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Abstract. Increased market viability of harvest residues as forest bioenergy feedstock may
escalate removal of coarse woody debris in managed forests. Meanwhile, many forest invertebrates use coarse woody debris for cover, food, and reproduction. Few studies have explicitly
addressed effects of operational-scale woody biomass harvesting on invertebrates following
clearcutting. Therefore, we measured invertebrate community response to large-scale harvest
residue removal and micro-site manipulations of harvest residue availability in recently clearcut, intensively managed loblolly pine (Pinus taeda) forests in North Carolina (NC; n = 4) and
Georgia (GA; n = 4), USA. We captured 39,794 surface-active invertebrates representing 171
taxonomic groups using pitfall traps situated among micro-site locations (i.e., purposefully
retained piles of hardwood stems and piles of conifer stems and areas without coarse woody
debris in NC; windrows and no windrows in GA). Micro-site locations were located within six,
large-scale treatments (7.16–14.3 ha) in clearcuts. Large-scale treatments represented intensive
harvest residue removal, 15% and 30% harvest residue retention, and no harvest residue
removal. In NC, ground beetles (Coleoptera: Carabidae) and crickets (Orthoptera: Gryllidae)
were three times more abundant in treatments with no harvest residue removal than those with
the most intensive harvest residue removal and were reduced in treatments that retained 15%
or 30% of harvest residues, although not significantly. Invertebrate taxa richness was greater at
micro-site locations with retained hardwood and pine (Pinus spp.) harvest residues than those
with minimal amounts of coarse woody debris. In both states, relative abundances of several
invertebrate taxa, including cave crickets (Orthoptera: Rhaphidophoridae), fungus gnats
(Diptera: Mycetophilidae and Sciaridae), millipedes (Diplopoda), and wood roaches (Blattodea: Ectobiidae), were greater at micro-site locations with retained harvest residues than
those with minimal coarse woody debris. Intensified woody biomass harvesting without retention of ≥15% of harvest residue volume may reduce invertebrate taxa richness and abundances
of some key invertebrate taxa in regenerating stands. Further, harvest residue management
during and after woody biomass harvesting may be an important consideration for maintaining invertebrate diversity and conserving invertebrates that are influential in the maintenance
of ecosystem function and integrity in young forests.
Key words: bioenergy; clearcuts; coarse woody debris; downed wood; Georgia, USA; harvest residues;
intensively managed forests; invertebrates; North Carolina, USA; renewable energy; woody biomass
harvesting.

