
ABSTRACT 

BOGGS, APRIL DAWN. White-footed Mouse and Invertebrate Associations with Logging 

Residue: Informing Potential Wood Bioenergy Markets in the Southern Appalachians. (Under 

the direction of Dr. Christopher Moorman). 

 

Growing interest in using wood to feed bioenergy markets may lead to less logging 

residues (i.e., downed wood) following timber harvests. Downed wood provides essential cover 

and food resources for a variety of wildlife in forested ecosystems, including white-footed mice 

(Peromyscus leucopus) and invertebrates. As bioenergy markets expand into new areas, 

including the Appalachian Mountains of the eastern United States, it is important to document 

relationships between downed wood and wildlife after timber harvests, which in turn could help 

inform the potential impacts of wood bioenergy harvests on wildlife. We sampled white-footed 

mice and invertebrates in 10 sites in western North Carolina. The 10 sites (five clearcuts and five 

shelterwood harvests) were harvested between 2013 and 2015. Before harvest, one half (five) of 

the sites were dominated by overstory white pine (Pinus strobus) and five were dominated by 

hardwoods in the overstory. We sampled white-footed mice using 60 Sherman traps spaced 15m 

apart in the 10 sites. We located Sherman traps near (≤ 5m) or far (> 5m) from coarse woody 

debris (CWD; downed wood with a diameter ≥ 10cm), and we measured vegetation cover at each 

trap site. We collected invertebrates using eight pairs of pitfall traps at each of the 10 sites, with 

one trap of each pair placed beside a pile of woody debris and one placed far (~5m) from the pile 

of woody debris. We estimated ground cover and measured temperature and/or humidity at each 

pitfall trap. We also estimated downed wood volume at each of the 10 harvest sites using prism 

sweep sampling. Occupancy analysis indicated that white-footed mouse occupancy probability 

increased with increasing site-level woody debris volumes in white pine stands, and trap-level 

CWD cover in all stands, whereas Capture Mark Recapture and linear regression analysis 



indicated that white-footed mouse abundance increased with increasing site-level woody debris 

volumes. Linear and logistic regression indicated that captures/capture probabilities of 54% of 

invertebrate taxa examined increased with increasing site-level woody debris volume. Further, 

captures/capture probabilities of 29% of the invertebrate taxa examined increased with greater 

CWD cover at trap sites. Our results indicate that residual downed wood (i.e., logging residue) 

provides critical resources for white-footed mice and invertebrates following timber harvests in 

the southern Appalachian region of the United States. Removals of woody debris for bioenergy 

likely will decrease white-footed mouse occupancy and abundance, so strategies to retain 

scattered residues should be put in place should bioenergy markets expand into the Appalachian 

Mountain region.   
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CHAPTER 1 

RELATIONSHIPS BETWEEN WHITE-FOOTED MICE AND LOGGING RESIDUE: 

INFORMING THE SUSTAINABILITY OF POTENTIAL WOOD BIOENERGY 

HARVESTS IN THE SOUTHERN APPALACHIANS 

 

ABSTRACT 

Downed wood provides critical food and cover for wildlife, but the relationships between 

logging residues and ground-dwelling wildlife such as mice are poorly studied. Moreover, 

removal of low value woody material for bioenergy can decrease the availability of downed 

wood for ground-dwelling wildlife following timber harvests. To document relationships 

between wildlife and logging residues and to determine the potential impacts of bioenergy 

markets, we examined local and site-scale relationships between white-footed mice (Peromyscus 

leucopus) and downed wood after timber harvests in western North Carolina. We sampled mice 

in 10 areas harvested (five clearcuts and five shelterwood harvests) between 2013 and 2015. 

Before harvest, five of the sites were dominated by overstory white pine (Pinus strobus) and five 

were dominated by overstory hardwoods. We captured mice from May to August of 2016 and 

2017 using 60 Sherman traps per site spaced 15 m apart and set twice for five consecutive nights 

in each year. We categorized traps as either near (≤ 5 m) coarse woody debris (CWD; woody 

debris ≥ 10 cm in diameter) or far (> 5 m) from CWD. We estimated site-level woody debris 

volumes using modified prism sweep sampling and determined vegetation, woody debris, and 

ground cover composition at each trap location. White-footed mouse occupancy, used to estimate 

probability of using an individual trap, increased with greater trap-level CWD cover in all stands 

and greater site-level woody debris volume in white pine stands. We used Capture Mark 

Recapture to estimate mouse abundance at each site and then linear regression to investigate 

relationships between estimated abundance and site-level covariates; white-footed mouse 
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abundance increased with greater site-level woody debris volume and abundance was greater at 

white pine sites than hardwood sites. These results indicate that residual logging debris is 

important to white-footed mice, and likely other ground-dwelling small mammals, both at the 

local- and site-scale. Removals of woody debris for bioenergy likely will decrease white-footed 

mouse occupancy and abundance, so strategies to retain scattered residues should be put in place 

should bioenergy markets expand into the Appalachian Mountain region. 
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INTRODUCTION 

Downed wood, an often overlooked component of forests, serves a number of important 

ecological roles, including providing food and cover for wildlife. Occurring as small (< 10cm, 

termed fine woody debris or FWD) and large (≥ 10cm, termed coarse woody debris or CWD) 

branches, fallen trees, and logs, downed wood provides critical resources for various wildlife 

taxa. Specifically, downed wood provides cover from predators (e.g., eastern chipmunks; Zollner 

and Crane, 2003), perches from which birds roost and sing (Shackelford and Conner, 1997; 

Hagan and Grove, 1999; Grodsky et al., 2016a), foraging areas for various wildlife (e.g., shrews; 

Loeb, 1996), nesting cover (e.g., ruffed grouse (Bonasa umbellus); Tirpak et al., 2006), and 

thermoregulatory cover (e.g., toads; Fritts et al., 2015a).  

Small mammals, including rats, mice, and shrews, serve as vital prey animals, seed 

dispersers, and consumers of plants and invertebrates and are known to associate with downed 

wood (Harmon et al., 1986; Loeb, 1999). Therefore, woody debris availability likely influences 

abundance of small mammals and their associated ecosystem services (e.g., seed dispersal). For 

example, white-footed mice (Peromyscus leucopus) may select areas with larger and more 

abundant downed logs than randomly available (Dueser and Shugart, 1978), and individuals may 

use CWD more than other microsites in canopy gaps and closed canopy forests (Greenberg, 

2002). However, Greenberg et al. (2006) did not document a relationship between mouse 

captures and downed wood following fuel reduction treatments in the southern Appalachians of 

the United States. Similarly, studies of shrew relationships with CWD suggest variation among 

regions (Davis et al., 2010; Greenberg and Miller, 2004) and among species (Fritts et al., 2015b). 

Generalist species, such as deer mice (Peromyscus maniculatus), may be less impacted by 

woody debris reductions (Sullivan et al., 2017) or numbers of downed logs than specialist 
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species (Bowman et al., 2000), and specialists, such as the southern red-backed vole (Myodes 

gapperi), may persist in piles of debris following timber harvest (Sullivan et al., 2012; Sullivan 

and Sullivan, 2017). As such, reductions in downed wood volumes following timber harvest may 

have detrimental effects on some small mammal taxa. Considerable research has been conducted 

on the impact of downed wood on small mammal in mature forests, but less is known about the 

impacts that the removal of downed wood could produce in logged systems.  

Volume of woody debris in forest landscapes follows a “U-Shaped Chronosequence” 

from stand establishment to old growth (Gore and Patterson, 1986; Harmon et al., 1986). After a 

disturbance (e.g., timber harvest, high wind event, or wildfire), the volume of downed wood is 

relatively high in a forest (Harmon et al., 1986; Grodsky et al., 2016b). Over time, the volume of 

disturbance-generated woody debris decreases with decay, then increases as trees mature, 

senesce, and die, eventually falling to become downed wood (Harmon et al., 1986; Gore and 

Patterson, 1986). Timber harvests contribute to this dynamic by creating a large pulse of downed 

wood as tree tops, unmerchantable stems, and branches are left after a harvest (i.e., logging 

residue). However, management activities post-harvest, including site preparation, movement of 

debris (e.g., windrows), and debris removal (i.e., chipping or burning) may further alter downed 

wood volumes (Fritts et al. 2014).     

With the increase in demand for renewable sources of energy, bioenergy markets have 

expanded to include wood biomass chipped or pelletized and used to produce heat and 

electricity. The European Union currently has renewable energy standards favorable for wood 

pellet use, increasing the demand for wood pellets from the United States and other countries 

(Joudrey et al., 2012; Goh et al., 2013). An abundant source of woody biomass is low value tree 

species, small diameter stems, and other material that otherwise would be left after timber 
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harvests as logging residue (Galik et al., 2009). Domestic markets for bioenergy have not greatly 

increased in the United States (Joudrey et al., 2012). However, wood pellet markets have the 

capacity to develop locally in some regions, including the southern Appalachians, where the 

pellets can be used to heat greenhouses, poultry houses, and schools (Patton, 2018).  

As bioenergy markets potentially expand in the future, it is necessary to determine the 

potential ecological impacts of removing logging residue during harvesting, especially effects on 

habitat for small mammals and other wildlife. Recent studies in the Coastal Plain in the 

southeastern United States indicated that biomass harvests did not affect the abundance of small 

mammals, and that vegetation characteristics were more critical determinants of habitat quality 

than volume of residual logging debris (Fritts et al., 2015b; Fritts et al., 2017). However, the 

impacts of woody debris reductions may be much different in the southern Appalachians, where 

many wildlife species are adapted to cool, moist microclimates, and where fires that consumed 

downed wood may have been less frequent historically than in the Coastal Plain (Fritts et al. 

2017).  

We sampled white-footed mice in 10 harvested sites in the region to determine the 

potential impact of bioenergy markets on residual logging debris and associated wildlife in the 

southern Appalachians. We focused the study on white-footed mice because of the species’ 

abundance and ability to represent other ground-dwelling species likely affected by 

manipulations in residual logging debris. We used Sherman traps to estimate white-footed mouse 

occupancy at individual traps and abundance at each of the 10 harvest sites, and investigated 

whether these metrics were related to residual logging debris. We hypothesized that white-footed 

mice would be positively associated with greater woody debris at both the trap (occupancy) and 

site (abundance) levels. Although the study was not conducted in the context of operational 
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wood bioenergy harvesting, we believe results could be used to inform ecological sustainability 

of woody biomass markets as they potentially expand into the southern Appalachians. 

Additionally, the study adds to the sparse research available on the relationships between wildlife 

and downed wood debris in forested systems of the eastern United States. 

METHODS 

Study Area 

The study area consisted of 10 harvested sites on public land in western North Carolina 

(Figure 1). Harvests occurred between 2013 and 2015 and ranged in size from 3.2 ha and 16.6 

ha. Six sites were located in Pisgah National Forest (“PNF”), 3 were located in DuPont State 

Recreational Forest (“DSRF”), and 1 was located in Holmes State Educational Forest (“HSEF”). 

