ABSTRACT

MITCHELL, JENNIFER CHRISTINA. Nonnative Plant Invasion in Urban Forests Affects
Understory Structure and Arthropod Communities. (Under the direction of Dr. Steven D. Frank).

Urban areas cover less than 3% of the earth’s surface but contain more than half the
global population. Human population growth and urban development threaten urban forests with
increased degradation and fragmentation. Forests, even those surrounded by roads and buildings,
provide ecosystem services including carbon sequestration and atmospheric cooling. These
services will become increasingly necessary for the health of urban human populations as the
earth’s climate continues to warm. Additionally, forests in urban areas provide habitat for native
plant and animal species that evolved to depend on forest ecosystems and would otherwise be
forced into rural areas to survive. | investigated plant and arthropod communities in urban forests
to determine how variability among 24 urban forests across two cities, Raleigh NC and Newark
DE, affects community composition.

Temperate urban forests have similar traits and tend to be drier and warmer than rural
forests, as impervious surfaces increase air and soil temperatures and reduce available moisture.
Urban forests are commonly invaded by nonnative plants, often a result of unique human-
mediated disturbances, which alters forest plant communities and changes forest structure. | used
carabid beetle (Coleoptera: Carabidae) species as a model community to determine how
understory vegetation and nonnative plant invasion affect ground-dwelling arthropod community
composition. | found canopy openness correlated with increased nonnative plant invasion and
understory density, and that nonnative plant invasion in turn reduced forest specialist species and
increased open area specialist species. | then compared effects of understory vegetation to effects
of forest size and surrounding impervious surface on urban forest carabid specialists. Across

forests, carabid capture and diversity increased with greater forest size. Forest specialists



decreased and open area specialists increased with greater surrounding impervious surface. All
carabids declined with increased understory vegetation density, ground cover vegetation, and
leaf litter volume. These results support conserving forests with intact canopies to reduce long-
term nonnative plant invasion, while managing forest understories short-term for removal of
dense, nonnative vegetation, especially nonnative ground cover.

The recently termed ‘Insect Apocalypse’ often equates a reduction in arthropod
abundance or biomass to a reduction in diversity, but without empirical evidence. | vacuum
sampled urban forest understory arthropods to investigate relationships between abundance,
biomass, richness, Shannon diversity index, and Simpson’s diversity index. | found correlations
between arthropod abundance and biomass, and between Shannon and Simpson’s diversity
indices, but found no correlations between abundance, biomass, richness, and either diversity
index. It is therefore unlikely that arthropod biomass can be used to predict diversity across
ecosystems, suggesting that quantifying arthropod biodiversity decline will continue to require
specimen identification.

| then investigated effects of total, nonnative, and native structural complexity on
arthropod abundance, biomass, richness, and diversity. Ecological theory and empirical evidence
indicate greater structural complexity in plant communities will increase arthropod abundance
and diversity, while nonnative plants are typically associated with low abundance and diversity. I
documented arthropod abundance and biomass increased with greater total, nonnative, and native
structural complexity, while richness and diversity declined with greater nonnative structural
complexity. This suggests urban forests invaded by nonnative plants may provide adequate
arthropod biomass as food for other taxa, like birds, but may fail to provide unique ecological

services required in forests, as the number of species filling unique niches declines.



Urban forests are not negligible ecosystems and support diverse, native biotic
communities. However, nonnative plants reduced urban forest arthropods and forest specialist
species. Forest specialist arthropods are likely not the only organisms negatively affected by
nonnative plant invasion in urban forests. These results outline the need to establish regional
invasive management plans to strategically remove invasive species from urban forests and

improve forest quality for native communities.
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BIOGRAPHY
“Weeds are flowers too, once you get to know them.”

-Winnie the Pooh

There is so much to learn from our surroundings, if we only take the time to look and
listen. As an ecologist, J. Christina Mitchell is continuously fascinated with how organisms
interact with each other and their environment. She grew up in upstate New York wandering
through the woods behind her house and getting to know the insects, herpetofauna, mammals,
birds, fish, and plants that resided there. She went to high school at a small charter school in
Pennsylvania where she honed her interest in ecology by taking fascinating biology classes and
working as a gardener, while studying the local biota. She earned a Bachelor of Science in
Wildlife Conservation at the University of Delaware, where she fell in love with field work and
hands-on research. She moved to her fifth state, North Carolina, to earn a PhD in entomology,
with a minor in applied ecology. Christina plans to perpetually explore her local ecology, while

working towards native species conservation, throughout her life.
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CHAPTER 1

Carabid specialists respond differently to nonnative plant invasion in urban forests

ABSTRACT

Forests within urban areas are important ecosystems for the survival of native plant and
animal communities. Forests within the urban matrix are negatively affected by human-mediated
disturbances, including those that lead to increased nonnative plant invasion. Nonnative plant
species alter forest structure, and can contribute to dense understory vegetation, a more open
canopy structure, and less leaf litter. This modified structure alters the function of urban forests
for native forest specialist species. Carabid beetles (Coleoptera: Carabidae) are used globally to
understand community-level responses to changes in ecosystem quality and structure. We
sampled carabids in 24 urban forests in two cities, Raleigh, North Carolina and Newark,
Delaware, to understand how carabid communities in different regions change in response to
invasion by different nonnative plant communities. We predicted that forests invaded by
nonnative plants would have a denser understory, carabid community composition would change
to include less forest specialist species, and the carabid community would include more open
area specialist species. We found greater native ground cover increased forest specialist
diversity, greater canopy openness increased open area specialist capture and diversity, and
understory vegetation density reduced open area specialist diversity. However, these
relationships were dependent on regional plant and carabid community composition. This study
suggests nonnative plant invasion and associated vegetation structure is a mechanism explaining
differences found between rural and urban carabid communities and provides a unique example

of how nonnative plants influence a guild of arthropods other than obligate herbivores. Our



results indicate that urban forests are not negligible ecosystems, but rather that they are a
reservoir for native biota. We suggest that urban forest managers promote native species by
managing nonnative species invasion in the understory of urban forests, to improve ecosystem

quality for native forest specialist species.

INTRODUCTION

Nonnative plant species can alter forest ecosystems and reduce habitat quality for certain
arthropod species (Ballard et al. 2013). Forests in urban and suburban areas (hereafter urban
forests) are vulnerable to nonnative plant invasion as urban areas harbor more nonnative plants
than rural areas (Aronson et al. 2015, Ariori et al. 2017, Malkinson et al. 2018). Urban forests are
subject to unique human-mediated disturbances (Pickett et al. 2001) and forests with canopy
gaps and forests surrounded by open area are positively correlated with increased nonnative plant
invasion (Charbonneau & Fahrig 2004, Burton et al. 2014, Daniels & Larson 2020). Suggested
mechanisms for invasion of nonnative plants in urban forests include the spread of ornamental
plants from surrounding managed landscapes (Reichard & White 2001, McKinney 2008, Lehan
et al. 2013), the legacy of historical land use (Pickett & Cadenasso 2009, Ziter et al. 2017,
Trammell et al. 2020), and disturbances, including those that alter stand continuity and canopy
formation (Ehrenfeld et al. 2001, Pickett & Cadenasso 2009, Mavimbela et al. 2018, Dyderski &
Jagodzinski 2019, Trammell et al. 2020). The presence of nonnative plants affects overall plant
species diversity and community composition in forests. This shift in composition may alter
ground cover, vertical vegetation structure, and leaf litter volume and composition (Ashton et al.