INTRODUCTION
Coarse woody debris provides food and cover for
forest wildlife; hence management of coarse woody
debris may affect biodiversity in forest ecosystems
(Harmon 1986, Huston 1996, Hagan and Grove 1999).
Additionally, coarse woody debris plays critical roles in
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forest ecosystem function and integrity by acting as a
carbon sink, retaining nutrients, and influencing water
dynamics (Fraver et al. 2002, Woodbury et al. 2007,
Zhou et al. 2007). Early forest ecologists recognized
coarse woody debris as one of the most important
resources for animal species in forests (Elton 1966), and
management of coarse woody debris is an increasingly
relevant consideration for intensively managed forests
(Jones et al. 2009, Janowiak and Webster 2010).
Timber harvests can be large-scale, anthropogenic disturbances that lead to substantial increases in coarse
woody debris in the form of harvest residues (Grodsky
et al. 2016b). However, increases in the market viability
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of harvest residues as forest bioenergy feedstock may lead
to intensified levels of coarse woody debris removal (i.e.,
woody biomass harvest), particularly in intensively managed forests (Rudolphi and Gustafsson 2005, Riffell et al.
2011). Forest bioenergy is an expanding renewable energy
technology capable of generating heat, electricity, and
biofuels from woody biomass (Parikka 2004). Harvest
residues specifically comprise a potential feedstock for
producing wood pellets (Sikkema et al. 2011), cogenerated electricity (i.e., coal and woody biomass simultaneously burned; Annamalai and Wooldridge 2001), and,
to a lesser extent, liquid biofuels (United States Department of Agriculture 2007, Forisk Consulting 2013).
Given the known and potential ecological relationships between coarse woody debris and animals, removal
of harvest residues via woody biomass harvesting could
affect wildlife communities, including invertebrates
(Evans et al. 2013, Er€aj€a€a et al. 2010). Indeed, concerns
regarding potential effects of woody biomass harvesting
on forest ecosystem sustainability and biodiversity have
led to non-regulatory biomass harvesting guidelines,
such as those developed in the United States (see Perschel et al. 2012). In general, biomass harvesting guidelines are based on the assumption that wildlife universally
responds positively to increased volumes of coarse
woody debris (i.e., more coarse woody debris is better
than coarse woody debris; Harmon and Hua 1991). Yet,
wildlife responses to harvest residue removal may differ
among species or vary regionally, and biomass harvesting guidelines currently have limited technical underpinnings and a paucity of empirical support. Further,
knowledge regarding ecological relationships between
wildlife, especially invertebrates, and coarse woody debris in young, intensively managed forests remains limited, especially in the United States (McMinn and
Crossley 1996, Riffell et al. 2011).
Many woody biomass harvests concurrently occur
with clearcut harvesting of intensively managed forests,
which entails overstory tree removal in a single entry
(hereafter “regenerating stands”; Riffell et al. 2011). Yet,
understanding invertebrate responses to harvest residue
reduction in regenerating forest generally is lacking
(Nitterus et al. 2007). Harvest residues generated by timber harvests in intensively managed forests differ in volume and spatial distribution from coarse woody debris
created by natural disturbance and senescence (Hanula
et al. 2006, Grodsky et al. 2016b). Harvest residues in
intensively managed forests typically include both coniferous and deciduous tree species, potentially supporting
different invertebrate groups (Jonsell et al. 2007).
Coarse woody debris is an important resource for many
forest invertebrates (Harmon 1986, Landis and Werling
2010), and its management may play a pivotal role in conservation of invertebrate biodiversity in forested ecosystems (Castro and Wise 2010). Invertebrates may use
coarse woody debris for foraging, refugia from variable
temperature and moisture conditions, oviposition sites,
and, in the case of saproxylic (i.e., dead-wood dependent)
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insects, a food resource (Hanula et al. 2006, Bouget et al.
2013). Relationships between saproxylic insects and
coarse woody debris have been extensively studied (Grove
2002, Ulyshen et al. 2004). Further, some studies have
specifically addressed saproxylic insect response to harvest residue removal and stump harvesting. For example,
Lassauce et al. (2012) determined that harvest residue
retention favored saproxylic beetles in temperate forests
in France. In comparison to saproxylic invertebrates, relationships between non-saproxylic invertebrates and
coarse woody debris are less represented in the current
literature (Hanula et al. 2006).
Non-saproxylic invertebrate responses to experimentally manipulated coarse woody debris have varied among
previous studies (Bengtsson et al. 1997, Ulyshen and
Hanula 2009a, Castro and Wise 2010). Kataja-Aho et al.
(2016) measured invertebrate response to experimental
stump removal and showed that several invertebrate
groups, including ground beetles, spiders, and springtails,
were affected by stump harvesting for biofuel. Two largescale experiments with variable coarse woody debris
retention were conducted in mature, loblolly pine (Pinus
taeda) forests in South Carolina, USA (Hanula et al.
2006, Ulyshen and Hanula 2009a). Hanula et al. (2006)
reported that coarse woody debris removal decreased
overall invertebrate diversity and activity of several invertebrate taxa and thus affected community composition,
whereas a later study at the same site documented no
effect of coarse woody debris removal on the invertebrate
community (Ulyshen and Hanula 2009a). Castro and
Wise (2009) manipulated availability of fine woody debris
(i.e., downed woody debris with a diameter ≤7.62 cm in
diameter for a length of at least 0.914 m) in an undisturbed, mature forest in Kentucky, USA, and documented no effect on spider diversity.
Other research has addressed facultative use of coarse
woody debris by invertebrates, albeit primarily through
observational studies, by testing for differences in taxon
composition and abundance in areas directly near and
farther from coarse woody debris piles (Jabin et al. 2004,
Castro and Wise 2010). In general, areas directly adjacent to coarse woody debris piles maintain a deeper litter
layer (Marra and Edmonds 1998), higher concentrations
of fine woody debris (Evans et al. 2003), and more stable
microclimatic conditions (Spears et al. 2003, Remsburg
and Turner 2006). In some cases, litter adjacent to coarse
woody debris had greater densities of invertebrate taxa
(Jabin et al. 2007, Kappes et al. 2007, Ulyshen and
Hanula 2009b). Coarse woody debris often supports
high abundances of arthropod prey and thus provides
food resources for predatory invertebrates, including
carabids (Ulyshen and Hanula 2009a) and spiders (Varadi-Szabo and Buddle 2006). Despite apparent positive
relationships between invertebrates and coarse woody