The sites in PNF were harvested using a 2-aged regeneration method, leaving a maximum basal 

area of approximately 5.74 m
2
 per ha. The sites in DSRF and HSEF were harvested using the 

clearcut regeneration method. We assigned forest type to each site based on the dominant tree 

species before harvest, determined using statements from U.S. Forest Service and North Carolina 

Forest Service staff and Google Earth imagery.  Five of the sites were previously dominated by 

white pine (Pinus strobus) (1 in HSEF, 2 in DSRF, and 2 in PNF) and five were previously 

dominated by hardwoods (4 in PNF and 1 in DSRF). Post-harvest site preparation treatments, 

involving the felling of trees < 20 cm in diameter and of non-target species along with herbicide 

treatment of stumps, were conducted in PNF before sampling began in 2016 for 4 sites 

(2hardwood sites and 2 white pine sites) and after sampling was completed in 2016 for 2 

hardwood sites. All sites relied on natural regeneration, excluding the hardwood site in DSRF 

which was replanted with shortleaf pine (Pinus echinata). None of the harvests included a 

bioenergy component.  
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Mouse Capture 

We captured white-footed mice in each harvested site using a trapping grid consisting of 

60 Sherman traps with 15-m spacing between traps (H.B. Sherman Traps, Inc., Tallahassee, FL, 

USA). Traps were 7.62-cm wide, 8.89-cm high, and 22.86-cm long. We placed trapping grids at 

least 15 m from the edge of the harvested area to minimize potential effects of adjacent site types 

(Greenberg, 2002). We baited Sherman traps with oats and kept them open for five consecutive 

nights per trapping period. We sampled each site for two trapping periods between May and 

August of both 2016 and 2017. We noted proximity to coarse woody debris (debris with a 

diameter ≥ 10cm; CWD) for each trap, with traps < 5 m from CWD labeled as “near” CWD and 

traps ≥ 5 m from CWD labeled as “far.” We tagged captured individuals in the right ear with a 

uniquely numbered tag (Monel size 1, style 1005-1P, National Band & Tag Company, Newport, 

KY, USA) and released individuals at the capture site immediately after marking. All trapping 

was conducted in accordance with the NCSU Institutional Animal Care and Use Committee 

protocol (IACUC ID# 16-035-O).  

Vegetation Structure 

We measured vegetation structure and composition at plots centered on each Sherman 

trap location (600 total) only once between May and August of either 2016 or 2017. We obtained 

vegetation measurements at 1-m intervals for 5 m in each cardinal direction, for a total of 20 

points per Sherman trap location. We counted vegetation contacts vertically on a 1 m tall Weins 

pole (Moorman and Guynn, 2001). For each contact, we classified as grass, forb, or woody 

(including hardwood and conifer trees, shrubs, and woody vines) vegetation, FWD (diameter < 

10 cm), or CWD (diameter ≥ 10 cm). We classified the area directly under the pole (ground 

cover) as bare ground or leaf litter. We divided the number of points where each cover type was 
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present at the Sherman trap location by the total number of points possible (20) at the trap 

location to calculate the percent cover of each cover type. 

Downed Wood Volumes 

We estimated downed wood volumes in each of the 10 sites during winter 2016-2017, 

when live vegetation was less likely to impede the view of woody debris on the ground. We 

conducted prism sweep sampling, a point sampling method using a wedge prism to determine if 

each piece of fine or coarse woody debris is “in” the plot before measuring their length, to 

estimate woody debris volume within each the plot (Bebber and Thomas, 2003; Osbourne et al., 

2012). Volume estimates were taken separately for “scattered” and “piled” woody debris 

(Bebber and Thomas, 2003; Osbourne et al., 2012, Fritts et al. 2014). We estimated debris 

volumes at 15 Sherman trap locations spaced systematically across each site and summed the 

estimates for scattered and piled debris to create an estimate of overall debris volume in m
3
/ha 

for each site. 

Statistical Analysis 

We ran occupancy analysis using package Unmarked in R (version 3.4.3) to determine 

potential predictors, including debris retention, of white-footed mouse presence at the trap level 

during the 10 days of sampling at each site in each year (MacKenzie et al., 2002; Fiske and 

Chandler, 2011; R Core Team, 2017). This analysis allowed us to account for imperfect 

detection, and provided insight into the space use by individual mice along with the covariates 

that influenced the probability of the use of an individual trap. We used the corvif function in 

HighstatLibV10.R (Copyright Highland Statistics LTD) in R to test for multicollinearity (Zurr et. 

al., 2009). Variance inflation factors for the covariates were less than 5, so we did not eliminate 

any covariates. We used the Dredge function (package MuMIn) to examine all possible 
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combinations of covariates separately for detection and occupancy (Barton, 2018). The 

covariates considered on detection in the global model included day of trapping and proximity. 

The covariates considered on occupancy in the global model included percent cover of woody 

vegetation, forbs, grass, CWD, and FWD, site-level woody debris volume, proximity (near or 

far), site type (white pine or hardwood), and year (2016 or 2017). Before initiating analysis, we 

standardized each of the covariates by subtracting the mean from each and dividing each by their 

standard deviation (Taillie et al., 2015). We completed model selection for the occupancy models 

created by the Dredge function (package MuMIn) and selected the most competitive model 

based on the lowest Akaike’s Information Criterion corrected for small sample size (AICc)  

(Burnham and Anderson, 2002). We created plots of predicted occupancy based on the best 

model using the predict method and ggplot2 (Fiske and Chandler, 2011; Wickham, 2016). 

We conducted Closed Capture-Recapture analysis using RMark (Laake, 2013) in R 

(version 3.4.3) to estimate mouse abundance at each of the 10 sites (R Core Team, 2017). Due to 

the low number of captures during 2016, we only ran Closed Capture-Recapture analysis on the 

2017 data. We used the create.model.list function in RMark to create Closed Capture-Recapture 

models with combinations of either no covariate or time on capture and recapture probabilities 

and to select the best model (Otis et al., 1978; Laake, 2013). We used site as a grouping variable 

to obtain separate estimates of abundance for each site. We selected the best model as the one 

with the lowest AICc value (Burnham and Anderson, 2002). After obtaining abundance 

estimates for each site, we ran a generalized linear model (GLM) in R to determine if there was a 

relationship between estimated mouse abundance and site type or the standardized site-level 

woody debris volumes (or an interaction between site type and standardized woody debris 

volume) (R Core Team, 2017). Before running the generalized linear models, we used PROC 
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ANOVA in SAS (version 7.15 HF3) to determine if there was a significant association between 

site type and woody debris volume and determined there was no correlation (SAS Institute Inc., 

Cary, NC, USA). We selected the best GLM based on the lowest AIC value (Akaike, 1973). We 

used the predict method, ggplot2, and ggpubr to predict abundance based on the top model 

(Fiske and Chandler, 2011; Wickham, 2016; Kassambara, 2018). 

We also examined apparent survival for white-footed mice within the 10 sites. Survival 

analysis was completed for only the 2017 data due to the relatively low number of captures in 

2016. We used the create.model.list function in RMark (Laake, 2013) to complete model 

selection on Cormack-Jolly-Seber models (Cormack, 1964; Jolly, 1965; Seber; 1965), 

considering combinations of no covariates and time on capture probability and no covariates, 

time, and site on apparent survival (for a total of 6 models). We selected the most competitive 

model as the one with the lowest AICc value (Burnham and Anderson, 2002). 

RESULTS 

Site-level Woody Debris Volumes 

Average (+SE) site-level woody debris volume for the 10 study sites was 176.66+28.71 

m
3
/ha (range 56.05-376.61 m

3
/ha) (Table 1). Scattered woody debris volumes ranged from 40.39 

m
3
/ha to 145.28 m

3
/ha (Table 1). Piled woody debris volumes ranged from 3.48 m

3
/ha to 293.26 

m
3
/ha (Table 1). 

Capture Summary 

We captured 491 individual white-footed mice a total of 1,632 times in 12,000 trap nights 

during the 2 field seasons (2016 and 2017) (Table 2). We captured 84 individual white-footed 

mice a total of 270 times in 2016, and 416 individual white-footed mice a total of 1,362 times in 

2017.  Nine white-footed mice captured in 2016 were also captured in 2017. Other species 
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captured were golden mouse (Ochrotomys nuttalli), cotton rat (Sigmodon hispidus), woodland 

vole (Microtus pinetorum), meadow vole (Microtus pennsylvanicus), woodland jumping mouse 

(Napaeozapus insignis), unidentified shrews (Soricidae), eastern chipmunk (Tamias striatus), 

eastern cottontail (Sylvilagus floridanus), and eastern gray squirrel (Sciurus carolinensis) (Table 

2). We did not analyze responses of other species to debris retention because captures were too 

few. 

Trap-level Occupancy 

The detection model with the lowest AICc score indicated that detection was greater near 

CWD than far from CWD and increased over the 10 days of trapping (Table 3). Mean detection 

was 0.286 (mean SE = 0.009) at traps near CWD and 0.204 (mean SE = 0.012) at traps far from 

CWD.  

Each of the five occupancy models with the lowest AICc scores included CWD cover, 

grass cover, site-level woody debris volume, site type, year, and the interaction between site type 

and woody debris volume (Table 3).  The most competitive occupancy model contained CWD 

cover, grass cover, forb cover, site-level woody debris volume, site type, year, and the interaction 

between site type and woody debris volume on occupancy (Table 3). Two models had AICc 

values within 2 units of the top model. However, the additional parameters in these 2 models had 

high standard errors and p-values > 0.05, so model averaging was not used. The top model 

indicated that occupancy probability increased with greater CWD cover at the trap (b = 0.26, SE 

= 0.08) and greater woody debris volume at the site (b = 0.10, SE = 0.10) (Table 4; Figure 2). 

However, the positive relationship between occupancy probability and site-level woody debris 

volume was predominantly in white pine stands (b = 0.70, SE = 0.20) (Table 4; Figure 3). The 

top model also indicated that occupancy probability declined as forb cover increased (b = -0.20, 
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SE = 0.07) and as grass cover increased (b = -0.31, SE = 0.08) (Table 4; Figure 4; Figure 5). 

Predicted occupancy was high regardless of site type and woody debris volumes, ranging 

between 65% at 50 m
3
 per ha of woody debris and 100% at 400 m

3
 per ha of woody debris on 

white pine sites, and ranging between 65% and 75% on hardwood sites for the same range of 

woody debris volumes (Figure 3).  

Site-level Abundance 

The top Capture Mark Recapture model included time on both initial capture (p) and 

recapture (c) probabilities. Because the last capture probability was not estimable, we exported 

the model to Program MARK (White and Burnham, 1999) and used the parameter index 

matrices to manually set the last p equal to the last c. Initial capture probability ranged from 0.14 

(95% CI: 0.09-0.20) to 0.35 (95% CI: 0.21-0.52) and, for the most part, increased over time. 