2005, Trammell et al. 2012, Dyderski & Jagodzinski 2020). These changes in vegetation alter



arthropod communities directly and indirectly by changing the availability and quality of food
and cover resources (van Hengstum et al. 2014, De Smedt et al. 2021).

In temperate deciduous and mixed forests, nonnative plant species are most common and
abundant in forest understories while overstories are typically comprised primarily of native
species (Trammell & Carreiro 2011, Pregitzer et al. 2019, Beaury et al. 2020, Trammell et al.
2020). Common nonnative plant growth types and species in urban forests include vines, such as
Hedera helix and Lonicera japonica, herbaceous annuals, such as Microstegium vimineum, and
shrubs, such as Elaeagnus spp., Ligustrum spp., Lonicera maackii, and Rosa multiflora.
Characteristic traits of invasive nonnative plant species include rapid propagation and spread,
through the distribution of fruits and seeds by animals, and lateral spread by rooting vines and
stems (Aronson et al. 2007, Vallet et al. 2010, Nunez-Mir et al. 2019). Often, nonnative plants in
the forest understory contribute to dense ground cover, a dense shrub layer, or both. Many
nonnative plant species in eastern forests are broadleaf evergreens or semi-evergreens (Miller
2003, Dirr 2009), causing invaded forests to retain dense understory and midstory vegetation
throughout the year. The combined effects of nonnative plant growth, propagation habits, and
leaf retention means that understory vegetation becomes denser as the number of nonnative
plants increases (Trammell & Carreiro 2011, Templeton et al. 2019). Compared to uninvaded
forests, dense nonnative understory vegetation can reduce forest regeneration and ultimately
reduce future canopy density (Oswalt et al. 2007, Maynard-Bean & Kaye 2019). This may lead
to permanent changes in forest structure and ecosystem quality (Collier et al. 2002, Trammell &
Carreiro 2011) and alter urban plant and animal communities by limiting native species that rely

on the characteristic structure and resources of temperate forests.



The forest floor and litter layers are critical for epigeal arthropods, and these layers may
change as nonnative plants increase understory vegetation density and reduce leaf litter volume
and quality. Leaf litter from evergreen plants is typically of lower nutritional quality and
decomposes slower than deciduous leaf litter, but also does not accumulate as deeply since
leaves drop throughout the year (Aerts 1996, Cornelissen et al. 2003). Leaf litter from deciduous
nonnative species can decompose faster and be of lower nutritional quality than comparable
native species (Trammell et al. 2012). Moreover, litter from both native and nonnative plants
decomposes faster in urban forests, contributing to lower litter volume and reduced suitability for
epigeal arthropods in urban landscapes (Pouyat & Carreiro 2003). Rapid decomposition of leaf
litter in urban forests has been attributed to both abiotic factors like moisture, heat, and soil
characteristics (Pouyat et al. 1997, Ehrenfeld et al. 2001, Pouyat & Carreiro 2003, Meyer et al.
2019) and biotic factors like plant species traits and invasive earthworms (Pouyat et al. 1997,
Steinberg et al. 1997, Ehrenfeld et al. 2001, Szlavecz et al. 2006). Many forest-adapted arthropod
species rely on leaf litter and woody debris for shelter from predators, food resources, and
moisture to prevent desiccation. For example, characteristics of urban leaf litter change
detritivore arthropod communities directly by altering moisture, which indirectly affects
communities of predatory arthropods that rely on detritivores for food (Chen & Wise 1999,
Meyer et al. 2019). The combination of less leaf litter deposition by nonnative plant species and
rapid leaf litter decomposition suggests urban forests invaded by nonnative species would
provide inferior litter resources for forest-adapted arthropods, such as forest specialist carabids.

Carabid beetles (Coleoptera: Carabidae) are abundant, taxonomically and ecologically
diverse, and their community composition changes in response to abiotic and biotic conditions

(Niemel4 et al. 2000, Rainio & Niemeld 2003, Magura et al. 2004, Koivula 2011). Thus, carabids



are studied globally to understand effects of ecosystem change on biodiversity and are used as
indicator species of ecosystem quality and structure (Koivula 2011, Riley & Browne 2011).
Carabid communities can change in response to nonnative plants because carabids are sensitive
to alterations in light, temperature, vegetation structure and composition, and soil and litter
moisture (Croci et al. 2008, Koivula 2011). Some carabid species are forest specialists that tend
to be large, predaceous, and unable to fly. These species depend on moist, dense, litter,
comprised of leaves, coarse woody debris, and other organic matter, to provide microclimatic
conditions necessary for egg and larval survival, overwintering shelter, and prey items that
include detritivores (Larochelle & Lariviere 2003, Latty et al. 2006, Martinson & Raupp 2013,
Meyer et al. 2019). For example, Carabus vinctus (Weber, 1801) is a relatively large (20-28
mm), flightless, and predatory forest specialist reliant on moist litter for larval and adult survival
(Pilny & Morgan 1987, Larochelle & Lariviére 2003, Bousquet 2010). C. vinctus is
hygrophilous, so more light and the less dense, drier litter in forests invaded by nonnative plants
would change the microclimate of this species’ habitat and reduce reproductive or overwintering
success (Pilny & Morgan 1987). Sphaeroderus canadensis canadensis (Chaudoir, 1861) is a
smaller (10-13 mm) forest specialist with a thorax adapted for getting inside snail shells and
mouthparts adapted with spoon-shaped palps to scoop snail tissue towards the mandibles
(Larochelle & Lariviere 2003, Bousquet 2010). Since snails also rely on moist microclimates and
litter (Machin 1967), nonnative plant invasion can reduce the abundance or change the
distribution of prey for S. canadensis canadensis. By limiting species like these, nonnative plant
invasion may cause carabid communities in urban forests to be more similar to non-forest

ecosystems and reduce ecological services provided by these forest specialist species.