debris, some studies reported no difference in invertebrate diversity between sites near and far from coarse
woody debris (Marra and Edmonds 1998, Andrew et al.
2000, Buddle 2001). Differences among studies may be
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attributable to variation in responses by diverse invertebrate groups or variable sampling methods (Evans et al.
2003, Varadi-Szabo and Buddle 2006).
Our project goals centered on filling gaps of knowledge
pertaining to (1) facultative, ecological relationships
between non-saproxylic invertebrates and harvest residues;
and (2) implications of operational woody biomass harvesting for forest invertebrate conservation, specifically in
intensively managed forests. We aimed to determine effects
of coarse woody debris availability following woody biomass harvesting on community-level invertebrate metrics,
including richness and relative abundances of common
invertebrate families, at two spatial scales. Within this multi-scale experimental framework, our objectives were to
test (1) micro-scale invertebrate responses to presence or
absence of harvest residue piles, harvest residue pile type
(i.e., coniferous versus hardwood), and localized groundcover of fine woody debris and vegetation to improve
understanding of ecological relationships between invertebrates and coarse woody debris at the micro-scale; and (2)
stand-scale invertebrate responses to operational woody
biomass removal treatments to inform downed wood
management when woody biomass harvesting is incorporated into management plans.
METHODS
Study area and design
We studied forest invertebrates in eight replicate clearcuts (hereafter “blocks”) in intensively managed loblolly
pine forests within the Coastal Plain physiographic
region of the southeastern United States. Our study
included four blocks (70.5  6.1 [mean  SE] ha) in
Beaufort County, North Carolina (NC) and four blocks
(64.64  3.1 ha) in Georgia (GA): three in Glynn
County and one in Chatham County. Blocks were in the
temperate/subtropical biogeographic regions; fire was
the historical forest disturbance in the region, but has
since been predominantly replaced with anthropogenic
disturbance via timber harvest (see Grodsky et al.
[2016a] for management history and site descriptions).
Following clearcut harvest in 2010–2011, we implemented stand-scale, harvest residue removal treatments
(hereafter “treatments”) at each block. We used a randomized complete-block experimental design, dividing
each block into the following six, large-scale treatments:
(1) clearcut with intensive downed wood removal
(NOBHGs); (2) clearcut with 15% retention of downed
wood evenly dispersed throughout the treatment
(15DISP); (3) clearcut with 15% retention of downed
wood clustered in large piles throughout the treatment
(15CLUS); (4) clearcut with 30% retention of downed
wood evenly dispersed throughout the treatment
(30DISP); (5) clearcut with 30% retention of downed
wood clustered in large piles throughout the treatment
(30CLUS); and (6) clearcut with no downed wood
removal (i.e., clearcut only; NOBIOHARV), which
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served as a reference site (see Fritts et al. [2014] and
Grodsky et al. [2016a] for detailed methods on largescale treatment implementation; Fig. S1). In NC, treatment area averaged 11.7  0.5 (mean  SE) ha and
ranged from 8.4 to 16.3 ha, In GA, treatment area averaged 10.7  0.4 ha and ranged from 7.6 to 14.3 ha. We
defined harvest residues as non-roundwood stems
and pine tops and limbs traditionally considered nonmerchantable prior to the advent of forest bioenergydriven woody biomass markets.
Although treatment implementation was similar in
NC and GA, preparation of harvested sites for replanting differed between states. In NC, site preparation
occurred following clearcut harvest and implementation
of treatments in the winter of 2010–2011. Blocks were
sheared using a V-shaped blade, bedded into continuous,
mounded strips of soil (i.e., beds) approximately 3 m
wide and <1 m tall, and planted with loblolly pine during the fall–winter of 2011–2012 at a density of
1100 trees/ha (Fig. 1). Prior to revegetation, pine beds
essentially consisted of bare soil and pine seedlings.
Shearing moved retained coarse woody debris into the 3m space between pine beds (hereafter “interbeds”). Consequently, coarse woody debris was rearranged following
shearing into long, linear rows in interbeds parallel to
pine beds; however, volume of coarse woody debris was
largely unaltered by shearing (Fritts et al. 2014). Blocks
were treated with the following two post-harvest herbicide applications of imazapyr (Chopper; BASF, Raleigh,
North Carolina, USA) for herbaceous weed control: (1)
a broadcast application (applied by helicopter) one year
after clearcut harvest; and (2) a banded application
(applied only to pine trees in bedded rows) two years
after clearcut harvest.
In GA, most coarse woody debris in treatments was
concentrated into large, linear piles (hereafter “windrows”) extending the entire length of treatments or into
large, conical piles (1–100 m3) within treatments (Fig. 2).
As such, few individual stems and no small coarse woody
debris piles (<1 m3) occurred between windrows
(~30–50 m apart) in treatments. In Glynn County (GA),
two blocks were bedded in the summer of 2011 and the
remaining block was bedded in fall 2011. All Glynn
County (GA) blocks were planted in winter 2012 at a density of 1,495 trees/ha and treated with imazapyr (Arsenal; BASF) and sulfometuron methyl for herbaceous
weed control one year after clearcut harvest. In 2012, the
Chatham County (GA) block was bedded and planted at
a density of 726 trees/ha and received a broadcast treatment of Chopper one year after clearcut harvest.
Following site preparation and planting, we identified
micro-scale locations within treatment blocks that emulated harvest residue removal or lack thereof (hereafter
“locations”). To accomplish this, we randomly located
clusters of locations in each treatment in each block. In
NC, locations included (1) hardwood pile; (2) pine pile;
and (3) no pile (i.e., no coarse woody debris, control).
The NOBHGs treatments had all hardwood harvest
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FIG. 1. A site 2-yr post-harvest in North Carolina, with uniformly intermittent interbeds containing coarse woody debris (1)
and bedded rows containing planted pine seedlings (2). Three pitfall trap arrays representing micro-site locations (hardwood pile,
pine pile, and no pile) were clustered within each of the six, large-scale harvest residue removal treatments. Each array was oriented
perpendicular to interbeds and beds (A; hardwood pile shown]. Pitfall traps (black dots) were 1 m apart, resulting in a total array
length of 3 m. Two pitfall traps were situated immediately adjacent to either side of harvest residues piles, when present, and two
pitfall traps were situated in bedded rows on either side of the interbed. We maintained the same array design and inter-trap spacing
for no-pile locations, despite the fact that no CWD was present in interbeds. Photo by Sarah Fritts. Drawing by Steve Grodsky.
[Color figure can be viewed at wileyonlinelibrary.com]

