, 96–109, doi:10.1890/03-5210. 

48. Duchesne, L.C.; Wetzel, S. Effect of fire intensity and depth of burn on lowbush blueberry, Vaccinium angustifolium, and velvet 

leaf blueberry, Vaccinium myrtilloides, production in eastern Ontario. Can. Field-Nat. 2004, 118, 195–200, 

doi:10.22621/cfn.v118i2.913. 

49. Lyon, L.J.; Jensen, C.E. Management implications of elk and deer use of clear-cuts in Montana. Source J. Wildl. Manag. 1980, 44, 

352–362. 

50. Carl, G.R.; Robbins, C.T. The energetic cost of predator avoidance in neonatal ungulates: Hiding versus following. Can. J. Zool. 

1988, 66, 239–246, doi:10.1139/z88-034. 

51. Oehler, J.D.; Litvaitis, J.A. The role of spatial scale in understanding responses of medium-sized carnivores to forest 

fragmentation. Can. J. Zool. 1996, 74, 2070–2079, doi:10.1139/z96-235. 

52. Thibault, I.; Ouellet, J.P. Hunting behaviour of eastern coyotes in relation to vegetation cover, snow conditions, and hare 

distribution. Ecoscience 2005, 12, 466–475, doi:10.2980/i1195-6860-12-4-466.1. 

53. Ellington, E.H.; Muntz, E.M.; Gehrt, S.D. Seasonal and daily shifts in behavior and resource selection: How a carnivore navigates 

costly landscapes. Oecologia 2020, 194, 87–100, doi:10.1007/s00442-020-04754-1. 

54. Foresman, K.R.; Earson, D.E.P.; Pearso, D.E. Activity patterns of American martens, Martes americana, snowshoe hares, Lepus 

americanus, and red squirrels, Tamiasciurus hudsonicus, in westcentral Montana. Can. F. Nat. 1999, 113, 386–389. 

55. Feierabend, D.; Kielland, K. Movements, activity patterns, and habitat use of snowshoe hares (Lepus americanus) in interior 

Alaska. J. Mammal. 2014, 95, 525–533, doi:10.1644/13-MAMM-A-199. 

56. Mech, L.D.; Heezen, K.L.; Siniff, D.B. Onset and cessation of activity in cottontail rabbits and snowshoe hares in relation to 

sunset and sunrise. Anim. Behav. 1966, 14, 410–413, doi:10.1016/S0003-3472(66)80038-6. 

57. Higdon, S.D.; Diggins, C.A.; Cherry, M.J.; Ford, W.M. Activity patterns and temporal predator avoidance of white-tailed deer 

(Odocoileus virginianus) during the fawning season. J. Ethol. 2019, 37, 283–290, doi:10.1007/s10164-019-00599-1. 



Forests 2021, 12, 676 19 of 19 
 

 

58. Crawford, D.A.; Conner, L.M.; Morris, G.; Cherry, M.J. Predation risk increases intraspecific heterogeneity in white-tailed deer 

diel activity patterns. Behav. Ecol. 2020, 32, 41–48, doi:10.1093/beheco/araa089. 

59. Jacobsen, N.K. Changes in 24-hour activity patterns with growth of white-tailed deer fawns (Odocoileus virginianus). J. 

Interdiscipl. Cycle Res. 1984, 15, 213–226, doi:10.1080/09291018409359853. 

60. Monamy, V.; Fox, B.J. Small mammal succession is determined by vegetation density rather than time elapsed since disturbance. 

Austral Ecol. 2000, 25, 580–587, doi:10.1111/j.1442-9993.2000.tb00063.x. 

61. Fox, B.J. Changes in the structure of mammal communities over successional time scales. Oikos 1990, 59, 321–329. 

62. Johnstone, J.F.; Allen, C.D.; Franklin, J.F.; Frelich, L.E.; Harvey, B.J.; Higuera, P.E.; Mack, M.C.; Meentemeyer, R.K.; Metz, M.R.; 

Perry, G.L.W.; et al. Changing disturbance regimes, ecological memory, and forest resilience. Front. Ecol. Environ. 2016, 14, 369–

378, doi:10.1002/fee.1311. 

63. Aitken, S.N.; Yeaman, S.; Holliday, J.A.; Wang, T.; Curtis-McLane, S. Adaptation, migration or extirpation: Climate change 

outcomes for tree populations. Evol. Appl. 2008, 1, 95–111, doi:10.1111/j.1752-4571.2007.00013.x. 

64. Hampe, A.; Petit, R.J. Conserving biodiversity under climate change: The rear edge matters. Ecol. Lett. 2005, 8, 461–467, 

doi:10.1111/j.1461-0248.2005.00739.x. 