In urban and invaded areas, forest specialist carabids can be replaced by open-area
specialists or generalist species, which are typically smaller, omnivorous, capable of flight, and
tolerate a wider range of environmental conditions (Larsen et al. 2003, Jennings & Tallamy
2006, Martinson & Raupp 2013). Dense understory vegetation impedes carabid surface
locomotion (Lys & Nentwig 1992, Brose 2003, Croci et al. 2008) so communities in invaded
forests may contain more individuals capable of flight, and therefore be less reliant on ground
mobility for dispersal or finding food resources (Ewers & Didham 2006). Additionally, dense
vegetation alters carabid communities by changing prey communities (Guillemain et al. 1997,
Zou et al. 2015). For example, carnivorous carabids that rely on common prey like collembola
and gastropods may be replaced by omnivorous species that can forage on seeds in addition to
invertebrate prey. Dry microclimates in urban forests (Pouyat et al. 1997, Koivula et al. 1999,
Magura et al. 2004) result in carabid communities shaped by drought-tolerant generalist species
(Ribera et al. 2001). For example, Poecilus lucublandus (Say, 1823) is a smaller (9-14 mm),
flight-capable species tolerant of variable environmental conditions and is associated with human
activity including agriculture, lawns, and vacant lots (Larochelle & Lariviére 2003, Bousquet
2010). The number of P. lucublandus collected in agricultural fields has been shown to increase
in response to disturbance by tillage and by greater abundance of annual plants (Clark et al.
1997). Carabid communities are known to change in accordance with plant communities and soil
and litter moisture (Butterfield & Coulson 1983, Gardner 1991, Ribera et al. 2001), and captures
of open area specialist species increase with warmer ground temperatures and less coarse woody
debris (Martinson & Raupp 2013). Specifically, Gagné and Fahrig (2011) found open area
species replaced forest species in carabid communities with increasing housing density, a

variable correlated with urbanization.



We studied plant and carabid communities in urban forests to determine if invaded
forests alter urban forest carabid communities. We predicted that the composition of carabid
communities in urban forests is driven, in part, by the density and diversity of nonnative plant
species as they alter forest vegetation density and structure and the quantity and quality of the
litter layer. Specifically, we predicted that nonnative plant density and diversity would be
positively correlated with greater understory vegetation density, a more open canopy structure,
and less leaf litter. These changes, in turn, would directly and indirectly reduce carabid
abundance but increase species diversity, as forest specialist populations decrease, and open area
and generalist species are added to the species pool. We predicted that as the proportion of
nonnative plants increases in an urban forest, carabids would become less abundant and
communities would become dominated by open-area specialists and generalist species because
they tolerate dense vegetation, sparser canopy cover, and warmer temperatures (Spence &
Spence 1988, Kotze & O’Hara 2003, Zou et al. 2015, Prass et al. 2017, Piano et al. 2017).
Likewise, we predicted that forest-specialist carabids will exist in urban forests but will be more
abundant in forests with fewer nonnative plants. To test our hypotheses, we quantified plant and
carabid communities in 24 urban forests that varied in the amount of nonnative plant invasion.
We conducted this study in Raleigh, North Carolina and Newark, Delaware to understand how
carabid communities in different regions change in response to invasion by different nonnative
plant communities. Understanding how nonnative plants affect carabid communities, and if these
responses are consistent in different regions, can aid development of forest management
practices to control nonnative plant species and maintain forest quality in expanding urban
ecosystems. This research aimed to determine a theoretical tolerance level of native forest-

specialized carabids to nonnative plant invasion, which can inform management practices to



reduce nonnative plant invasion, maintain healthy forest communities, and conserve native biota

in urban forests.

METHODS
Study area and research sites

We conducted this research in Raleigh, North Carolina (35.780°N, 78.642°W) and
Newark, Delaware (39.683°N, 75.753°W), both cities in the eastern USA. Forest patches in these
cities are part of the FRAME (FoRests Among Managed Ecosystems,
https://sites.udel.edu/frame/) network of forests used to study urban forest ecology. To expand
our scope of inference, we used the different regions and species communities of Raleigh and
Newark to determine if relationships between nonnative plant invasion and arthropod
communities were similar in urban forests with different species. We followed the FRAME
protocol (Trammell et al. 2020) to sample 24 forests, 12 in each city (Figure 1.1).

We selected forest patches throughout each city, without prior knowledge of forest
condition, to ensure forest patches were of various size and distributed across the city center.
Each forest had at least one hard edge such a road, parking lot, or paved path. The forest patches
were surrounded by a variety of landscape types including city infrastructure, residential areas
and managed parks, agriculture, and other forest. We sampled throughout the entire area of
smaller forest patches (0.8 — 16.2 ha, N = 11), and a portion of the total area in larger forest
patches (5.8 — 211.0 ha, N = 13; Table 1.1). We established a grid using 25-m x 25-m spacing of
alpha-numerically marked locations designated by marking flags (Presco Products Co., 53 cm
tall) within the sampled forest area, hereafter referred to as points. Within this grid we randomly

selected ten points for sampling, with the stipulation that sampling points could not be
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immediately next to each other, unless on a diagonal and at least 35.4 m apart. We monitored
239 sampling points in total, 120 in Newark and 119 in Raleigh (one small forest only
accommodated nine sampling points) and collected all plant and carabid data at these sampling
points (Figure 1.2).
Plant community sampling

We followed the FRAME protocol to quantify plant communities at each sampling point
(Trammell et al. 2020). We collected vegetation data in 2015 for Newark and 2017 for Raleigh.
We estimated the total percent of the area covered by ground vegetation and counted all plant
stems within a 2.5-m radius of the sampling point. We defined ground vegetation as any plant
species, including woody and herbaceous species, less than 0.5 m tall. We estimated percent of
the 19.6-m? area covered by all ground vegetation, identified the dominant plant species, and
estimated percent area covered by the dominant species. We also estimated percent of the area
covered by nonnative ground vegetation, identified the dominant nonnative plant species, and
estimated percent area covered by the dominant nonnative species. We defined shrub layer
vegetation as any plant stem, including woody and herbaceous species, reaching 1.0 m or taller
and less than or equal to 2.5-cm diameter at breast height (1.4 m; Nowak et al. 2008). Within
2.5-m radius of the sampling point, we counted and identified all plant stems meeting these
criteria. To sample leaf litter, we stood at a sampling point and dropped a 0.5-m x 0.5-m PVC
square from arm’s length. We did this once per sampling point and rotated cardinal directions for
each subsequent point. We measured leaf litter volume by gathering all leaf material from inside
the PVC square and placing it into a five gallon bucket pre-labeled with 0.5-liter increments, up
to 15 liters. We took densiometer readings (convex spherical crown densiometer, Model A,

Forestry Suppliers) at 5 m from the sampling point in each cardinal direction and averaged them



to get a value of canopy openness for each point. At 15 m from the sampling point in each
cardinal direction, a single observer estimated understory vegetation density at four strata
ranging from 0.0 — 2.0 m tall in 0.5 m increments with a Nudds board (Nudds 1977, Figure 1.3).
We used these estimated values to calculate the average amount of vegetation obscuring the
Nudds board at each sampling point. We identified all plant species with dichotomous keys
specific to each city’s biogeographic region (NC: Weakley 2015, DE: Gleason & Cronquist
1991).
Carabid community sampling