Recapture probability ranged from 0.28 (95% CI: 0.23-0.34) to 0.74 (95% CI: 0.62-0.83) and had 

a negative trend over time. We obtained abundance estimates separately for each site, ranging 

from 14 individual P. leucopus (95% CI:14-21) to 125 individuals (95% CI: 120-137) (Table 5). 

After obtaining the abundance estimates, we used GLMs to determine the relationship between 

abundance and the covariates site type, site-level woody debris volume, and the interaction 

between site type and woody debris volume. The model with the lowest AIC score included all 

covariates, including the interaction term; abundance increased with greater site-level woody 

debris volume, with a greater increase at white pine sites than hardwood sites (Table 6; Figure 6). 

Apparent survival 

The Cormack-Jolly-Seber model with the lowest AICc score included the variable for 

time on detection but no covariate on apparent survival. Apparent survival probability over the 

2017 field season was estimated to be 98.1% (95% CI: 97.8% - 98.5%). The top model did not 
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include an effect of site on apparent survival, indicating that apparent survival had limited 

variability across sites and, therefore, a limited relationship with site-level covariates. The model 

with the lowest AICc indicated that detection decreased over time.  

DISCUSSION 

White-footed mice were influenced by retention of logging residues at multiple scales. 

The probability of mouse presence at an individual trap increased with greater CWD cover 

around the trap and with greater overall woody debris volume across the harvest site. Similarly, 

estimated mouse abundance increased with greater volume of logging residue at harvested sites. 

Proximity to CWD did not impact the probability that white-footed mice were present at a trap, 

but detection of white-footed mice was greater closer to CWD. The absence of a relationship 

between proximity to CWD and mouse use of individual trap locations may be related to CWD 

being scattered across each of the sites, allowing mice to move relatively freely and occupy trap 

locations more distant from CWD.  

The positive relationships between captures and downed wood volume and cover likely 

are because of the associated resource benefits provided to the white-footed mice. Mice may 

travel along CWD to avoid auditory or visual detection by predators (Barnum et al., 1992; Roche 

et al., 1999) or to search for seed and insect foods.  The maximum temperature under CWD was 

lower (mean: 27.47°C, SE: 4.32, p < 0.0001) than away (5 m) from CWD (mean: 46.54°C, SE: 

12.20), and minimum humidity was greater under CWD (mean: 90.08%, SE: 13.16) than away 

from CWD (mean: 47.08%, SE: 25.03), suggesting that white-footed mice also use CWD as 

refuge from hot and dry conditions (Boggs, 2019).  

Previous research on the relationship between mice and CWD cover or volume had 

mixed results, likely a result of different geographic region, vegetation types, or seral stage of 
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individual research sites. Multiple studies involving white-footed mice and closely related deer 

mice (Peromyscus maniculatus) and cotton mice (Peromyscus gossypinus) have indicated a 

positive relationship between mice and CWD or quantities of downed wood (Goodwin and 

Hungerford, 1979; Loeb, 1999; Moses and Boutin, 2001; Greenberg, 2002; Fauteux et al., 2012; 

Kellner and Swihart, 2014; Sollmann et al., 2015). Conversely, other studies documented no 

association with CWD (Osbourne, 2002; Craig et al., 2006; Jones and Lindquist, 2012; Marshall 

et al., 2012; Farrell et al., 2013; Homyack et al., 2014; Fritts et al., 2017) or mixed results at the 

trap and site level (Urban and Swihart, 2011). These studies occurred across a range of sites with 

various downed woody volume, management history, stand age, and geographic region, 

confounding generalizations about the relationship between white-footed mice and downed 

wood. That said, our research indicates that in the southern Appalachians, woody debris volume 

and percent cover are important aspects of habitat for white-footed mice in recently harvested 

forest stands. However, the relative effect of site-level woody debris volume in our study was 

small compared to other covariates, leaving the possibility that other factors, such as site type, 

are more important than woody debris volumes for white-footed mouse abundance and 

distribution in the region.  

Site type had a strong influence on white-footed mouse distribution and abundance, 

possibly because of micro-environmental factors associated with white pine forests. Occupancy 

probability was greater in white pine than hardwood sites, and increasing woody debris volumes 

had greater, positive influence on white-footed mouse abundance in white pine sites than in 

hardwood sites. This variation may be due to the specific characteristics of downed wood present 

in the sites, such as species or decay class, or due to a greater positive population response to 

timber harvesting in white pine (coniferous) sites versus hardwood (deciduous) sites (Kirkland, 
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1977; Kirkland, 1990; Zwolak, 2009). Other possible causes of variation between the 2 site types 

include differences in elevation, slope position, leaf litter depth, or composition or richness of 

understory plants (Brooks et al., 1998; Brannon, 2005; Craig et al. 2006; Kaminski et al., 2007; 

Lindemann et al., 2015). Increasing white-footed mouse occupancy with greater woody debris 

retention on white pine than hardwood sites suggests that site type should be considered when 

determining how much woody debris to leave after a timber harvest.  

The negative association between white-footed mouse occupancy and vegetation cover, 

specifically grass and forb percent cover, was unexpected. Other studies documented a negative 

relationship between Peromyscus spp. and grass cover (Kaufman et al., 1983; Kaminski et al., 

2007), whereas others documented a positive relationship with forb cover (Barnum et al., 1992; 

McMurry et al., 1996) or mixed grass-forb cover (Martin and McComb, 2002). Because dense 

grass cover rustles with movement, allowing for potential detection by predators, white-footed 

mice may avoid it (Getz, 1961, Barnum et al., 1992). Although forbs provide food and cover 

under which white-footed mice can generally travel silently (Barnum et al., 1992), it is possible 

that the height or density of forbs in our research sites also reduced the ability of white-footed 

mice move undetected. 

Capture rates and associated occupancy probability increased substantially between 2016 

and 2017, which highlights the importance of multi-year studies when working with mice and 

other rodents. The dramatic increase in mice in the second year of the study may be attributable 

to a variety of factors, including delayed population growth after timber harvest (Martell et al. 

1983; Kellner et al., 2013; Gitzen et al., 2018), increased availability of hard and soft mast 

during the fall of 2016 compared to the fall of 2015 (Buckner and Shure, 1985; Elias et al., 2004; 

Fanz and Renken, 2005; Clotfelter et al. 2007; Greenberg et al., 2007; Olfenbuttel, 2016), or 



   

16 

 

natural population fluctuations (Deitloff et al., 2010). Weather, such as temperature or 

precipitation, may have also played a role by providing conditions optimal for recruitment or 

survival between 2016 and 2017. 

The best Cormack-Jolly-Seber model indicated very high survival (98.1%; 95% CI: 

97.8% - 98.5%), which might be expected, given the short length of the sampling period. 

Survival of white-footed mice may be improved with greater availability of downed wood, as is 

the case for deer mice (Manning and Edge, 2004). However, apparent survival rates in this study 

showed little variation among sites, indicating that site-level covariates, such as woody debris 

volume, did not influence survival. 

Our study was conducted outside of the context of operation woody biomass harvesting, 

but the relationships we documented between mice and residual logging debris should help 

inform sustainability practices should a wood bioenergy market arise in the region.  In the 

Coastal Plain of the southeastern United States, woody biomass harvesting reduced residual 

downed wood volume by 81% (Fritts et al. 2014). If the same percentage held for the southern 

Appalachians, debris volumes after biomass harvesting in our sites would drop from 56.05 m
3
/ 

ha to 10.65 m
3
/ ha at the site with the lowest debris volume, and from 376.60 m

3
/ ha to 71.55 

m
3
/ha at the site with the greatest debris volume. Such a drastic decrease in woody debris volume 

could decrease white-footed mice abundance, especially at sites that had low initial debris levels. 

However, efficacy of woody debris removal may be lower in the southern Appalachians than in 

the Coastal Plain. Due to steep slopes and other logistical challenges (access, road conditions, 

etc.) in the mountainous terrain, it is likely that the recovery rate of woody debris in the southern 

Appalachians would be much lower than the Coastal Plain, similar to the 52.5% average 

recovery rate of woody debris in temperate and boreal forests of other countries (Thiffault et al., 
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2015) or the 55% recovery rate observed in Maine, USA (Briedis et al., 2011). It is also 

important to note that the average woody debris volume was greater at sites in this study (176.66 

m
3
/ ha) than in Coastal Plain sites without a biomass harvest (108.20 m

3
/ ha) (Fritts et al., 2014).  

The white-footed mouse is a common and widespread generalist species, but 

relationships we documented between its abundance or occupancy and retention of logging 

residue may be similar for other less common wildlife species, including Allegheny woodrat 

(Neotoma magister), long-tailed shrew (Sorex dispar), and even plethodontid salamanders. We 

showed that white-footed mice were positively associated with woody debris at the trap and at 

the site level, though relationships varied between the 2 site types.  Hence, we recommend 

considering site type when determining how much woody debris to leave on site. We 

recommend leaving as much woody debris as is economically possible in both white pine and 

hardwood sites where operational removal of woody debris is to occur and more woody debris if 

possible in white pine sites. Beyond 50% debris removal (in line with the average recovery rate 

in Thiffault et al., 2015) on a white pine site with 176.66 m
3
/ ha of woody debris, white-footed 

mouse abundance would be expected to decrease by 68.7% (67 to 21 individuals) and occupancy 

probability would be expected to decrease by 14.9% (0.87 to 0.74%). On a hardwood site with 

176.66 m
3
/ ha of woody debris, occupancy would decrease from 0.69 to 0.63 and abundance 

would decrease from 30 to 25. Because occupancy probability increases with CWD percent 

cover, we also recommend that any retained debris be scattered across the site. We also 

recommend leaving a variety of woody debris types, such as tops, large stems, and small stems. 

Future research should involve the experimental manipulation of logging residues or operational 

removal of debris to better identify thresholds that optimize economic harvest of woody biomass 

and conservation of wildlife in the southern Appalachians. 
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CONCLUSION 

The use of low value woody biomass for bioenergy is imminent in the southern 

Appalachians. Before biomass harvesting becomes a common practice in the region, it is 

important to determine its environmental impacts. Our research indicates that both the abundance 

and distribution of white-footed mice in harvested sites in the region is positively associated with 

the cover and volume of downed wood left following timber harvest. As such, we recommend 

leaving as much woody debris as economically feasible on sites where operational harvest of the 

woody debris is to occur. Debris left after a biomass harvest should be scattered across the site to 

provide cover for white-footed mice and other wildlife. 
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Table 1. Scattered, piled, and overall woody debris volumes at each study site in western North 

Carolina based on measurements taken from December 2016 to March 2017. We classified each 

site as white pine or hardwood based on the overstory present before harvest.  