FIG. 2. A site 1-yr post-harvest in Georgia, with windrows (1) separated by large expanses of bare ground (2). Two pitfall trap
arrays representing micro-site locations (windrow, no windrow) were clustered within each of the six, large-scale harvest residue
removal treatments. Each array was oriented perpendicular to windrows (A). To accommodate the width of windrows, pitfall traps
(black dots) were 5 m apart, resulting in a total array length of 15 m. Two pitfall traps were situated immediately adjacent to either
side of windrows, when present, and two pitfall traps were situated in bedded rows on either side of the windrow. We maintained the
same array design and inter-trap spacing for no windrow locations, despite the fact that no windrows were present. Photo and
drawing by Steve Grodsky. [Color figure can be viewed at wileyonlinelibrary.com]
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residues removed and thus did not include hardwood
pile locations. In GA, harvest residues consisted of pine
in windrows exclusively; as such, locations in GA
included (1) windrow and (2) no windrow (i.e., no coarse
woody debris, control).
Invertebrate sampling, identification, and measures
In 2012 and 2013, we sampled invertebrates in NC
and GA using pitfall trapping. We specifically targeted
surface-active invertebrates because they occupy niches
on the forest floor (e.g., Pearce and Venier 2006), where
coarse woody debris provides habitat structure. Pitfall
traps (Spence and Niemel€a 1994) were 0.47-L plastic
containers with a diameter of ~8.5 cm filled with equal
amounts of propylene glycol and water and a drop of
liquid dish soap to reduce surface tension. We placed the
lip of each container at or slightly below ground-level
(e.g., Murkin et al. 1994, Ausden 1996). We removed
vegetation (when present) immediately surrounding pitfall traps (i.e., ≤5 cm from trap lips) to improve trapping
efficiency (Greenslade 1964; but see Quantifying standand micro-scale habitat characteristics). Four pitfall traps
comprised a pitfall trap array (hereafter “array”). To
control for edge effects, we situated all arrays ≥100 m
from treatment and block edges.
In NC, we established 3 m long arrays (four pitfall
traps per array) with 1-m inter-trap spacing at each location (Fig. 1). Each array was oriented in a straight line
perpendicular to interbeds and bedded rows. For hardwood and pine pile locations, we situated two pitfall
traps immediately adjacent to each side of harvest residue piles within interbeds and one pitfall trap in bedded
rows on either side of interbeds. We maintained the same
inter-trap spacing for the no pile location, despite the
fact that no harvest residue pile was present. We sampled
each location monthly for a 48-h period, June–
September 2012 and June, July, and September, 2013.
In GA, we established 15 m long arrays (four pitfall
traps per array) with 5-m inter-trap spacing at each location; the width of windrows in GA precluded replication
of array design in NC (i.e., 1-m inter-trap spacing;
Fig. 2). For the windrow location, we situated two pitfall
traps immediately adjacent to each side of windrows and
one pitfall trap in bedded rows 5 m from either side of
windrows. We maintained the same inter-trap spacing
for the no windrow location, despite the fact that no
windrow was present. We sampled each location once
for a 48-h period in August 2012 and 2013.
At the conclusion of each sampling period, we strained
invertebrates from each pitfall trap and stored specimens
in 60 mL Nalgene bottles filled with 70% ethanol and
labeled with trap locality data. We identified most specimens to family using taxonomic keys and confirmation
for type specimens representative of each invertebrate
group. In rare cases when family-level identification was
infeasible, we identified invertebrate specimens at
coarser taxonomic resolutions (e.g., Diptera: Schizophora,
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Chilopoda, Diplopoda). We also identified highly abundant cricket (Gryllidae) nymphs. We sorted, pinned, and
labeled with location and sampling date information type
specimens representative of captured invertebrate families
to serve as voucher specimens in the North Carolina State
University Insect Museum collections.
We plotted relative abundances for all invertebrate
groups per state and visually binned them into one of
the following three abundance levels: (1) superabundant,
(2) abundant, and (3) rare. We set the cutoff for inclusion
of individual invertebrate families in analyses at the
break between abundant and rare invertebrate groups,
thereby excluding all rare invertebrate groups with relatively low relative abundances. For example, the cutoff
between abundant and rare invertebrate groups for
micro-sites in NC was n = 84 because counts of invertebrate captures dropped from n = 84 to n ≤ 20 at that
point on the plot. Given differences in scale and consequent levels of inference between micro-scale and standscale analyses, sample size cutoffs for invertebrate taxa
in stand-scale analyses were larger and therefore differed
from cutoffs assigned to micro-scale analyses.
Quantifying stand- and micro-scale habitat characteristics
We measured scattered and piled harvest residues in
each treatment at NC and GA blocks using the line-intersect sampling (LIS) technique (Van Wagner 1968) and a
visual encounter method. For the visual encounter
method in NC, we located each harvest residue pile in
each treatment, measured its length (cm), width (cm), and
height (cm), and visually estimated its packing ratio (i.e.,
density of wood in pile; 0–100%). For the visual encounter method in GA, we measured width and height and
visually estimated packing ratio every 50 m along each
windrow and at each spot-pile. Because windrows often
ran the entire length of treatments, we measured the
length of each windrow in ArcGIS using post-harvest aerial imagery (Google Maps, Mountain View, California,
USA). For both states, we summed the volume of harvest
residue piles estimated from the visual encounter method
and volume of scattered harvest residues estimated using
the LIS method to generate total volume of harvest residues (m3/ha) for each treatment plot. Volume (m3/ha) and
spatial distribution of harvest residues in treatment plots
in NC was shown to accurately match that of our original
experimental design; Fritts et al. (2014) calculated the
following volumes of harvest residues in each treatment
in NC: NOBHGs = 20.65  1.45; 15DISP = 40.80 
13.11; 15CLUS = 37.76  9.42; 30DISP = 55.75 
12.49; 30CLUS = 55.17  12.49; NOBIOHARV = 108.20
 20.05. Efficacy of treatment implementation in GA was
less clear because windrowing greatly altered spatial
arrangement of harvest residues from that in the original
experimental design.
We visually estimated decay class of hardwood piles,
pine piles, and windrows following Forest Inventory and
Analysis (FIA) protocols (United States Department of
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Agriculture 2007). Hardwood and pine piles and windrows ranked as Decay Class 2 in 2012 and Decay Class 3
in 2013 (see FIA protocol for definitions; United States
Department of Agriculture 2007). In NC and GA, July
2012 and 2013, we quantified micro-site groundcover at
each pitfall trap by placing a 1- by 1-m Daubenmire
frame centered over each pitfall trap and visually estimating percent groundcover (total = 100%) for the following categories: (1) bare ground, (2) fine woody
debris, and (3) vegetation (included all living grasses,
forbs, and woody shrubs and vines).
Statistical framework and analysis
We conducted Poisson generalized linear models
(GLMs) with number of captured individuals for each
invertebrate group as dependent variables to test
response of the invertebrate community to harvest residue removal at the stand-scale and micro-scale locations
in NC and GA. For all models, we tested for correlation
among covariates and assumed overdispersion when the
residual deviance divided by the residual degrees of freedom was >1.0; we used quasipoisson GLMs when we
detected overdispersion. To account for variation in
effort, we also included average number of active traps
per treatment plot and average number of active traps
per array as an additive effect (sensu relative abundance)
in all stand- and micro-scale models, respectively. For
categorical covariates in all stand- and micro-scale models, we performed post-hoc Tukey’s pairwise comparisons of means using general linear hypothesis testing
(glht function; single-step method) in the R package
multcomp (Hothorn et al. 2013). We set a = 0.05.
For stand-scale analyses, we used treatment plot as the
experimental unit and number of captured individuals of
each invertebrate group pooled over all arrays at each
treatment plot in each state as dependent variables. We
first included year, treatment, a year 9 treatment interaction term, block, and effort as explanatory variables in
each model. If we detected a significant year 9 treatment
interaction, we consequently developed a model for each
year separately and included treatment, block, and effort
as explanatory variables. Otherwise, we included treatment, year, block, and effort as explanatory variables. For
GA sites, we replaced the categorical, fixed effect for
treatment with volume (m3/ha) of harvest residues in
windrows in each treatment (see Quantifying stand- and
micro-scale habitat characteristics) and first tested for harvest residue volume 9 year interactions.
We used each array as the experimental unit in NC
(n = 68) and GA (n = 48) for micro-scale location analyses, and number of captured individuals of each invertebrate group pooled over all traps at each array in each
state as dependent variables. We first included percent
groundcover of FWD and vegetation and effort as continuous, fixed effects, and year, location, and a year 9 location interaction term as explanatory variables in each
model. If we detected a significant year 9 location