We collected carabid beetles using pitfall traps (Figure 1.4) of a design adapted from
Koivula et al. (2003) and Spence & Niemeld (1994). At each sampling point, we dug a hole with
an 8-cm diameter soil auger so the rim of an inserted 16-ounce plastic cup (Hefty® Everyday™
Cups) was flush with the soil surface. For the duration of each sampling season, we anchored one
cup, with two 0.6-cm diameter holes punched in the bottom, in the soil cavity using an 8.5-cm
long nail. We stacked a second cup with two opposing 0.6-cm diameter holes punched 3-cm
below the cup lip inside the anchored cup to allow for easy removal and emptying of trap
contents. During rain events, the holes punched into both cups allowed liquid to overflow and
drain, while keeping trap contents below the cup lip. We ballasted the inside cup with ~30 g of
landscape river rocks and during sampling periods added 150 ml of a preservative mixture, a 1:1
ratio of water and propylene glycol (Ocean Bio Chem Inc®, Starbrite Anti-freeze Antigel)
(Koivula et al. 2003). We covered traps with a plywood 22-cm equilateral triangle propped up on
the corners by 5-cm bolts to minimize debris falling into the trap while allowing space for
carabids to walk beneath. To estimate localized carabid populations (Luff 1996), we collected

carabids throughout the growing season during two-week periods in 2017 and 2018 by adding
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the preservative mixture to the inside cup and propping trap covers open. Between sampling
periods, we made all traps inactive by filling cups with rocks only and pressing trap covers into
the soil to seal the cup opening. We trapped carabids five times in 2017: May 28 to June 16, July
9 to July 26, August 23 to September 9, October 4 to October 21, and November 15 to December
2. We trapped carabids three times in 2018: March 28 to April 16, May 14 to June 1, and July 6
to July 23. We cleaned all trapped carabids with 95% ethanol, then pinned and identified each
individual to species using dichotomous keys specific to each biogeographic region (NC: Ciegler
2000, DE: Bousquet 2010). We verified identifications by comparison to identified specimens
housed in the North Carolina State University Insect Museum. We retained carabid voucher
specimens, and all trap bycatch was preserved in 70% ethanol and stored for later analyses.
Statistical analyses

All analyses were conducted in R version 4.0.5 (R Core Team, 2021). To compare
carabid community compositions among forest sites, we created a similarity matrix of carabid
species captured at each site, summed across all sampling periods. To visualize relationships
between each site’s carabid community, we conducted nonmetric multidimensional scaling
(NMDS) using the metaMDS function in the package vegan with the Bray-Curtis distance
measure and random starting configuration (Oksanen et al. 2020). All species were included in
this matrix because singletons can drive differences in the diversity of community compositions
(Pos et al. 2014). We overlaid a secondary matrix with ecological variables using the envfit
function in the vegan package to determine which variables correlated with explaining variation
in the dataset (Oksanen et al. 2020). The ecological variables were summed (species richness,
stem density, total carabids captured) or averaged (percent nonnative ground cover, understory

vegetation density, leaf litter volume) for all points in each forest.
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To test relationships between carabid communities and ecological variables, we used a
priori hypotheses and knowledge of the system to construct structural equation models (SEMs).
We created SEMs using the psem function in the package piecewiseSEM (Lefcheck 2016). This
method is similar to path analyses and can include direct and indirect relationships between
variables. Indirect relationships can occur between three or more variables, as the influence of
the predictor variable on intermediate variables is reflected in the influence of intermediate
variables on the response variable. The total indirect effect on the response variable can be
calculated from the product of intermediate relationships, positive, negative, or both, between
variables along an indirect path (Stenegren et al. 2017). Piecewise SEMs validate hypotheses of
assumed causality and work well with smaller sample sizes (Lefcheck 2015, Lefcheck 2019).
The NMDS results indicated different carabid and plant communities in Raleigh and Newark and
supported our choice to analyze each city separately. SEMs allowed us to test correlational
relationships between independent (vegetation type and strata, canopy openness, and leaf litter)
and dependent (total, forest specialist, and open area specialist carabid log+1-transformed
capture and diversity) variables for each city. We analyzed SEMs at the level of sampling point,
with site as a random effect, to determine the effect of nonnative plant invasion on carabid
communities regardless of the amount of variation of these variables within a single forest
(Schank & Koehnle 2009, Davies & Gray 2015). For each city, we constructed 12 SEMs to test
our hypotheses regarding causal relationships between plant and carabid communities and
determine whether these relationships are affected by plant origin (native, nonnative), vegetation
type (ground cover, shrub layer), or carabid type (total, forest specialist, open area specialist).
We constructed each SEM from 5 component models using the Ime function in the package nlme

(Pinheiro et al. 2021). Canopy openness separately predicted native and nonnative vegetation,
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native and nonnative vegetation both predicted 2 environmental variables, and vegetation and
environmental variables in turn predicted carabid response (Figure 1.5). We tested component
models for multicollinearity using variance inflation factors (VIF) (Neter et al 1983, Zuur et al.
2010) and since all VIF values were < 3, we assumed the collinearity among these variables was
low and retained all variables in the models (James et al. 2013, Zuur et al. 2010). We evaluated
final SEMs with a directed-separation test, to identify significant paths between variables that are
supported by the data, and included a suggested link in each city’s models where an a < 0.05
indicated further model refinement was required. We added a link between understory vegetation
density ~ canopy openness to Raleigh stem layer SEMs, a link between native ground cover ~
nonnative ground cover to Newark ground cover SEMs, and a link between leaf litter ~
understory vegetation density to Newark stem layer SEMs.

We created these SEMs to explicitly test each carabid response metric, either capture or
diversity for each type of carabid, to understand how urban forest carabid communities vary with
nonnative plant invasion and whether carabid communities respond differently to ground cover
layer or shrub layer invasion. We determined whether each species was a forest specialist or an
open-area specialist using species-specific life history traits (Noonan 1996, Larochelle &
Lariviéere 2003, Bousquet & Webster 2004, Bousquet 2010). A species was determined to be a
forest specialist if described as requiring forest canopy cover, leaf litter, coarse woody debris, or
moist shaded woods to survive and reproduce. A species was determined to be an open-area
specialist if it was described as requiring open areas like grasslands, shrublands, crop fields,
meadows, gardens, vacant lots, forest edges and clearings, or open ground to survive and

reproduce.
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RESULTS
Plant and carabid communities