Site Site Type Scattered  

Woody Debris 

Volume  

(m
3 

per ha) 

Piled Woody 

Debris Volume  

(m
3 

per ha) 

Overall Woody 

Debris Volume  

(m
3 

per ha) 

BR1 White Pine 81.06 72.76 153.82 

BR3WP White Pine 60.92 32.13 93.05 

DPWPB White Pine 76.11 70.55 146.66 

DPWPNB White Pine 52.57 3.48 56.05 

HOLMES White Pine 145.28 75.86 221.14 

BR3HW Hardwood 71.29 32.47 103.76 

DPHW Hardwood 40.39 133.65 174.05 

MAC3 Hardwood 102.32 112.51 214.83 

MAC5 Hardwood 93.10 133.49 226.59 

MAC7 Hardwood 83.34 293.26 376.61 

White Pine Mean 83.19 50.96 134.14 

 Standard Error  16.35 14.30 28.20 

Hardwood  Mean 78.09 141.08 219.17 

 Standard Error  10.74 42.36 44.84 

Overall Mean 80.64 96.02 176.66 

 Standard Error  9.26 25.88 28.71 
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Table 2. Number of individual and total small mammal captures by year and species within 10 

sites in western North Carolina sampled between May and August of 2016 and 2017.  

Species Number of Individuals Number of Captures 

 2016 2017 2016 2017 

Peromyscus leucopus 84 416 270 1362 

Ochrotomys nuttalli 10 89 16 163 

Sigmodon hispidus 14 12 21 36 

Microtus pinetorum 3 5 3 5 

Microtus pennsylvanicus 0 8 0 11 

Soricidae  3 4 3 4 

Napaeozapus insignis 0 1 0 1 

Neotoma floridana or Rattus spp. 0 2 0 2 

Tamias striatus 1 Unknown* 1 15 

Sylvilagus spp.  2 3 2 3 

Sciurus carolinensis 0 1 0 1 

*We did not mark eastern chipmunks (Tamias striatus) in 2017, so the number of individuals 

could not be determined 
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Table 3. Top five (based on AICc) occupancy models including number of parameters (K), AICc, ΔAICc, model weight, and negative 

Log Likelihood (-LogLike). The detection model for each was day of trapping + proximity. Occupancy models were based on white-

footed mice captures in western North Carolina (2016-2017). 

 

 

Model K AICc ΔAICc Model 

Weight 

-LogLike 

Detection      

Day + Proximity 

 

4 8379.99 0.00 0.97 4185.98 

Occupancy      

CWD % Cover + Forb % Cover + Grass % Cover + Site Type + 

Year + Woody Debris Volume + Site Type*Woody Debris 

Volume  

 

9 8091.62 0.00 0.44 4036.73 

CWD % Cover + Forb % Cover + Grass % Cover + Site Type + 

Woody Vegetation % Cover + Year + Woody Debris Volume + 

Site Type*Woody Debris Volume 

 

10 8092.76 1.15 0.25 4036.29 

CWD % Cover + Forb % Cover + Grass % Cover + Proximity + 

Site Type + Year + Woody Debris Volume + Site Type*Woody 

Debris Volume 

 

10 8093.64 2.03 0.16 4036.73 

CWD % Cover + Forb % Cover + Grass % Cover + Proximity +  

Site Type + Woody Vegetation % Cover + Year + Woody Debris 

Volume + Site Type*Woody Debris Volume  

 

11 8094.80 3.18 0.09 4036.29 

CWD % Cover + Grass % Cover + Site Type + Year + Woody 

Debris Volume + Site Type*Woody Debris Volume 

8 8097.57 5.95 0.02 4040.72 
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Table 4. Parameter estimates with standard errors and p-values for the occupancy model with the lowest AICc  

based on white-footed mouse captures in western North Carolina (2016-2017). Site type (white pine) indicates that hardwood is the 

reference site type. 

Covariate Parameter Estimate Standard Error P-Value 

Detection    

Day  0.03 0.01 < 0.01 

Proximity 0.40 0.07 < 0.01 

Occupancy    

CWD % Cover 0.26 0.08 < 0.01 

Forb % Cover -0.20 0.07 < 0.01 

Grass % Cover -0.31 0.08 < 0.01 

Site Type (White Pine) 1.14 0.18 < 0.01 

Year (2017) 2.18 0.15 < 0.01 

Woody Debris Volume 0.10 0.10 0.32 

Site Type (White Pine)*Woody Debris Volume 0.70 0.20 < 0.01 
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Table 5. Estimated abundance of white-footed mice in 2017 at each harvested site in western North Carolina based on the closed 

Capture Mark Recapture model with the lowest AICc with corresponding site type and woody debris volume. 

Site Estimated Abundance  

(95% CI) 

Site Type Woody Debris Volume  

(m
3 

per ha) 

BR1 42 (41-50) White Pine 153.82 

BR3HW 14 (14-21) Hardwood 103.76 

BR3WP 28 (27-35) White Pine 93.05 

DPHW 41 (40-49) Hardwood 174.05 

DPWPB 36 (34-43) White Pine 146.66 

DPWPNB 19 (18-25) White Pine 56.05 

HOLMES 125 (120-137) White Pine 221.14 

MAC3 34 (32-41) Hardwood 214.83 

MAC5 35 (33-42) Hardwood 226.59 

MAC7 37 (35-44) Hardwood 376.60 
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Table 6. Parameter estimates with standard errors and p-values for the Generalized Linear Model 

(GLM) with the lowest AICc of the top abundance model. The GLM used the estimated white-

footed mouse abundance at the 10 harvested sites in western North Carolina (2017). Site type 

(white pine) indicates that hardwood is the reference site type.  

Covariate Parameter Estimate Standard Error P-value 

Site Type (White Pine) 0.82 0.11 < 0.01 

Woody Debris Volume  0.16 0.08 0.03 

Site Type (White Pine)*Woody Debris 

Volume 

0.97 0.13 < 0.01 
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Figure 1. Map of the 10 study sites sampled in western North Carolina in 2016 and 2017. BR1, 

BR3WP, and BR3HW, MAC3, MAC5, and MAC7 were located in the Pisgah Ranger District of 

Pisgah National Forest. DPHW, DPWPNB, and DPWPB were located in DuPont State 

Recreational Forest. HOLMES was located in Holmes Educational State Forest. 
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Figure 2. Predicted white-footed mouse occupancy probability (with 95% confidence intervals) for 2017 related to coarse woody 

debris cover at the trap and site type across 60 trapping locations at each of 10 sites in western North Carolina. All other covariates 

(e.g., forb cover, grass cover) were set to their median values.  
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Figure 3. Predicted white-footed mouse occupancy probability (with 95% confidence intervals) for 2017 related to site-level woody 

debris volume and site type across 60 trapping locations at each of 10 sites in western North Carolina (2016-2017). All other 

covariates (e.g., forb cover, grass cover) were set to their median values. 
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Figure 4. Predicted white-footed mouse occupancy probability (with 95% confidence intervals) for 2017 related to forb cover and site 

type across 60 trapping locations at each of 10 sites in western North Carolina (2016-2017). All other covariates (e.g., CWD cover, 

grass cover) were set to their median values. 
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Figure 5. Predicted white-footed mouse occupancy probability (with 95% confidence intervals) for 2017 related to grass cover and 

site type across 60 trapping locations at each of 10 sites in western North Carolina (2016-2017). All other covariates (e.g., forb cover, 

CWD cover) were set to their median values. 
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Figure 6. Predicted white-footed mouse abundance (with 95% confidence intervals) in 2017 at five white pine sites (A) and five 

hardwood sites (B) in western North Carolina as a function of woody debris volume based on closed Capture Mark Recapture analysis 

and linear regression of captures.  

 



   

39 

 

CHAPTER 2 

RELATIONSHIPS BETWEEN INVERTEBRATESAND LOGGING RESIDUE: 

INFORMING POTENTIAL WOOD BIOENERGY HARVESTS IN THE SOUTHERN 

APPALACHIANS 

 

ABSTRACT 

Invertebrates, especially those dependent on woody debris for a portion of their life cycle 

(termed saproxylic), may be greatly impacted by the amount of downed wood retained following 

timber harvests. The expanding interest in use of logging residues as a feedstock for wood 

bioenergy could decrease the amount of woody debris left for use by invertebrates.  To document 

relationships between invertebrates and logging residues and to inform the potential impact of 

woody debris removal to feed bioenergy markets, we sampled invertebrates after timber harvests 

in western North Carolina. We used pitfall traps to sample invertebrates in 10 sites (five clearcuts 

and five shelterwood harvests) harvested between 2013 and 2015. One half (five) of the sites 

were dominated by hardwoods before harvest, while the other five sites were dominated by white 

pine (Pinus strobus) before harvest. We estimated site-level woody debris volume using prism 

sweep sampling. We placed eight pairs of pitfall traps in each site, with one member of each pair 

directly beside a pile of woody debris and the other 5m away from the debris pile. We set traps 

for two days during 2016 and 2017. We classified ground cover (coarse woody debris [CWD], 

vegetation, fine woody debris, bare ground, and leaf litter) and measured temperature and/or 

humidity at each trap. Linear and logistic regression indicated that invertebrate captures or 

capture probability, respectively, increased with increasing site-level woody debris volume for 

over half of the taxa examined. Invertebrate captures or capture probability increased with 

increasing CWD cover at the trap level for 7 of the 24 invertebrate taxa/ant genera identified. 

These results indicate that retention of woody debris following timber harvests is essential at 
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multiple scales for conservation of invertebrates; consequently, we recommend implementing 

sustainability strategies to retain woody debris scattered across harvested sites to aid 

conservation of invertebrates and other wildlife. 
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INTRODUCTION 

Downed wood is a critical component of forest ecosystems and provides numerous 

ecological services. Downed wood offers an avenue for carbon sequestration and nutrient 

replenishment for the soil (Harmon et al, 1986; Gonzalez-Polo et al., 2013; Wiebe et al., 2014). 

Additionally, pieces of downed wood offer protection for exposed soil, decreasing erosion 

(Collins et al., 1983; Swanson et al., 1983; Harmon et al., 1986). Downed logs can serve as 

“nurse logs” for tree seedlings, providing increased survival and/or decreased competition from 

other plants (Harmon and Franklin, 1989; Szewczyk and Szwagrzyk, 1996; Simard et al. 1998; 

O’Hanlon-Manners and Kotanen, 2004). Woody debris provides cover that allows wildlife to 

avoid climate extremes, as temperature and moisture conditions in areas with downed wood 

present typically are cooler and wetter (Smethurst and Nambiar, 1990; Powers, 2002; O’Connell 

et al., 2004; Haskell et al., 2012; Fritts et al., 2015). Downed woody debris also serves as a 

source of nesting and escape cover for a variety of wildlife, including small mammals, 

amphibians, and birds (e.g. Loeb et al. 1999; Butts and McComb, 2000; Grodsky et al., 2016a). 

Larger diameter downed wood provides food for wildlife, either directly for saproxylic 

invertebrates dependent on wood, or indirectly by providing cover for invertebrates and small 

mammals that serve as prey.  