interaction, we consequently developed a model for each
year separately and included location, groundcover of
fine woody debris and vegetation, and effort as explanatory variables. Otherwise, we included location, groundcover of fine woody debris, and vegetation, year, and
effort as explanatory variables. For both NC and GA,
bare ground was inversely correlated with vegetation
groundcover; therefore, we excluded bare ground as a
covariate in all micro-scale location models.
RESULTS
We captured 39,794 invertebrate specimens representing 171 individual taxonomic groups, and most (n = 147;
86%) were identified to family (see Appendix S1). In NC,
we set the cutoff for inclusion of individual taxonomic
groups in stand- and micro-scale analyses at n = 410 and
n = 84 per year, respectively. In GA, we set the cutoff for
inclusion of individual taxonomic groups in stand- and
micro-scale analyses at n = 110 and n = 44 captures per
year, respectively. Collembolans were ubiquitous in samples (S. M. Grodsky, unpublished data), and we opted not
to include them in analyses.
Stand-scale models
Invertebrate taxa richness did not differ among treatments in NC and was unaffected by volume of harvest
residues in the GA treatments. In NC, carabid beetles,
gryllids, and gryllid nymphs were more abundant in
NOBIOHARV treatments than in NOBHGs treatments,
but had similar abundances in 15% and 30% harvest
residue retention treatments (Table 1). Carabid beetles,
formicids (ants), and gryllid nymphs increased in abundance from 2012 to 2013, whereas sciarids decreased in
abundance from 2012 to 2013. In GA, invertebrate taxa
were unaffected by volume of harvest residues in treatments, and both gryllids and lycosids decreased in abundance from 2012 to 2013 (Table S1).
Micro-scale models
Invertebrate taxa richness was greater at hardwood
and pine pile locations than in no pile locations in NC,
but did not differ among windrow and no windrow locations in GA (Fig. 3). In NC, relative abundance of most
invertebrate taxa did not differ among locations, but several groups positively responded to presence of harvest
residue piles (Table 2). Relative abundances of diplopods
(2012), ectobiids (2013), erotylids (2013), mycetophilids
(2012), and sciarids (2013) were greater in hardwood
and pine pile locations than in no pile locations. Relative
abundance of mycetophilids (2013) was greater in hardwood pile locations than in no pile locations. Relative
abundance of sphaerocerids (2013) was greater in pine
pile locations than in no pile locations. Relative abundance of sciarids (2012) was greater in pine pile locations
than in no pile and hardwood pile locations. In GA,
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wood retention in piles (15CLUS); (4) 30% downed wood retention distributed evenly throughout the treatment unit (30DISP); (5) 30% downed wood retention in piles (30CLUS); and (6)
no downed wood removal (NOBIOHARV). Only taxa meeting cutoff requirements were included in analyses. Different letters indicate significantly different, pair-wise comparisons of
treatment means. We set a = 0.05. Rows in bold signify detection of significant differences among treatments.
*Significant year 9 location interaction (P ≤ 0.05), in which case years were analyzed separately.
†Includes all spiders not in Lycosidae.
‡Gryllid nymphs.