Across the 24 forest sites, we identified 114 unique plant species in the ground cover and
shrub layers combined, of which 31 species were nonnative (Table 1.2). Across all sites we
identified 48 species and 14 nonnative species in the ground cover, and 97 species and 26
nonnative species in the shrub layer (Table 1.3). Across sampling points, leaf litter volume
ranged from 0.5—-20.0 L (6.7 £+ 4.4 L) in Raleighand 0.5—-11.5L (5.4 + 2.6 L) in Newark. The
average estimate of understory vegetation density as measured by percent of the Nudds board
obscured ranged from 13.4 — 98.4% (56.6 + 21.6%) in Raleigh and 1.6 — 93.8% (44.4 + 23.6%)
in Newark. The average estimate of canopy openness as measured by percent of the densiometer
not obscured ranged from 2.6 — 61.9% (11.4 £ 8.9%) in Raleigh and 3.1 — 35.4% (12.3 = 7.3%)
in Newark. Across the 24 sites, 1864 individual carabids of 57 species were caught over 14
months (Table 1.4). We captured 477 individuals of 29 species in Raleigh and 1387 individuals
of 48 species in Newark. In Raleigh, we captured 29 individuals of 6 forest specialist species and
319 individuals of 14 open area specialist species. In Newark, we captured 356 individuals of 14
forest specialist species and 171 individuals of 15 open area specialist species.

Raleigh and Newark forests had similar amounts of total ground cover vegetation (39.3%
and 32.4% respectively), however, Raleigh ground cover was composed of 54.8% nonnative
species, whereas Newark ground cover was composed of 39.0% nonnative species. Averaged
across all sampling points, nonnative ground layer covered 21.5% (% 26.5) of the 19.6 m? area
sampled in Raleigh and 12.6% ( 17.5) in Newark. Raleigh had a greater density of nonnative
stems (mean 12.2 + 27.4 stems per 19.6 m?) and 56.9% of all counted stems in the shrub layer

were nonnative, whereas 47.0% of all counted stems in Newark were nonnative. Compared to
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Raleigh, Newark had more native ground cover per sampling point (19.8% + 17.9) and a greater
density of native stems (mean 13.1 * 23.5 stems per 19.6 m?). In Raleigh, six of the seven most
common species in the ground cover and shrub layer were vining or low-growing herbaceous
species, and five of these common species were nonnative (Table 1.5). In Newark, four of the
seven most common species in the ground cover and shrub layer were shrub species, and five of
these common species were native (Table 1.5).
Nonmetric multidimensional scaling

The NMDS ordination of carabid communities are presented in two dimensions (Figure
1.6) with a final stress value of 0.15. The 24 urban forest sites separated in ordination space
along Dimension 1 into two groups, each group containing all the sites of each city. The
separation of these groups indicated large differences between each city’s carabid community,
and the denser cluster of points in the Newark group indicates more similar within-city carabid
community composition compared to Raleigh. Dimension 1 positively correlated with carabid
richness, capture, and Shannon’s diversity, indicating these correlated with the greater similarity
of the Newark forests. There was no distinct separation among forests along Dimension 2
indicating that this dimension represents the differences in carabid community composition
among both cities. Dimension 2 positively correlated with understory vegetation density and
negatively correlated with ground cover diversity, indicating understory vegetation and ground
cover were important variables in carabid communities across regions. NMDS results supported
our hypothesis that understory vegetation structure, an ecological component affected by
nonnative plants, is important for carabid community composition and for inclusion of related

variables in further analyses.
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Structural equation modeling

SEM results differed for each city (Figure 1.7 and Figure 1.8). In Raleigh, canopy
openness positively influenced nonnative ground cover and understory vegetation density.
Nonnative ground cover positively influenced understory vegetation density and negatively
influenced leaf litter. Nonnative and native stem density positively influenced understory
vegetation density. Native ground cover had direct positive influence on total carabid diversity, a
response driven by forest specialist diversity. Canopy openness had a direct positive influence on
total carabid capture and diversity, a response driven by open area specialists. Leaf litter had a
direct negative influence on open area specialist carabid diverstiy, so that nonnative ground
cover indirectly increased open area specialist diversity through a reduction in leaf litter. These
results indicate that native ground cover supports more forest specialists, while open canopies
increase nonnative ground cover and support more open area specialists.

In Newark, canopy openness positively influenced native ground cover, nonnative ground
cover, and nonnative stem density. Native and nonnative ground cover and native and nonnative
stem density positively influenced understory vegetation density. Native ground cover, nonnative
ground cover, and understory vegetation density negatively influenced leaf litter volume.
Nonnative ground cover negatively influenced native ground cover, which may suggest
competition. Leaf litter volume positively influenced open area specialist diversity. Nonnative
ground cover positively influenced open area specialist diversity, while native ground cover
negatively influenced forest specialist capture. Indirectly, canopy openness decreased native
ground cover, increased understory vegetation density, and decreased leaf litter volume. These
results indicate that open canopies increase native and nonnative understory density, which

contribute to decreased forest specialist capture and increased open area specialist diversity.
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Raleigh and Newark plant comunities differ in origin and structure, which results in different

influences on forest and open area specialist carabids and varied community response.

DISCUSSION
Effects of plant origin and structure on carabid communities

In two cities, canopy openness exacerbates nonnative plant invasion, which increased
understory vegetation density, reduced leaf litter volume, and altered carabid communities in
urban forests. Total carabid richness and diversity are often greater in urban forests, but total
carabids captured, forest specialists captured, and forest specialist diversity are often greater in
rural forests (Niemeld et al. 2002, Magura et al. 2004, Magura et al. 2010, Jones & Leather
2012). Greater carabid richness and diversity in urban forests has been attributed to a decrease in
forest specialists, an increase in generalists and species that prefer open areas, or both (Magura et
al. 2004, Jones & Leather 2012). We argue that the mechanism for this structured change in
urban carabid community composition is, in part, the greater occurrence of nonnative plants
found in urban forests. In simple linear regressions, urban forest canopy openness correlated with
increased nonnative plant invasion but did not affect forest or open area specialists, while greater
understory nonnative plant richness reduced forest specialist capture, forest specialist diversity,
and open area capture (J. C. Mitchell, unpublished data). Our results indicate that the open
canopies, invaded and dense understories, and reduced leaf litter volume often found in urban
forests correlated with a shift in the urban carabid community to contain more open area
specialists. Additionally, our results support competition between nonnative ground cover and
native ground cover and there is evidence that with time, heavily invaded forests may perpetuate

open canopies (Oswalt et al. 2007, Maynard-Bean & Kaye 2019).
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Plant species origin