A variety of invertebrates use downed wood for at least a portion of their life stages, as 

cover, to harbor prey or other food, or as a food source. Numerous invertebrate taxa (e.g., species 

of wasps, bees, ants, and termites) nest in dead wood or associate with the nests of wood-nesting 

species (Siitonen and Jonsson, 2012). Coarse woody debris (CWD; large diameter downed 

wood) may likewise provide a source of food for granivorous insects by trapping seeds, termed 

“seed-damming” (Loeb, 1996; Sharitz, 1996; Grodsky et al., 2018a). Even invertebrates not 
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directly dependent on large pieces of downed wood may use them as cover (Grodsky et al. 

2018). Furthermore, large pieces of wood provide refuge from hot, cold, or dry conditions 

(Saveley 1939; Penney, 1967; Harmon et al., 1986). 

Many invertebrate taxa require downed wood either directly or indirectly to survive. 

Invertebrates dependent on wood (live, dead, or dying), wood-inhabiting fungi, or other 

invertebrates reliant on such aspects of the environment for a portion of their life cycle are 

termed saproxylic (Silvestri, 1913; Dajoz, 1966; Speight, 1989; Schmidl and Bussler, 2004; 

Stokland et al., 2012). These saproxylic invertebrates are further termed “facultative” or 

“obligate,” describing the level to which the invertebrates depend on wood (Stokland and 

Siitonen, 2012). Types of saproxylic invertebrates include, but are not limited to, phloem feeders, 

wood feeders, fungus feeders, and predators (Ulyshen and Šobotník, 2018). Without dead and 

dying wood, populations of these valuable invertebrates would decline, along with the ecosystem 

services (e.g., decomposition) they provide (Ulyshen, 2016; Ulyshen and Šobotník, 2018). 

Numerous invertebrate taxa show strong connections with downed wood in forest 

ecosystems. Several studies showed that saproxylic beetle species richness increased with 

increasing abundance and diversity of dead wood resources (Bouget et al, 2013; Seibold et al., 

2016). Also, saproxylic beetle richness was positively associated with increased decay of 

downed wood (Lassauce et al., 2012). Abundance of beetles, rove beetles, centipedes, 

millipedes, harvestmen, and spiders were negatively associated with distance from CWD (Evans 

et al., 2003; Jabin et al., 2004; Topp et al., 2006a; Topp et al., 2006b; Jabin et al., 2007, Ulyshen 

and Hanula, 2009). When debris was removed from sites, litter levels and spider density were 

reduced locally (Castro and Wise, 2010). Additionally, in areas where fine woody debris (FWD) 

was removed, spider density was 30% lower than in control plots, suggesting that even FWD 
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plays an important role for invertebrates (Castro and Wise, 2009). Relationships can vary 

between adults and larvae, and across seasons (Jabin et al., 2004). Populations of many 

invertebrate taxa would likely decrease with woody debris removal in forested ecosystems. 

Retention of downed wood following timber harvests (i.e., logging residues) may provide 

food resources or microclimates critical to many invertebrate species. The abundance of ground 

beetles and crickets was three times greater in treatments with no downed wood removed than in 

treatments with intensive removal of downed wood, and cave crickets and millipedes had greater 

abundance with some retention of downed wood following clearcut harvests (Grodsky et al., 

2018a). Moreover, removal of debris may negatively impact native ant species while promoting 

highly invasive red imported fire ants (Solenopsis invicta) (Grodsky et al., 2018b). Carabids were 

more abundant in areas with logging residues retained than in areas with logging residues 

removed and also were more abundant where logging residue height was greater in Sweden 

(Nitterus and Gunnarsson, 2006). However, on the same sites in Sweden, lycosid spiders showed 

no variation in abundance between areas where logging residue was either removed or retained 

(Nitterus and Gunnarsson, 2006). Conversely, wild bee diversity may be enhanced by high levels 

of debris removal (Rivers et al., 2018). Downed wood in the form of logging residue could be 

especially critical to ground-dwelling invertebrates because other forms of cover (i.e., leaf litter 

and vegetation) are greatly reduced for a period of time after harvest (Shure and Phillips, 1987; 

Ash, 1995; Shure et al., 2006). As leaf litter depth and/or mass decreases and vegetation cover 

remains low for a short amount of time after a timber harvest, coarse woody debris will have an 

even greater role in controlling microclimate and providing cover for a variety of invertebrates 

(Shure and Phillips, 1987; Ash, 1995; Shure et al., 2006).  
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Expanding markets for low-value trees as a feedstock for bioenergy production could 

lead to reductions in downed wood following timber harvests, in turn affecting availability of 

food and cover for invertebrates. As markets for wood pellets and other forms of bioenergy 

expand, low-value and small diameter trees otherwise left as logging residue instead may be 

chipped and transported away from the harvest site, and these biomass harvests can reduce 

residual downed wood volumes by 81% (Fritts et al., 2014). However, woody debris recovery 

rates range from 4.0% to 89.1% within temperate and boreal forests (Thiffault et al., 2015). As 

bioenergy harvests expand into new regions such as the southern Appalachians in the eastern 

United States, it is critical to document debris retention rates with and without bioenergy 

harvests, as recovery rates may not match those found in other countries or regions of the United 

States (McMinn and Clark, 1989; Stokes, 1992; Fritts et al., 2014; Thiffault et al., 2015).  

A recent, large-scale study of the ecological effects of woody biomass harvests in the 

Coastal Plain of the southeastern United States showed that some invertebrate taxa were more 

likely to decline following reduction of logging residue than several vertebrate taxa (Fritts et al., 

2016; Grodsky et al., 2016a; Grodsky et al., 2016b; Fritts et al., 2017; Grodsky et al., 2018a), yet 

the results may not translate to other geographical regions.  Although a majority of wood pellet 

exports come from the Coastal Plain, historical disturbance dynamics and the warm, humid 

microclimate of the region could mean that wildlife relationships with downed wood differ from 

areas with less frequent disturbance or cooler microclimates where downed wood decays more 

slowly (e.g., southern Appalachians; Fritts et al., 2016).  Though woody biomass harvests in the 

southern Appalachians are unlikely to contribute to wood pellet exports, wood bioenergy 

markets are likely to expand locally within the region to heat poultry houses, greenhouses, 

schools, and homes (Patton, 2018). 
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We quantified residual downed wood volumes and invertebrate communities at 10 recent 

timber harvest sites in the southern Appalachian region of western North Carolina, USA during 

2016 and 2017 to determine the effects of residual downed wood volume and distribution on 

invertebrate populations.  The 10 harvest sites included five clearcuts and five shelterwood 

harvests, all of which varied in the volume of debris retained. The objectives of the study were 

to: 1) describe the relationships between downed wood (i.e., logging residue) volume and cover 

and invertebrate taxa at logged sites; and 2) evaluate the importance of downed wood as 

predictor of invertebrate presence or abundance relative to other environmental factors (i.e., site 

type and vegetation cover).  

METHODS 

Study Area 

We studied relationships between residual logging debris and invertebrates in 10 recent 

timber harvests, ranging in size from 3.2 ha to 16.6 ha, located on public land in western North 

Carolina, USA. Six sites, located in Pisgah National Forest (“PNF”), were harvested between 

2013 and 2015 using a two-aged regeneration method with approximately 5.74 m
2
 of basal area 

retained per hectare. The remaining sites, three located in DuPont State Recreational Forest 

(“DSRF”) and one located in Holmes Educational State Forest (“HESF”), were harvested using a 

clearcut regeneration method between 2013 and 2015. We assigned site type (“white pine” or 

“hardwood”) to each site based on trees dominant before harvest, which was determined through 

conversations with U.S. Forest Service and North Carolina Forest Service staff as well as Google 

Earth imagery. We categorized five of the sites as white pine (two in PNF, two in DSRF, and one 

in HESF) and five sites (four in PNF and one in DSRF) as hardwood. Site preparation, which 

involved felling trees < 20 cm in diameter and treating the stumps of saplings of non-target 
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species with herbicide, was conducted before sampling was initiated in 2016 at four sites in PNF 

and after sampling was completed in 2016 at two sites in PNF. All stands were allowed to 

regenerate naturally, with the exception of the hardwood site in DSRF, which was replanted with 

shortleaf pine (Pinus echinata). All harvests were conducted under the guidance of the U.S. 

Forest Service or North Carolina Forest Service and did not include a bioenergy harvest.  

Invertebrate Sampling and Identification 

We collected, stored, and identified ground-dwelling invertebrates from eight pairs of 

pitfall traps centered at piles of woody debris in each of the 10 harvested sites. Each pair of 

pitfall traps was centered at a pile of woody debris, with one pitfall trap located beside downed 

wood in the debris pile (“near”) and one pitfall trap located 5m away from the debris pile (“far”). 

Pitfall traps consisted of a 0.47-L plastic cup buried with the top of the cup lower than or level 

with ground level (Murkin et al., 1994; Spence and Niemelä, 1994; Ausden, 1996; Grodsky et 

al., 2018a). Each pitfall trap contained a mixture of half propylene glycol and half water, with a 

drop of dish detergent added to reduce surface tension to ensure that insects could not walk on 

the surface of the solution (Grodsky et al., 2018a). The propylene glycol served as a temporary 

preservative until the invertebrate samples were strained and stored in 70% ethanol for later 

identification. To prevent vegetation from impeding sampling efforts, we removed vegetation 

within 5cm of the lip of the pitfall trap (Greenslade, 1964; Grodsky et al., 2018a). We opened 

pitfall traps for a two-day period in 2016 and 2017. We identified invertebrates to order or 

family, except for the classes Chilopoda (centipedes) and Diplopoda (millipedes), which we 

combined. We identified all ants to genus and/or species using Ants (Formicidae) of the 

Southeastern United States by Joe A. MacGown (2014), AntWeb (California Academy of 
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Sciences, 2018) and the Urban Ant Identification Key – Southeastern USA by Magdalena Sorger 

(2017).  

Microhabitat Characteristics  

We quantified ground cover and temperature at each pitfall trap location and measured 

humidity at one randomly selected pair of pitfall traps at each site to determine if microhabitat 

conditions impacted invertebrate captures. We visually estimated ground cover percentages 

using a 1-m by 1-m Daubenmire frame centered on the pitfall trap (Daubenmire, 1959, Grodsky 

et al., 2018a). We recorded groundcover as CWD, FWD, bare ground, litter, or vegetation. We 

defined CWD as downed wood ≥ 10 cm in diameter and FWD as downed wood < 10cm in 

diameter. During each trapping season, we placed iButtons
®
 (Maxim Integrated, San Jose, CA, 

USA) measuring both humidity and temperature (Hygrochron
TM

) at a randomly selected pair of 

traps at each site. Additionally, we placed iButtons
® 

(Maxim Integrated, San Jose, CA, USA) 

measuring temperature only (Thermochron
®
) at all remaining pitfall traps. At the “near” traps, 

we placed sensors directly under a piece of downed wood close to the pitfall trap. At the “far” 

traps, we placed sensors within 15 cm of the pitfall trap. Because we had fewer iButtons than 

sampling locations, we placed sensors at trapping locations for a two-day period up to six weeks 

after trapping occurred. 