Araneae†
Lycosidae
Coleoptera
Carabidae
Staphylinidae*
2012
2013
Diptera
Sciaridae
Hymenoptera
Formicidae
Orthoptera
Gryllidae
Gryllidae (nymphs)‡

Invertebrate taxa

Harvest residue removal treatment

TABLE 1. Mean (SE in parentheses) number of captured individuals per 100 array nights for invertebrate taxa captured at 68 pitfall traps arrays situated within six downed wood removal
treatments in regenerating stands (n = 4), North Carolina, pooled among 2012 and 2013.
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FIG. 3. Effects of no pile, pine pile, and hardwood pile locations in North Carolina and no windrow and windrow locations in
Georgia on invertebrate taxa richness following woody biomass harvesting in regenerating stands. Different letters over bars indicate significantly different, pairwise comparisons of location means at a = 0.05 level. Error bars show SE.

elative abundance of ectobiids (2012), formicids (2013),
and rhapidophorids (2012) was greater in windrow locations than in no windrow locations (Table 3). In 2012,
relative abundance of formicids and lycosids was greater
in no windrow locations than in windrow locations. In
both states, most invertebrate taxa were unaffected by
array-level groundcover (Tables 2, 3).
DISCUSSION
Our results indicate that coarse woody debris is an
important, local-scale habitat component influencing
the pattern of surface-active invertebrate diversity in
regenerating pine plantations. Specifically, the pattern of
coarse woody debris availability within harvested stands
following woody biomass harvesting had important
implications for the pattern of invertebrate community
richness in regenerating stands, echoing similar studies
conducted in mature forests. For example, experimentally reduced volumes of coarse woody debris negatively
affected invertebrate community composition in mature
pine forests in the southeastern United States (Hanula
et al. 2006), and Grove (2002) documented a positive
correlation between beetle richness and volume of coarse
woody debris in mature forests of Australia.
We documented evidence of positive relationships
between fungus-associated invertebrates, including erotylid beetles and mycetophilid and sciarid flies, and harvest
residue availability, suggesting that harvest residue
removal may affect “bottom-up” interactions between
fungi and some fungivorous invertebrates. Species richness of wood-decaying fungi typically increases with the
amount of available coarse woody debris (Berg et al.
1994, Allen et al. 2000, Lonsdale et al. 2008). K€
uffer and

Senn-Irlet (2005) postulated coarse woody debris may
provide refugia for many wood-inhabiting fungi that
specifically occur in intensively managed forests. As such,
greater relative abundance of erotylids, mycetophilids,
and sciarids at harvest residue pile locations than at no
pile locations may be linked to availability of coarse
woody debris-associated fungi and associated breeding
substrate for these taxa. In turn, invertebrate fungivores
may influence fungal community structure via grazing
pressure and act as dispersal agents for fungal spores
(Shaw 1992). Many studies of mycetophilid and other
dipteran fungivores have been conducted in mature,
European forests (e.g., Komonen 2001), where it has been
estimated that 417 mycetophilid species may be associated with over 600 species of fungi (Jakovlev 2012). However, the amount of dead wood has been positively
correlated with mycetophilid diversity in both harvested
and unharvested forests in Norway (Økland 1994, 1996).
Our results suggest that coarse woody debris also is an
important habitat component for mycetophilids and
some other fungivores in early-successional, regenerating
stands of the United States and that intensive harvest
residue removal may compromise habitat availability for
some invertebrate fungivores.
Retention of coarse woody debris favored crickets and
wood roaches. Given their active foraging habits and typically high abundance, crickets are integral components of
many forest food webs (Ponsard and Arditi 2000). Additionally, crickets act as detritivores, aiding in decomposition of organic matter and nutrient cycling in soil
(Dangles et al. 2005). Similarly, wood roaches are consumers of plant debris and litter in the detrital trophic
chain and provide food resources for forest wildlife (Crossley 1977, Horn and Hanula 2002). Relative abundance of
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TABLE 2. Mean (SE in parentheses) number of captured individuals per 100 trap nights and response to groundcover for
invertebrate taxa captured at 68 pitfall trap arrays situated among no pile, pine pile, and hardwood pile locations (herein
“locations”) following woody biomass harvesting in regenerating stands (n = 4), North Carolina, pooled among 2012 and 2013.
Location
Invertebrate taxa
Araneae†
Lycosidae
Blattodea
Ectobiidae*
2012
2013
Chilopoda
Coleoptera
Carabidae‡
Cicindellinae
Erotylidae (2013)
Galerucinae (2013)
Nitidulidae (2013)
Scarabaeidae
Scolytinae (2012)
Staphylinidae
Diplopoda§ (2012)
Paradoxosomatidae (2013)
Diptera
Ceratopogoniidae (2013)
Chloropidae (2013)
Dolichopodidae
Mycetophilidae*
2012
2013
Phoridae
Sciaridae*
2012
2013
Schizophora¶ (2012)
Sphaeroceridae (2013)
Tipulidae (2013)
Hemiptera
Acrididae
Aphididae
Cicadellidae
Cydnidae (2013)
Delphacidae (2012)
Reduviidae (2013)
Hymenoptera
Formicidae
Scelionidae (2013)
Orthoptera
Gryllidae#
Gryllidae (nymph)
Nemobiinae (2013)

No pile

Percent groundcover

Pine pile

Hardwood pile

Fine woody debris

Vegetation

30.72ab (2.88)
86.67 (7.44)

41.02a (3.77)
94.01 (8.39)

28.18b (2.82)
75.65 (7.58)

Ø
Ø

Ø
Ø

4.80 (1.23)
3.64b (1.15)
15.48 (2.66)

5.38 (2.30)
28.24a (6.28)
11.10 (2.20)

4.43 (1.72)
15.70a (3.28)
10.47 (1.92)

Ø
Ø
Ø

+
Ø
Ø

44.32 (8.31)
6.02 (1.34)
2.88b (1.11)
98.67 (26.37)
6.65 (2.13)
11.60 (2.91)
7.92 (2.98)
28.40 (3.94)
61.89b (21.39)
305.39 (82.13)

42.59 (6.24)
4.81 (1.19)
4.46a (1.39)
123.29 (26.75)
5.92 (2.07)
5.32 (1.07)
5.09 (1.89)
31.42 (6.81)
103.11a (28.49)
330.40 (90.05)

50.72 (6.48)
5.92 (1.80)
11.10a (3.24)
152.07 (43.69)
4.83 (2.22)
9.17 (2.42)
8.56 (4.15)
26.87 (3.51)
51.97b (12.43)
356.45 (104.58)