Nonnative vegetation dominated the understory of Raleigh forests, where native ground
cover was the only variable positively correlated with forest specialist diversity, whereas more
than half of understory vegetation in Newark urban forests was native. Greater nonnative plant
invasion in Raleigh forests may reflect greater plant invasion rates commonly seen in areas with
a warmer climate (Beaury et al. 2020). Most studies that have examined changes in carabid
communities along a rural to urban gradient did not include within-forest vegetation
characteristics. Magura et al. (2004) included effects of herbaceous cover in their analyses of
carabid communities but did not specify plant origin. Contrary to our results, Magura et al.
(2004) found that herbaceous cover increased most carabid metrics with the notable exception of
the number of open area species captured. The authors attribute this response to a ‘habitat
structure effect’ and suggest carabid species depend on, and respond to, forest structure more
than specific plant species, though plant species identifications are not reported in the paper.
Other studies draw similar conclusions, stating that vegetation structure explains more variation
in predatory ground beetle diversity than the taxonomic diversity of plants (Brose 2003, Lengyel
et al. 2016). Our results support the influence of forest structure on carabid communities but go
further to identify the role of nonnative plants in altering that structure. While we agree forest
structure is important, we argue that unique plant species do play a role because of their effect on
forest understory structure and resources. Additionally, studies that found carabid community
differences along a rural to urban gradient may have detected an unmeasured effect of nonnative
plant invasion separate from urbanization. Our results document a distinction between carabid

responses to different vegetation, and specifically to native or nonnative vegetation.
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Canopy openness

Our results indicate that the response of carabids to canopy openness is dependent on the
species involved and the regional location of the city. In Raleigh, forests with more canopy
openness had greater nonnative ground cover and greater open area specialist capture and
diversity, which contributed to increased total carabid diversity. Newark forests, on average, had
a more open canopy compared to Raleigh, yet increased canopy openness did not directly
influence carabid specialists. However, canopy openness indirectly correlated with greater
understory vegetation density by increasing nonnative stem density, which in turn indirectly
correlated with reduced open area specialist diversity by reducing leaf litter volume. In other
forests, increased forest structure correlated with increased relative abundance, richness, and
diversity of beetles caught in flight-intercept traps (Mbller & Brandl 2009), indicating small
beetles capable of dispersal. Specifically, forest canopy openness increased beetles caught in
flight-intercept traps and reduced beetles caught using pitfall traps (Mbller & Brandl 2009),
which is where forest specialist carabids would be captured. Alternatively, Davies & Asner
(2014) concluded that beetles increased in richness and abundance in response to increasing
canopy structural variability, including vertical heterogeneity, understory density, and
topographic structure, but less so to canopy cover, which increased temperature and decreased
moisture. We suggest urban forest canopy closure is crucial in maintaining forest communities,
as our results show canopy openness can drastically alter carabid community compositions.
Vegetation density

We did not find a direct correlation between native and nonnative stem density and
specialist carabids but we did find direct, though different, correlations between native and

nonnative ground cover and specialists. We suggest the negative influence of native ground
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cover on forest specialist diversity in Newark, compared to the positive influence on Raleigh
forest specialist diversity, may be related to the higher proportion of natives in Newark’s
understory and indicate a negative influence of vegetation density on forest specialists. Our
results suggest ground layer vegetation exhibits more direct influence than stem density on urban
carabid communities, which may reflect a change in available prey or a change in predator and
prey dynamics caused by vegetation structure (McCary et al. 2016, De Smedt et al. 2021).
Magura et al. (2004) found carabid richness and forest specialists increased with greater
abundance of potential prey items. However, arthropod populations, including prey species, are
reduced by nonnative plant invasions (van Hengstum et al. 2014). Increased forest specialist and
open area specialist diversity contributed to increased total carabid diversity in Raleigh, but only
open area specialist capture contributed to increased total carabid capture. This suggests that
forest and open area specialist richness is comparable between invaded and uninvaded urban
forests, but that carabid abundance is not. Open area specialist diversity increased with greater
nonnative ground cover in Raleigh but decreased with greater understory vegetation density in
Newark. Omnivorous insects, like open area specialists, use resources based on availability and
preference (Frank et al. 2010) and they respond to changes in host plants more than prey density
(Eubanks & Denno 1999), which may contribute to altered proportions of omnivorous carabids
in forests invaded by nonnative plants.
Leaf litter volume

We expected our results to be similar to Guillemain et al. (1997) who reported total
carabid abundance and richness decreased with greater litter depth, while the proportion of forest
specialists increased. However, our results differed. Greater total ground cover and dense

understory vegetation decreased leaf litter volume in Newark, while only nonnative ground cover
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reduced leaf litter in Raleigh. Canopy openness in both cities indirectly reduced leaf litter
volume by increasing nonnative ground cover. These results indicate that tree leaves contribute
more to urban forest litter volume than the leaves of shrubs and ground cover (Trammell et al.
2012) and suggest dense shrubs may intercept tree leaves before they reach the forest floor. Leaf
litter volume had a direct negative influence on open area specialist diversity in Raleigh and a
direct positive influence on open area specialist diversity in Newark. This suggests either
differences in leaf litter quality or composition, some minimum threshold of leaf litter volume
that was not met, or different habitat requirements for open area species in these different cities.
There is potential that our results could be detecting a response from carabids to leaf litter
characteristics not fully represented by nonnative plant invasion. A plant with evergreen leaves
differs from a deciduous plant in the amount, timing, and characteristics of litter fall. Raleigh
forests had greater average leaf litter volume per point compared to Newark and contained
needles from loblolly pine (Pinus taeda), a species common to Raleigh but not found in Newark
(J. C. Mitchell, unpublished data). Nonnative plant species are frequently evergreen; however,
they are typically not conifers, and the differing effects of evergreen leaf litter on forest specialist
and open area specialist dynamics could be a driving factor in effects of leaf litter found in our
urban forests.
Conclusions and management recommendations

We found evidence that nonnative plant density and diversity positively correlated with
increased understory vegetation density, canopy openness, and reduced leaf litter volume in
urban forests. We found partial support for our prediction that nonnative plants would reduce
carabid abundance and increase carabid diversity, as open area specialist diversity increased with

greater nonnative ground cover. Finally, we found evidence that forests specialists exist in urban
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forests but are more diverse without nonnative plants. Our results indicate that promoting native
plant species in urban forests, by managing nonnative species invasion in the understory,
generally increases forest specialist carabid abundance and diversity by maintaining habitat for
forest specialist species. Additionally, our results demonstrate that a region’s pool of plant
species and carabid species are important factors determining the relationship between plant and
carabid communities in urban forests. We sampled carabids during a period of 14 months; effort
should be taken to conduct repeat studies over time to determine if, once invaded, the presence of
nonnative plants perpetuates urban forest canopy openness by inhibiting native species and tree
regeneration, and to determine whether long-term nonnative invasion corresponds with a shift in
arthropod communities.