Downed wood Volumes 

We estimated downed wood volumes in each site during the late months of 2016 and 

early months of 2017, allowing us to obtain measurements when less live vegetation was present 

to impede the view of downed wood on the ground. We calculated estimates of “scattered” and 

“piled” woody debris volumes using the prism sweep sampling method (Bebber and Thomas, 

2003; Osbourne et al., 2012) at 15 systematically spaced locations across each of the 10 sites and 
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added the estimates of “scattered” and “piled” debris together to calculate overall debris volume 

in cubic meters per hectare. We used a wedge prism to determine if pieces of FWD or CWD 

were “in” the plot before we measured their lengths to estimate the volume of downed wood 

present in the plot (Bebber and Thomas, 2003; Osbourne et al., 2012). 

Statistical Analysis 

We used PROC ANOVA in SAS
®
 Enterprise Guide (version 7.15 HF3) to determine if 

there was a significant difference in mean minimum temperature, maximum temperature, 

minimum humidity, maximum humidity, and the range of humidity measured over the course of 

two days between “near” and “far” pitfall traps (SAS Institute Inc., Cary, NC, USA.). We used 

the vif function in the car package in R (version 3.4.3) to test for multicollinearty (R Core Team, 

2017). The variance inflation factors for the covariates indicated a problem with 

multicollinearity, so we removed percent cover of leaf litter from the analysis. After removing 

leaf litter percent cover, the variance inflation factors for the remaining covariates were less than 

8, so we retained all remaining covariates in regression models. We standardized all continuous 

variables by subtracting the mean and dividing by the standard deviation (Taillie et al., 2015). 

We conducted linear regression with a poisson distribution in the glmulti package in R 

with invertebrate captures as the dependent variable and environmental/temporal covariates, 

including proximity (near or far), site type, site-level debris volume, bare ground cover, CWD 

cover, FWD cover, vegetation cover, and year as the independent variables (Calcagno, 2013). 

We analyzed only invertebrate taxa with greater than 90 captures. Invertebrate taxa analyzed 

using linear regression included ground beetles (Carabidae), rove beetles (Staphylinidae), other 

beetles (Coleoptera), spiders (Araneae), harvestmen (Opiliones), crickets (Gryllidae), cave 

crickets (Rhaphidophoridae), grasshoppers (Acrididae/Tetrigidae), centipedes/millipedes 
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(Chilopoda/ Diplopoda), and ants at the family level (Formicidae). We conducted automated 

model selection using exhaustive screening of all possible models containing no interactions with 

glmulti in R (version 3.4.3) and selected the best model based on the lowest AICc value 

(Burnham and Anderson, 2002; Calcagno, 2013; R Core Team, 2017). 

For ants at the genera/species level, we used presence or absence of ant genera/species as 

a binomial response and analyzed the data using logistic regression. We used logistic regression 

because many ant genera/species were captured in high numbers at relatively few traps. 

Independent covariates were proximity (near or far), year, site type (white pine or hardwood), 

percent CWD cover, percent FWD cover, percent vegetation cover, percent bare ground, and 

overall debris volume in cubic meters per hectare. We conducted automated model selection 

using exhaustive screening of all possible model combinations without interactions with glmulti 

in R (version 3.4.3) and selected the most competitive model based on AICc score (Burnham and 

Anderson, 2002; Calcagno, 2013; R Core Team, 2017).  We standardized all continuous 

variables by subtracting the mean and dividing by the standard deviation (Taillie et al., 2015).  

RESULTS 

Temperature and Relative Humidity 

We measured temperature at 80 pairs of pitfall traps during 2016 and 2017. We measured 

humidity at one pair of pitfall traps from each site in 2016 and 2017. In total, we obtained 320 

sets of temperature measurements and 42 sets of humidity measurements. Mean humidity, 

minimum temperature, maximum temperature, and minimum humidity differed between “near” 

and “far” pitfall traps (Table1). Minimum humidity and minimum temperature were greater near 

piles of woody debris, whereas maximum temperature and range of humidity were greater far 

from piles of woody debris (Table 1). 
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Site-level Woody Debris Volumes 

We estimated overall woody debris volumes in cubic meters per hectare at each of the 10 

study sites (Table 2). The estimates of debris volume ranged from 56.05 m
3 

per ha to 376.61 m
3 

per ha, with a mean of 176.66 m
3 

per ha and a standard error of 28.71 m
3 

per ha (Table 2). 

Capture Summary 

We identified 11,293 individual invertebrates captured July to August 2016 and June to 

August 2017 (Table 3). Captured invertebrates included spiders (Araneae), harvestmen 

(Opiliones), pseudoscorpions (Pseudoscorpiones), centipedes/millipedes (Chilopoda/Diplopoda), 

ground beetles (Carabidae), rove beetles (Staphylinidae), ants (Formicidae), grasshoppers 

(Acrididae/Tetrigidae), crickets (Gryllidae), and cave crickets (Rhaphidophoridae) (Table 3). 

Because ants comprised 55% of captures, we identified them to the greatest feasible taxonomic 

resolution (Table 3). We infrequently captured invertebrate taxa not typically ground-dwelling 

(e.g. adult Diptera), so we did not include these groups in statistical analyses. Collembolans were 

ubiquitous in samples, so we did not include them in analyses. Red imported fire ants and minute 

species within the genus Solenopsis comprised 51% of ant captures (Table 3). 

Invertebrate Responses 

Overall, the raw captures of invertebrates, excluding ant captures, increased with 

increasing site-level woody debris volumes (Figure 2). Relationships between invertebrate 

captures and covariates varied among the invertebrate taxa (Table 4). Within class Arachnida, we 

analyzed the orders Araneae (spiders) and Opiliones (harvestmen). We captured fewer spiders at 

traps closer (near) to piles of woody debris, and captures decreased with increasing bare ground, 

CWD, and FWD cover (Figure 3, Table 4). Spider captures were greater at white pine sites than 

at hardwood sites, and captures increased with increases in vegetation cover and site-level woody 
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debris volume (Figure 4, Table 4). Harvestmen captures were lower at white pine sites than at 

hardwood sites and were lower during 2017 than in 2016 (Figure 4, Table 4). Harvestmen 

captures decreased with increasing bare ground cover and decreasing CWD cover (Table 4).  

We combined classes Chilopoda (centipedes) and Diplopoda (millipedes) for analyses, 

because of relatively few captures of each group. We captured 265 millipedes and centipedes 

during 2016 and 2017 (Table 3). Captures were lower at white pine sites than at hardwood sites, 

and decreased with increasing bare ground cover and CWD cover (Figure 4, Table 4). 

Coleoptera (class Insecta) were grouped within the families Carabidae (ground beetles) 

and Staphylinidae (rove beetles), and all remaining beetles were grouped as “other beetles.” We 

included only captures of adult beetles in analyses. Ground beetle captures were lower at white 

pine sites than at hardwood sites, lower in 2017 than in 2016, and declined with increasing CWD 

cover (Figure 4, Table 4). Rove beetle captures were lower in white pine sites and near piles of 

woody debris (Figure 3, Table 4). Rove beetle captures increased with increasing CWD, FWD, 

and vegetation cover, and with increasing site-level woody debris volume (Table 4). Other beetle 

captures were lower at white pine than hardwood sites, and captures declined with increasing 

bare ground and vegetation cover (Figure 4, Table 4). 

Ants (family Formicidae and order Hymenoptera) comprised 55% of the invertebrates we 

identified (Table 3). Overall ant captures were lower at white pine than hardwood sites (Figure 5, 

Table 4). Ant captures were greater near woody debris than farther from debris, and captures 

increased with increasing bare ground and CWD cover (Figure 6, Table 4). 

Within the order Orthoptera, we analyzed grasshoppers (families Acrididae and 

Tetrigidae), crickets (family Gryllidae), and cave crickets (family Rhaphidophoridae). We 

captured fewer crickets near piled woody debris than farther from debris (Figure 3, Table 4). 
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Cricket captures declined with increasing FWD cover and increased with increasing bare ground 

and CWD cover, and with greater site-level woody debris volume; cricket captures were greater 

at white pine than hardwood sites and were greater in 2017 than in 2016 (Figure 4, Table 4). 

Grasshopper captures were lower close to than far from woody debris (Figure 3, Table 4). 

Grasshopper captures were greater at white pine than hardwood sites, and increased with 

increasing FWD and vegetation cover, and with increasing site-level woody debris volume 

(Figure 4, Table 4). Grasshopper captures were greater in 2017 than 2016 (Table 4). Cave 

crickets were captured more at hardwood sites than at white pines sites and more in 2016 than in 

2017; captures increased with increasing site-level woody debris volume and decreasing bare 

ground cover (Figure 4, Table 4). 

Ant Responses 

Over the course of 2016 and 2017, we captured 6,244 ants representing 24 genera/species 

and 6 subfamilies (Table 3). Overall, the raw number of ant captures increased with increasing 

site-level woody debris volume (Figure 7). We conducted logistic regression for the 14 

genera/species with at least 90 captures. Multiple ant genera/species were captured fewer than 20 

times, including the invasive Asian needle ant (Brachyponera chinensis) (Table 3). Subfamilies 

Amblyoponinae and Proceratiinae were represented by only one individual and therefore were 

not included in analysis (Table 3).  

Within the Formicinae subfamily, we captured individuals representing Brachymyrmex 

depilis, carpenter ants (Camponotus spp.), field ants (Formica spp.), Lasius spp., and Nylanderia 

spp. We did not encounter Brachymyrmex depilis frequently enough for analysis. Capture 

probability of Camponotus spp. increased as site-level woody debris volume increased and as 

trap-level bare ground cover decreased; capture probability was greater at white pine sites than at 
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hardwood sites (Figure 8, Table 5). Formica spp. capture probability increased with increasing 

site-level woody debris volume, but declined with increasing FWD cover; capture probability 

was lower in white pine sites than at hardwood sites (Figure 8, Table 5). Lasius spp. capture 

probability was lower at white pine sites than hardwood sites, and increased as CWD cover and 

vegetation cover increased (Figure 8, Table 5). 

Within the Dolichoderinae subfamily, we encountered individuals representing Forelius 

spp. and odorous house ant (Tapinoma sessile). Forelius spp. had too few encounters for 

analysis. Tapinoma sessile capture probability was lower in white pine sites than at hardwood 

sites (Figure 8, Table 5). Tapinoma sessile capture probability increased with decreasing FWD 

cover, closer to piled woody debris, and as vegetation cover increased (Figure 9, Table 5).    

The subfamily Myrmicinae comprised 82% of the ants captured (Table 3). 