Ø
Ø

Ø

Ø
Ø
Ø
Ø
Ø
Ø
Ø
Ø
Ø
Ø

9.48 (2.46)
11.19 (2.71)
14.32 (2.12)

16.29 (4.09)
10.66 (2.59)
11.90 (2.04)

14.86 (5.04)
12.49 (3.27)
14.95 (3.25)

Ø
Ø
Ø

Ø
Ø
Ø

1.65b (0.68)
2.11b (0.91)
5.46 (1.32)

8.57a (3.61)
5.92ab (1.28)
5.82 (1.25)

5.88a (1.78)
8.46a (2.20)
5.62 (1.22)

Ø
Ø
Ø

Ø
Ø

22.18b (5.48)
7.54b (2.31)
14.61 (2.93)
3.36b (1.27)
3.85 (1.59)

45.72a (11.66)
27.60a (9.13)
18.02 (3.90)
17.28a (10.44)
4.65 (1.27)

22.19b (6.59)
31.82a (12.80)
12.08 (2.52)
9.97ab (3.41)
8.01 (4.36)

Ø
Ø
Ø

Ø
Ø
Ø
Ø
+

7.30 (1.62)
5.26 (1.22)
12.81 (1.75)
5.30 (2.10)
3.68 (1.67)
6.80 (2.02)

5.12 (1.22)
9.25 (2.97)
12.98 (2.17)
10.30 (4.41)
6.28 (2.25)
5.97 (1.98)

9.02 (1.93)
6.58 (1.54)
11.81 (1.63)
15.30 (5.40)
5.76 (2.22)
8.16 (2.59)

Ø
Ø
Ø
Ø
Ø

1328.33 (123.46)
14.20 (2.85)

1215.83 (104.16)
7.40 (1.60)

1246.32 (145.87)
8.91 (2.01)

Ø
Ø

Ø

136.98 (12.71)
73.79 (10.48)
7.85 (2.94)

143.74 (15.66)
75.10 (9.62)
9.96 (4.36)

172.89 (18.62)
92.62 (15.24)
9.64 (4.35)

Ø
Ø
Ø

Ø
Ø
Ø

Ø
Ø
Ø
Ø

Ø

Ø
Ø
Ø
Ø
Ø
Ø

Notes: Only taxa meeting cutoff requirements were included in analyses. Different letters indicate significantly different, pair-wise
comparisons of location means. + or
indicates positive or negative response, respectively. Ø indicates no response. We set
a = 0.05. Rows in bold signify detection of significant differences among locations.
*Indicates significant year 9 location interaction (P ≤ 0.05), in which case years were analyzed separately.
†Includes all spiders not in Lycosidae.
‡Cicindelinae split from total count of Carabidae.
§Pooled all diplopod families.
¶Sphaeroceridae excluded from total count of Schizophorans.
#Nemobiinae excluded from total count of Gryllidae.
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TABLE 3. Mean (SE in parentheses) number of captured individuals per 100 trap nights and response to groundcover for
invertebrate taxa captured at 48 pitfall trap arrays situated among no windrow and windrow locations (herein “locations”)
following woody biomass harvesting in regenerating stands (n = 4), Georgia, pooled among 2012 and 2013.
Location
Invertebrate taxa
Araneae†
Lycosidae*
2012
2013
Blattodea
Ectobiidae (2012)
Coleoptera
Carabidae
Diptera
Ceratopogoniidae (2013)
Hymenoptera
Formicidae*
2012
2013
Orthoptera
Gryllidae
Gryllidae [nymph (2013)]
Rhapidophoridae (2012)

No windrow

Percent groundcover
Fine woody debris

Vegetation

50.57 (10.23)

67.97 (11.62)

Windrow

Ø

Ø

224.33a (66.18)
81.25 (14.53)

123.33b (27.58)
119.79 (19.50)

Ø
Ø

Ø
Ø

29.93b (10.68)

233.43a (106.06)

Ø

Ø

41.30 (10.02)

46.44 (8.54)

Ø

Ø

25.00 (8.24)

53.13 (16.71)

+

+

2165.11a (652.80)
933.33b (149.73)

904.33b (225.50)
1487.50a (185.66)

Ø
Ø

Ø
Ø

125.58 (22.61)
54.17 (14.95)
18.06b (9.14)

179.12 (29.94)
89.58 (30.17)
86.87a (26.39)

Ø
Ø

Ø
Ø
Ø

Notes: Only taxa meeting cutoff requirements were included in analyses. Different letters indicate significantly different, pair-wise
comparisons of location means. + or
indicates positive or negative response, respectively. Ø indicates no response. We set
a = 0.05. Rows in bold signify detection of significant differences among locations.
*Indicates significant year 9 treatment interaction (P ≤ 0.05), in which case years were analyzed separately.
†Includes all spiders not in Lycosidae.

both gryllid adults and nymphs were greater in NOBIOHARV than in NOBHGs, which indicates that intensive
harvest residue removal in regenerating stands without
≥15% retention of harvest residue volume could decrease
prey resources and ecosystem services provided by multiple life stages of gryllids at stand levels. Rhaphidophorids
had greater relative abundance in windrow locations than
in no windrow locations, potentially providing locally
abundant prey resources for other invertebrates and vertebrates already using windrows for cover. Wood roaches
were primarily represented by the ectobiid genus
Parcoblatta (S. M. Grodsky, unpublished data); given the
apparent positive association between ectobiids and coarse
woody debris, Parcoblatta may be especially susceptible to
harvest residue removal in regenerating stands. Previous
studies in pine forests of the southeastern United States
have demonstrated that coarse woody debris provides
cover for Parcoblatta species, many of which are eaten by
forest birds (Horn and Hanula 2002, Hanula et al. 2006).
Carabid beetles are well-established ecological indicators for forest ecosystem health (Taylor and Doran 2001,
Pearce and Venier 2006, Iglay et al. 2012, Grodsky et al.
2015), and the beetle family demonstrated a positive,
stand-level response to harvest residue retention in NC.
Nitterus et al. (2007) addressed carabid beetle response
to harvest residue removal in the context of woody biomass harvesting and found that harvest residue removal
caused a shift in community composition in the form of
increasing generalist species and decreasing forest species.