This research supports the importance of parsing out effects of ecosystem disturbances by
taxa with different life history traits, rather than focusing on total species abundance, richness, or
diversity. Our results suggest there may be a threshold of nonnative plant invasion, particularly
of evergreen species, after which carabid communities transition from forest to open area
specialists. This may depend on geographic location but is important for designing restoration
efforts. To ensure the quality of urban forests for native forest species, we recommend urban
managers survey urban forests for native plant populations and prioritize those areas for
nonnative species removal. Preventative measures against nonnative plant invasions in urban
forests should be taken nationally and abroad, and we advocate for increased resources for urban
managers to reduce nonnative plant populations. Urban forests are reservoirs for native biota in
increasingly altered temperate deciduous and mixed forest ecosystems (Ordéfiez & Duinker
2012, Johnson & Handel 2016, Ramirez-Cruz et al. 2018). In many regions, urban forests persist

while surrounding land is developed, and therefore, remain the most accessible ecosystem for
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forest specialist species in that area (Ordofiez & Duinker 2012, Melliger et al. 2018, de Andrade
et al. 2019). Since carabids are good indicators of ecosystem change and quality, we can use
these results as support for managing nonnative plant species in urban forests to improve

ecosystem quality for other organisms.
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TABLES AND FIGURES
Table 1.1. Summary of urban forests and research site sizes. Sampled forests were flagged with

a 25-m x 25-m grid, and a number of those points were chosen for sampling.

City and Site FOI‘(EEL)SIZG Sampled forest size (ha)  Number of points ~ Number of sampling points
Raleigh, NC
Achievement 2.7 2.7 41 10
Capability 1.3 1.3 24 10
Hymettus Woods 0.9 0.9 23 10
Kyle Drive 6.3 52 102 10
Lake Raleigh 40.0 8.2 152 10
Leesville 12.0 8.1 169 10
Marla Dorrel 8.7 1.6 31 10
Parnell 2.3 2.3 45 10
Rocky Branch 1.2 1.2 22 10
Schenck 77.0 10.1 152 10
University 5.8 2.0 34 10
Varsity 0.8 0.8 18 9
Newark, DE
Christina Creek 2 12.0 8.3 120 10
Chrysler Woods 4.9 4.5 73 10
Dorothy Miller 51.0 4.2 69 10
Ecology Woods 16.2 16.2 156 10
Iron Hill 2 131.0 5.1 72 10
Motor Pool 5.1 5.1 87 10
Phillips 3.6 3.6 56 10
Reservoir 24.0 5.0 72 10
Rittenhouse 13.0 11.0 149 10
Sunset Lake 1 30.0 45 65 10
Webb Farm 10.0 8.7 129 10
White Clay 1 211.0 5.2 72 10
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Table 1.2. Summary of urban forest understory vegetation sampling.

City Ground Cover Shrub Layer
Native Nonnative Total Native Nonnative Total
Raleigh, NC summary (12 sites)
Number of species 16 10 26 54 17 71
Number of counted stems 1101 1451 2552
Newark, DE summary (12 sites)
Number of species 24 8 32 42 14 56
Number of counted stems 1574 1394 2968
Total summary (24 sites)
Number of unique species 34 15 49 71 26 97
Number of counted stems 2675 2845 5520
Number of species shared between cities 9 30
Table 1.3. Summary of all 24 sites; ground cover and shrub layer species and plant origin.
‘ Ground cover plant species Plant origin Shrub layer plant species Plant origin ‘
Acer rubrum native Acer floridanum native
Albizia julibrissin nonnative Acer negundo native
Alliaria petiolata nonnative Acer platanoides nonnative
Arctium lappa nonnative Acer rubrum native
Arundinaria sp. native Aesculus parviflora native
Bignonia capreolata native Alliaria petiolata nonnative
Boehmeria sp. native Ampelopsis brevipedunculata nonnative
Carya ovata native Amphicarpaea bracteata native
Celastrus orbiculatus nonnative Apocynum cannabinum native
Clethra alnifolia native Aralia spinosa native
Cornus florida native Arundinaria gigantea native
Elaeagnus umbellata nonnative Arundinaria tecta native
Eremochloa sp. nonnative Aster sp. native
Eurybia divaricata native Bignonia capreolata native
Glechoma hederacea nonnative Boehmeria sp. native
Hedera helix nonnative Campsis radicans native
Kalmia latifolia native Carpinus caroliniana native
Ligustrum sinense nonnative Carya glabra native
Lindera benzoin native Carya tomentosa native
Liquidambar styraciflua native Celastrus orbiculatus nonnative
Lonicera japonica nonnative Celtis occidentalis native
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Table 1.3 (continued).

Malus sp.
Microstegium vimineum
Nyssa sylvatica
Onoclea sensibilis
Parthenocissus quinquefolia
Pinus taeda
Podophyllum peltatum
Polystichum acrostichoides
Prunus serotina
Quercus alba
Quercus falcata
Quercus montana
Quercus phellos
Rosa multiflora
Rubus sp.
Sanguinaria canadensis
Smilacina racemosa
Smilax rotundifolia
Symplocarpus foetidus
Thelypteris noveboracensis
Toxicodendron radicans
Viburnum acerifolium
Viburnum dentatum
Vinca sp.

Vitis rotundifolia
Vitis sp.

Wisteria sinensis

native
nonnative
native
native
native
native
native
native
native
native
native
native
native
nonnative
native
native
native
native
native
native
native
native
native
nonnative
native
native

nonnative

Clematis terniflora
Clethra alnifolia
Cornus florida
Crataegus sp.
Diospyros virginiana
Elaeagnus pungens
Elaeagnus umbellata
Euonymus alatus
Euonymus americanus
Eupatorium leptophyllum
Fagus grandifolia
Fallopia japonica
Fraxinus americana
Fraxinus pennsylvanica
Hamamelis vernalis
Hedera helix
Hibiscus syriacus
llex glabra
llex opaca
Ilex verticillata
Impatiens capensis
Juglans nigra
Juniperus virginiana
Kalmia latifolia
Lespedeza cuneata
Ligustrum japonicum
Ligustrum sinense
Ligustrum vulgare
Lindera benzoin
Ligquidambar styraciflua
Liriodendron tulipifera
Lonicera japonica
Lonicera maackii
Magnolia grandiflora
Mahonia sp.
Malus sp.
Microstegium vimineum
Morella cerifera
Morus alba

Nyssa sylvatica

nonnative
native
native
native
native
nonnative
nonnative
nonnative
native
native
native
nonnative
native
native
native
nonnative
nonnative
native
native
native
native
native
native
native
nonnative
nonnative
nonnative
nonnative
native
native
native
nonnative
nonnative
native
nonnative
native
nonnative
native
nonnative

native
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Table 1.3 (continued).