Genera/species within Myrmicinae included Aphaenogaster spp., acrobat ants (Crematogaster 

spp.), Monomorium spp., Myrmecina spp., Myrmica spp., Pheidole spp., minute Solenopsis spp., 

red imported fire ants (Solenopsis invicta), Stenamma spp., Strumigenys spp., Temnothorax spp., 

and Tetramorium spp. We did not analyze Monomorium spp., Stenamma spp., Strumigenys spp., 

and Temnothorax spp. due to a low number of captures. The most competitive logistic regression 

model for Aphaenogaster spp. indicated that capture probability was lower at white pine sites 

than hardwood sites and was lower in 2017 than in 2016; capture probability increased with 

decreasing bare ground cover, decreasing FWD cover, increasing CWD cover, and increasing 

site-level woody debris volume (Figure 8, Table 5). Crematogaster spp. capture probability 

decreased as site-level woody debris volumes increased, bare ground cover increased, and 

vegetation cover decreased (Table 5). Myrmecina spp. capture probability increased as trap-level 

bare ground cover decreased and as site-level woody debris volume increased (Table 5). 
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Myrmica spp. capture probability was lower at white pine sites than at hardwood sites, and 

capture probability increased with increasing woody debris volume (Figure 7, Table 5). Pheidole 

spp. capture probability was greater at white pine sites and in 2017; capture probability increased 

as FWD cover increased, as site-level woody debris volume increased, as bare ground cover 

increased, and as CWD cover decreased (Figure 7, Table 5). Capture probability of the most 

abundant ant taxon encountered, minute Solenopsis spp., only showed a positive relationship 

with vegetation cover (Table 5). Capture probability for red imported fire ants was greater at 

white pine sites and in 2017; capture probability increased as site-level woody debris volume 

increased, as bare ground cover increased, as CWD cover decreased, and as FWD cover 

increased (Table 5). Tetramorium spp., like many other ant taxa, was negatively associated with 

FWD cover and positively associated with white pine (Figure 7, Table 5). Tetramorium spp. 

capture probability declined as vegetation cover increased (Table 5). 

Within the Ponerinae subfamily, we captured individuals representing Asian needle ants 

(Brachyponera chinensis), Hypoponera spp., and Ponera spp. Only Ponera spp. has sufficient 

captures for analysis. Ponera spp. capture probability was lower at white pine sites than 

hardwood sites and declined as bare ground cover increased and as CWD cover decreased 

(Figure 7, Table 5).  

DISCUSSION 

Importantly, downed wood presence attracted various taxa of invertebrates at both the 

trap and site level in this study. At the trap level, as CWD cover increased, captures for various 

taxa increased, including rove beetles, crickets, ants at the family level, and multiple genera of 

ants. Similarly, as FWD cover at the trap level increased, captures of red imported fire ants, 

grasshoppers, and rove beetles increased. At the site level, relationships with site-level woody 
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debris volume were overwhelmingly positive, with capture numbers or capture probability for 

54.2% of the taxa we studied increasing with increased woody debris volumes. Such positive 

relationships with woody debris may be due to increased food resources, increases in cover and 

nesting sites, or the lower temperatures and greater humidity under coarse woody debris. 

The lack of a relationship between proximity to debris piles and most invertebrate taxa, 

combined with frequent positive relationships between captures and CWD cover or site-level 

woody debris volume, indicates that most of the invertebrate taxa were able to use the scattered 

woody debris resources and may not require piles of woody debris. Surprisingly, the models for 

only six of the invertebrate taxa (grasshoppers, rove beetles, crickets, spiders, ants at the family 

level, and odorous house ants) indicated a relationship with near proximity to piled woody 

debris. Grasshoppers, rove beetles, crickets, and spiders each declined near piled woody debris. 

Only ant captures at the family level, and at the species level for odorous house ants, were 

greater near piled woody debris. Woody debris was widely dispersed across most of the 10 study 

sites, potentially causing the difference between near and far proximity to piled woody debris to 

not be biologically relevant for the invertebrate taxa examined. Greater connectivity of woody 

debris was associated with greater species richness of saproxylic Diptera and Coleoptera 

(Schiegg, 2000a), a relationship that may hold for other taxa. Some saproxylic beetle species are 

characteristic of areas with high connectivity, indicating that connectivity of woody debris 

should be sustained when possible (Schiegg, 2000b). Site preparation, such as windrowing or 

shearing after a timber harvest, can greatly impact the connectivity of debris and potentially 

restrict invertebrates to windrows or piles of woody debris when debris connectivity is greatly 

reduced (Grodsky, 2016). 



   

56 

 

Site type was the most consistent predictor of invertebrate captures. Of the 24 taxa (10 at 

the order/family level and 14 at the genus/species level), 21 showed an association with site type. 

Of the 21 taxa displaying a response to site type, 13 were less likely to be detected at white pine 

sites than at hardwood sites. The consistent influence of site type on captures may be because of 

differences in vegetation composition, elevation, topography, or downed wood characteristics 

(e.g., species and diameter) (Haddad et al., 2001; Hodkinson , 2005; Jonsell et al. 2007; Jonsell, 

2008; Grodsky et al. 2018a). Taxa and/or species also may have a greater association with 

specific forest types (Day et al., 1993; Blair et al., 1994; Anderson and Death, 2000; Ferguson 

and Berube, 2004; Kaizuka and Iwasa, 2015). However, it can be difficult to determine whether 

differences in invertebrate abundance or species richness in various forest types are due to the 

spatial heterogeneity of plants within the forest or forest type itself, especially when a forest type 

has low cover or diversity of plants potentially due to age or management history (Taboada et al., 

2010).  

Site-level woody debris and CWD cover were consistent predictors of invertebrate 

captures. Captures or capture probability increased with increasing woody debris volume for 13 

taxa of invertebrates/genera of ants, suggesting that site-level woody debris volume is an 

important factor for many invertebrate taxa within harvested sites in the southern Appalachians. 

Additionally, captures or capture probability increased with increasing CWD cover for 7 taxa of 

invertebrates/genera of ants, indicating that not only woody debris volume, but also the 

characteristics of the woody debris is influential for a variety of invertebrates. The positive 

relationship with site-level debris volume and CWD cover for crickets, cave crickets, and various 

genera/species of ants was also noted in timber harvests in the Coastal Plain (Grodsky et al., 

2018a, Grodsky et al., 2018b).  
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Although our research supports previously documented importance of logging debris for 

a variety of saproxylic and non-saproxylic invertebrates, our results contrasted with prior 

research for ground beetles (Carabidae) and red imported fire ants. The negative relationship 

between ground beetles and CWD cover and the lack of a relationship between ground beetles 

and site-level woody debris volume contrast with earlier studies (Nittérus and Gunnarsson 2006; 

Grodsky et al. 2018a). Such a discrepancy may be due to the high amount of scattered woody 

debris in multiple sites, allowing ground beetles to move around relatively freely. Unlike prior 

studies that indicated that woody debris retention either negatively or neutrally impacts red 

imported fire ants, we showed that red imported fire ants were negatively influenced by woody 

debris (CWD percent cover) at the trap scale and positively influenced by woody debris volume 

at the site scale (Todd et al., 2008; Grodsky et al., 2018b). However, Grodsky et al. (2018b) did 

note a negative response to windrows in Georgia during the first year of their study, which is in 

agreement with our findings and indicates that the response of red imported fire ants to CWD 

may be scale specific. These contrasting results may be due to differences in location and degree 

of landscape disturbance, compared to the Coastal Plain sites sampled by Todd et al. (2008) and 

Grodsky et al. (2018b), our use of pitfall traps instead of cover boards (Todd et al., 2008), or the 

adaptability of red imported fire ants.  

There was little consistency in relationships between invertebrate taxa and covariates 

measured at the trap level, but most taxa had a positive relationship with vegetation cover or a 

negative relationship with bare ground cover, indicating that some form of cover is important for 

invertebrates in harvested sites. Other studies similarly have documented positive relationships 

between invertebrate presence and vegetation cover (Grodsky, 2016; Gallé et al., 2017). A 

positive relationship with vegetation cover is expected for most invertebrates, as vegetation 
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provides food, escape cover, and potential anchor points for webs. However, discrepancies occur 

within invertebrate taxa, as some groups, such as tiger beetles (Carabidae family, Cicindelinae 

subfamily), use bare ground, especially as larvae (Cornelisse et al., 2013).  

Our results indicate that site-level characteristics may override the local scale for many 

invertebrates. Site type and site-level woody debris volumes were two of the most significant 

predictors of invertebrate captures. However, trap level covariates were consistent predictors of 

captures for many taxa, especially the availability of some form of ground cover, indicating it is 

important to consider both site and local scale factors when integrating conservation measures in 

managed forest systems.  

Invertebrates had variable relationships with local microhabitat characteristics, but 

overall had consistent, positive relationships with woody debris volumes. Due to the positive 

response of multiple invertebrate taxa to woody debris at the local and site scale, sufficient down 

woody debris should be retained as a resource for invertebrate taxa in an operational context 

where debris is to be removed. We recommend leaving as much woody debris as economically 

feasible in sites after timber harvests, especially those including operational removal of woody 

debris. Due to the observational nature of our study and variability between sites/site types, we 

cannot pinpoint a specific volume of woody debris to retain. However, considering the positive 

response of many invertebrate taxa to increasing woody debris volume and/or cover, retaining 

more debris is better than less for invertebrates. In the Coastal Plain, retention of at least 15% of 

the merchantable woody biomass in areas where debris is to be removed has been recommended 

(Grodsky et al. (2018a). The average volume of woody debris in our sites (176.66 m
3 

per ha) was 

greater than the average volume of woody debris in the Coastal Plain sites (108.20 m
3
 per ha) 

sampled by Grodsky et al. (2016a) and Fritts et al. (2014), suggesting that 15% retention in the 
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southern Appalachians (26.50 m
3
 per ha) will be greater than 15% retention in the Coastal Plain 

sites (16.23 m
3
 per ha). Forest managers are encouraged to consider not only retaining as much 

debris as economically feasible, but also a variety of types of woody debris, including large 

stems, tops, branches, and small stems. Invertebrates play a valuable role in the ecosystem, 

whether through aiding in decomposition, as a food resource, or as predators, and retaining 

woody debris in the form of logging residue aids in maintaining the ecosystem services provided 

by invertebrates. Future research should focus on manipulating woody debris levels after timber 

harvests to mimic operational woody biomass harvests and to determine the optimum level of 

residue retention for assorted invertebrate taxa. 

CONCLUSION 

With the potential of biomass markets being established in the Southern Appalachians, it 

is essential to determine the impacts of woody debris removal on invertebrates. Our research 

indicates that woody debris, at both the site and local scale, positively influences various 

invertebrate taxa. As such, we recommend leaving as much woody debris as economically 

feasible as a resource for invertebrates and other wildlife. By doing so, managers can conserve 

invertebrate populations and the ecosystem services they provide. 
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Table 1. Scattered, piled, and overall woody debris volumes at each of 10 harvest sites in 

western North Carolina based on measurements taken from December 2016 to March 2017. We 

classified each site as white pine or hardwood based on the overstory trees present before 

harvest. 