Additionally, previous forest management studies showed
that coarse woody debris may be an important habitat
component for carabid beetles in recent clearcuts and
mature forests alike (Pearce et al. 2003, Latty et al. 2006).
Many carabid beetles are ground predators of other invertebrates (Tolonen 1995); some predatory carabid beetles
may have been more abundant in NOBIOHARV than in
NOBHGs because more harvest residues in NOBIOHARV supported greater arthropod prey resources (e.g.,
Ulyshen and Hanula 2009a). Greater relative abundance
granivorous carabids in NOBIOHARV than in NOBHGs
may be explained by the “seed-damming” hypothesis,
which postulates that piles of coarse woody debris may
trap seeds dispersed by surface water flow or wind and
subsequently provide locally abundant food resources for
granivores (Loeb 1996, Sharitz 1996).
Given the dynamic marketability of different woody
biomass feedstocks, understanding differences in invertebrate responses to pine compared to hardwood harvest
residue removal may be important. Invertebrate
responses for a few taxa differed between pine and hardwood pile locations, possibly due to differences in tree
species composition (e.g., Jonsell 2008), decay rates, and/
or fungal community composition. For example, the relative abundance of diplopods was greater at pine pile
locations than no pile and hardwood pile locations.
Diplopods at high risk for desiccation in exposed regenerating stands may have selected pine piles over hardwood piles because pine piles may have been more
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decayed and therefore moist, which in turn may have
facilitated water replacement via cuticular and gut water
exchange in diplopods (O’Neill 1969). Sciarid flies
selected pine pile locations over hardwood and no pile
locations in 2012, but selected both pine and hardwood
pile locations over no pile locations in 2013. This result
may indicate that hardwood piles were not sufficiently
decayed to support fungal communities for this fungivore in 2012, but supported sufficient fungi in 2013 after
another year of decay. As fungivores, both diplopods
and sciarids may have associated with the distinct fungal
communities predominantly or exclusively found on
dead pine (e.g., Visser 1995, Gardes and Bruns 1996).
Following timber harvest, the influx of harvest residues is accompanied by increases in early successional
vegetation (White and Jenstch 2001, Grodsky et al.
2016b), which may have acted independently of, or in
conjunction with, mechanisms like harvest residue decay
to drive invertebrate use of regenerating stands. Several
common invertebrate groups, including many herbivores
and their predators, likely responded to the successional
trajectory of vegetation composition and structure
rather than harvest residue availability in regenerating
stands. In NC, several invertebrate groups increased at
micro- and stand-scales from 2012 to 2013, which may
have been related to increased vegetative cover and/or
coarse woody debris decay. Nevertheless, vegetation
composition and structure was similar among treatments and locations (Grodsky 2016), so observed differences in invertebrate abundance were most likely related
to coarse woody debris and its dynamics.
Lack of apparent responses of some invertebrates (e.g.,
ants, spiders) to harvest residue removal may have been a
function of taxonomic resolution, and if we had identified
highly diverse invertebrate groups, for instance, to genus
or species, different patterns may have emerged. For
example, many ant species use coarse woody debris for
nesting (Hagan and Grove 1999, Higgins and Lindgren
2006). Yet, recent clearcuts provide favorable conditions,
including lack of overstory and prevalent bare ground,
for red imported fire ant (Solenopsis invicta) invasions
(Zettler et al. 2004). Todd et al. (2008) reported that colonization of red imported fire ants in the southeastern
United States may be deterred by retention of coarse
woody debris in clearcuts. The red imported fire ant
exemplifies a highly abundant ant species that may have
avoided areas with coarse woody debris, and, in turn,
may have offset the family-level ant response to coarse
woody debris removal in regenerating stands. In this case,
understanding fire ant response to coarse woody debris
removal, in contrast with that of native, downed-woodassociated ant species, may have informed implications of
woody biomass harvesting on ecosystem integrity. Specifically, fire ants are considered detrimental, noxious invaders of young forests that negatively affect forest
communities, whereas native, downed-wood associated
ants often facilitate ecosystem services in forests (Zettler
et al. 2004).
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Many individual invertebrate groups did not respond
to harvest residue removal at the family level. However,
invertebrate taxa richness and relative abundance of several key invertebrate groups were positively linked to
harvest residue availability in young, intensively managed forests. Further, we demonstrated positive, invertebrate–coarse-woody-debris relationships at both micro
and stand scales in the operational context of woody
biomass harvests. As such, intensified woody biomass
harvesting without retention of ≥15% of harvest residue
volume may adversely affect invertebrate diversity and
some key invertebrate taxa. Harvest residue management during and after woody biomass harvesting may
be an important consideration for conserving invertebrates that play major roles in maintenance of ecosystem
function and integrity in young forests. We suggest
future entomological studies regarding woody biomass
harvesting in regenerating stands specifically focus on
invertebrate families we identified as positively responding to harvest residue retention to determine ecological
responses of species to harvest residue removal in regenerating stands. Further, studies extending beyond the
stand level to investigate landscape-scale availability of
coarse woody debris in managed pine forests may facilitate understanding of invertebrate use of downed wood
resources in intensively managed forest landscapes.
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