Site Site Type Scattered  Woody 

Debris Volume  

(m
3 

per ha) 

Piled Woody 

Debris Volume  

(m
3 

per ha) 

Overall Woody 

Debris Volume  

(m
3 

per ha) 

BR1 White Pine 81.06 72.76 153.82 

BR3WP White Pine 60.92 32.13 93.05 

DPWPB White Pine 76.11 70.55 146.66 

DPWPNB White Pine 52.57 3.48 56.05 

HOLMES White Pine 145.28 75.86 221.14 

BR3HW Hardwood 71.29 32.47 103.76 

DPHW Hardwood 40.39 133.65 174.05 

MAC3 Hardwood 102.32 112.51 214.83 

MAC5 Hardwood 93.10 133.49 226.59 

MAC7 Hardwood 83.34 293.26 376.61 

White Pine Mean 83.19 50.96 134.14 

 Standard Error  16.35 14.30 28.20 

Hardwood  Mean 78.09 141.08 219.17 

 Standard Error  10.74 42.36 44.84 

Overall Mean 80.64 96.02 176.66 

 Standard Error  9.26 25.88 28.71 
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Table 2. Values for temperatures and humidity collected by sensors placed near and far from piles of woody debris over a two-day 

period in 10 harvested sites in western North Carolina during 2016 and 2017. The p-value given is from an ANOVA with proximity as 

the dependent variable. Means are presented by year and proximity to show relationships were consistent across the two years.  

 

 

 

 

 

 

 

 

 

Values Compared Means 

 

P-value 

 2016 2017  

 Near Far Near Far  

Minimum Temperature (°C) 19.76 

(1.83) 

18.50 

(1.49) 

18.07 

(1.46) 

16.29 

(1.78) 

< .0001 

Maximum Temperature (°C) 28.78 

(4.34)  

48.77 

(11.90) 

26.10 

(3.90) 

44.29 

(12.24) 

< .0001 

Minimum Humidity (%) 85.91 

(16.91) 

50.82 

(25.47) 

93.62 

(7.81) 

45.02 

(26.31) 

< .0001 

Maximum Humidity (%) 103.39 

(1.70) 

102.85 

(3.45) 

103.29 

(1.20) 

102.40 

(3.25) 

0.3888 

Range of Humidity (%) 17.47 

(16.08) 

52.03 

(23.82) 

9.67 

(8.03) 

57.38 

(27.01) 

< .0001 
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Table 3. Total captures of each invertebrate taxa in 10 harvested sites in western North Carolina, USA (2016-2017). 

 

 

Class Order Family Subfamily Species # of 

Captures 

Arachnida      

 Araneae    1313 

 Opiliones    400 

 Pseudoscorpiones    78 

Chilopoda/ Diplopoda     265 

Insecta      

 Coleoptera     

  Carabidae   613 

  Staphylinidae   811 

  Other   553 

  Larvae   314 

 Hymenoptera     

  Formicidae   6244 

   Amblyoponinae Stigmatomma palipes 1 

   Formicinae Brachymyrmex depilis 45 

    Camponotus spp. 160 

    Formica spp. 306 

    Lasius spp. 172 

    Nylanderia spp. 122 

   Dolichoderinae Forelius spp. 32 

    Tapinoma sessile 96 

   Myrmicinae Aphaenogaster spp 969 

    Crematogaster spp. 91 

    Monomorium spp. 16 

    Myrmecina spp. 128 

    Myrmica spp. 122 
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Table 3 (continued).

    Pheidole spp. 402 

    Solenopsis spp. (minute) 1831 

    Solenopsis invicta 1325 

    Stenamma spp. 27 

    Strumigenys spp. 55 

    Temnothorax spp. 8 

    Tetramorium spp. 148 

   Ponerinae Brachyponera chinensis 11 

    Hypoponera spp. 50 

    Ponera spp. 92 

   Proceratiinae Proceratium croceum 1 

 Orthoptera     

  Acrididae/Tetrigidae   95 

  Gryllidae   467 

  Rhaphidophoridae   140 

TOTAL     11293 
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Table 4. Coefficients for the relationship between number of captures of each invertebrate taxa and the habitat covariates included in 

the most competitive linear regression model based on captures at 10 harvested locations in western North Carolina USA (2016-2017). 

Standard errors are noted in parentheses. 

*Indicates p-value < 0.05 

Taxa  

(Order or Family) 

Proximity 

(Near) 

Type 

(White Pine) 

Year 

(2017) 

Bare 

Ground  

(% cover) 

CWD  

(% cover) 

FWD  

(% cover) 

Vegetation 

(% cover) 

Woody 

Debris 

Volume 

(m
3 

per ha) 

Acrididae/Tetrigidae  -1.05  

(0.29)* 

0.84  

(0.27)* 

-0.88  

(0.23)* 

- - 0.34 

(0.13)* 

0.42 

(0.14)* 

0.28  

(0.13)* 

Araneae -0.44  

(0.10)* 

0.54  

(0.07)* 

- -0.07  

(0.03)* 

-0.12  

(0.05)* 

-0.22  

(0.04)* 

0.29 

(0.04)* 

0.08  

(0.03)* 

Beetles (other) - -0.24  

(0.08)* 

- -0.15  

(0.05)* 

- - -0.10  

(0.04)* 

- 

Carabidae - -0.31  

(0.08)* 

-0.27  

(0.08)* 

- -0.14  

(0.04)* 

- - - 

Chilopoda/ Diplopoda - -0.30  

(0.12)* 

- -0.34  

(0.10)* 

-0.20  

(0.07)* 

- - - 

Formicidae 0.23  

(0.05)* 

-0.47  

(0.03)* 

0.54  

(0.03)* 

0.06 

(0.01)* 

0.09 

(0.02)* 

- 0.31 

(0.02)* 

- 

Gryllidae -0.71  

(0.18)* 

3.07  

(0.19)* 

0.20  

(0.09)* 

0.21 

(0.03)* 

0.16  

(0.08)* 

-0.17  

(0.07)* 

- 

 

0.56  

(0.07)* 

Opiliones - -1.120  

(0.13)* 

-1.22  

(0.12)* 

-0.41 

(0.09)* 

0.10  

(0.05) 

- - - 

 

Rhaphidophoridae - -1.82  

(0.29)* 

-0.48  

(0.17)* 

-0.35  

(0.14)* 

- - - 0.26  

(0.08)* 

Staphylinidae -0.86  

(0.15)* 

-0.99  

(0.10)* 

- - 0.29  

(0.07)* 

0.32  

(0.05)* 

0.30  

(0.05)* 

0.35  

(0.04)* 



   

73 

 

Table 5. Coefficients for the relationship between probability of capture of each ant 

genus/species and the habitat covariates included in the most competitive logistic regression 

model based on captures at 10 harvested locations in western North Carolina USA (2016-2017). 

Standard errors are noted in parentheses. BG stands for Bare Ground and VEG stands for 

Vegetation. 

Taxa  Prox. 

(Near) 

Type 

(White 

Pine) 

Year 

(2017) 

BG CWD FWD VEG Overall 

Woody 

Debris 

Vol. 

Aphaenogaster 

spp. 

- -1.46  

(0.36)*  

-0.60 

(0.30)* 

-0.88 

(0.20)* 

0.47 

(0.16)* 

-0.25 

(0.16) 

- 0.42 

(0.21)* 

Camponotus 

spp. 

- 0.52 

(0.36) 

- -0.34 

(0.20) 

- - - 0.51 

(0.17)* 

Crematogaster 

spp. 

- - 1.03 

(0.50)* 

-0.80 

(0.49) 

- - 0.54  

(0.23)* 

-1.37 

(0.39)* 

Formica spp. - -0.78 

(0.30)* 

- - - -0.39 

(0.15)* 

- 0.60 

(0.16)* 

Lasius spp. - -1.13 

(0.47)* 

- - 0.62 

(0.30)* 

- 1.02 

(0.31)* 

- 

Myrmecina 

spp. 

- - 0.42 

(0.28) 

-0.39 

(0.19)* 

- - - 0.50 

(0.14)* 

Myrmica spp. - -0.89 

(0.41)* 

- - - - - 0.48 

(0.17)* 

Nylanderia 

spp.  

- 3.92 

(0.83)* 

0.75 

(0.41) 

- - - - 2.33 

(0.36)* 

Pheidole spp. - 1.19 

(0.51)* 

1.25 

(0.42)* 

0.29 

(0.16) 

-0.61 

(0.26)* 

-0.54 

(0.27)* 

- 0.75 

(0.24)* 

Ponera spp. - -0.56 

(0.31) 

- -0.43 

(0.26) 

0.31 

(0.15)* 

   

Solenopsis 

spp. (minute) 

- - - - - - 0.39 

(0.27)* 

- 

Solenopsis 

invicta  

- 1.79 

(0.36)* 

1.05 

(0.28)* 

0.33 

(0.15)* 

-0.29 

(0.14)* 

0.27 

(0.15) 

- 0.45 

(0.17)* 

Tapinoma 

sessile 

0.91 

(0.41)* 

-0.68 

(0.41) 

0.90 

(0.40)* 

- - -1.11 

(0.45)* 

0.66 

(0.25)* 

- 

Tetramorium 

spp. 

- 1.76 

(0.47)* 

0.89 

(0.42)* 

- - -1.03 

(0.35)* 

-0.46 

(0.23)* 

- 

*Indicates p-value < 0.05 
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Figure 1. Map of sites in western North Carolina sampled using pitfall traps from July to August 

of 2016 and June to August of 2017. MAC3, MAC5, MAC7, BR3HW, BR3WP, and BR1 were 

located in Pisgah National Forest. DPWPNB, DPWPB, and DPHW were located in DuPont State 

Recreational Forest. HOLMES was located in Holmes Educational State Forest.
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Figure 2. Invertebrate captures by site-level woody debris volume in western North Carolina 

(2016-2017). 
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Figure 3. Mean number of invertebrate captures near and far from piled woody debris in 10 harvested sites in western North Carolina, 

with error bars representing standard error (2016-2017). 
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Figure 4. . Mean number of invertebrate captures by site type in 10 harvested sites in western North Carolina, with error bars 

representing standard error (2016-2017).  
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Figure 5. Mean ant captures by site type in 10 harvested sites in western North Carolina, with error bars representing standard error 

(2016-2017). 
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Figure 6. Mean ant captures near and far from piled woody debris in 10 harvested sites in western North Carolina, with error bars 

representing standard error (2016-2017). 
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Figure 7. Total ant captures by site-level woody debris volume in western North Carolina (2016-2017). 
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Figure 8. . Mean number of ant captures for various taxa in 10 recently harvested white pine and hardwood sites in western North 

Carolina, with error bars representing standard error (2016-2017). 
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Figure 9. Mean number of ant captures for various taxa near and far from piles of woody debris in 10 recently harvested sites in 

western North Carolina, with error bars representing the standard error (2016-2017).  
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