Ostrya virginiana

Oxydendrum arboreum

Parthenocissus quinquefolia

Phytolacca americana
Pinus taeda
Pinus virginiana
Pistacia chinensis
Prunus caroliniana
Prunus serotina
Prunus sp.
Pueraria montana
Pyrus calleryana
Quercus alba
Quercus bicolor
Quercus falcata
Quercus nigra
Quercus phellos
Quercus rubra
Quercus stellata
Rosa multiflora
Rubus occidentalis
Rubus phoenicolasius
Rubus sp.
Sassafras albidum
Smilax rotundifolia
Solidago caesia
Toxicodendron radicans
Ulmus alata
Vaccinium arboreum
Vaccinium corymbosum
Viburnum acerifolium
Viburnum dentatum
Viburnum prunifolium
Vitis rotundifolia
Vitis sp.
Wisteria sinensis

native
native
native
native
native
native
nonnative
native
native
native
nonnative
nonnative
native
native
native
native
native
native
native
nonnative
native
nonnative
native
native
native
native
native
native
native
native
native
native
native
native
native

nonnative
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Table 1.4. Summary of urban forest carabid beetle sampling.

City Carabids
Species Individuals % of total caught Singletons
Raleigh, NC summary (12 sites) 29 477 4
Top three species captured: 74.4
1. Cyclotrachelus unicolor 263 55.1
2. Pterostichus sculptus 52 10.9
3. Galerita bicolor 40 8.4
Forest specialists 6 29 6.1 1
Open area specialists 14 319 66.9 3
Generalists 7 110 231 0
Newark, DE summary (12 sites) 48 1387 7
Top three species captured: 62.9
1. Chlaenius aestivus 521 37.6
2. Pterostichus stygicus 179 12.9
3. Carabus goryi 172 124
Forest specialists 14 356 25.7 2
Open area specialists 15 171 12.3 4
Generalists 11 307 221 1
Total summary (24 sites) 57 1864 11
Number of species shared between cities 19
Forest specialists 16 385 20.7 3
Open area specialists 22 490 26.3 7
Generalists 12 417 22.4 1
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Table 1.5. Summary of common understory plant species and characteristics in each city.

City Ground Cover Shrub Layer
Species Plant origin Growth habit Species Plant origin Total % of stems Growth habit
Raleigh, NC: most common species
1 | Microstegium vimineum nonnative low-growing grass Ligustrum sinense nonnative 14.9 shrub
2 Hedera helix nonnative vining Lonicera japonica nonnative 14.6 vining
3 Vitis rotundifolia native vining Vitis rotundifolia native 12.2 vining
4 Vinca sp. nonnative vining Smilax rotundifolia native 10.5 vining
Newark, DE: most common species
1 Rosa multiflora nonnative shrub Rosa multiflora nonnative 20.6 shrub
2 Thelyperts native low-growing fern Lonicera japonica nonnative 15.6 vining
noveboracensis
3 | Toxicodendron radicans native vining Lindera benzoin native 12.9 shrub
4 Clethra alnifolia native shrub Viburnum dentatum native 9.6 shrub
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Newark,
DE

Raleigh,
NC

Figure 1.1. Maps of (a) the east coast showing the location of Raleigh and Newark, (b) a close
up of Raleigh showing roads, in white, and location of sampled forests, in red, and (c) a close up

of Newark showing roads, in white, and location of sampled forests, in red.
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Five stems Rosa multiflora
Four stems Elaeagnus angustifolia

Three stems of
Viburnum dentatum

15 m radius
Nudds Board sampiing

Figure 1.2. Diagram of forest site set up and vegetation sampling protocol. White points within
the sampled forest represent the 25-m x 25-m grid and black points represent sampling points. At
each sampling point, vegetation is measured at varying radii: understory density at 15 m, canopy

openness at 5 m, and ground cover and stem density at 2.5 m. Image adapted from V. D’Amico.
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Figure 1.3. The size and placement of the Nudds board is the same within each extreme example

of (a) low-density and (b) high-density understory vegetation in two urban forests in Raleigh, NC
and (c) low-density and (d) high-density understory vegetation in two urban forests in Newark,
DE. Photo credits: J. Christina Mitchell.
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Figure 1.4. A (a) pitfall trap covered with a plywood triangle and set up next to a sampling point

with a (b) plastic cup containing pitfall sampling preservative, and (c) a carabid, Dicaelus sp.,
moving along the forest floor. Photo credits: J. Christina Mitchell.
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Disturbed, urban forests often have a more open
canopy with more herbaceous vegetation
(Wallace et al. 2018, Trammell et al. 2020).
Dense ground cover and shrubs, specifically
caused by nonnative species, influences canopy
openness by competing with native woody
species which can slow or impede canopy
closure and forest regeneration (Oswalt et al.
2007, Maynard-Bean & Kaye 2019). This may
lead to permanent changes in forest structure
and quality (Collier et al. 2002, Trammell &
Carreiro 2011).

Ground Cover

Canopy Openness

Understory Vegetation
Density (Nudds)

Growth habits and characteristics of
nonnative species in the ground cover and
shrub layer resulting from invasion can
increase understory vegetation density
(Trammell & Carreiro 2011, Templeton et
al. 2019). Many nonnative species are
evergreen, which contribute to dense
understories year-round (Miller 2003).

Canopy openness could influence carabid
diversity and capture by increasing light
intensity and changing the microclimate of the
forest floor (Latty et al. 2006). Nonnative
species, especially invasive vining plants , can
maintain open canopies (Horvitz et al. 1998).
Increased light and a warmer, drier
microclimate favor open area specialists and
generalists and negatively affect forest
specialists that rely on consistently moist leaf
litter and soil (Larochelle & Lariviere 2003,
Moller & Brandl 2009).

Understory vegetation density could inﬂuenN
carabid diversity and capture, specifically forest
specialists, by altering available resources and the
environment. Dense nonnative plants create

different leaf litter characteristics and quality,

which alters available prey resources for forest
specialists (Ribera et al. 2001, Birkhofer et al.

2008) while providing resources for non forest
specialists (MUller & Brandl 2009).

and Shrub Layer

Ground cover and shrubs, specifically nonnative
species, can alter litter quality and reduce leaf
litter volume by speeding decomposition
(Ehrenfeld et al. 2001, Trammell et al. 2012).
Additionally, many nonnative species are
evergreen (Miller 2003), and evergreen leaves
accumulate more slowly ( Aerts 1996).

Ground cover and shrubs, specifically nonnative species, may
reduce forest carabid diversity and capture by altering available
resources for survival (as demonstrated for other arthropods
by Ballard et al. 2013), including available prey ( Magura et al.
2004) and ecosystem quality (Prass et al. 2017). Additionally,
nonnative plants alter forest structure (Trammell & Carreiro
2011, Templeton et al. 2019) and forest structure affects
carabid diversity (Brose 2003, Lengyel et al. 2016).

»| Carabid Diversity
and Carabid Capture

Leaf Litter Volumg

Leaf litter volume influences carabid diversity
and capture, specifically forest specialists, by
providing refuge, prey habitat, and an
appropriate microclimate for reproduction
(Guillemain et al. 1997, Larochelle & Lariviére
2003, Magura et al. 2004, Martinson & Raupp
2013).

Figure 1.5. Logic model outlining a-priori hypotheses for structural equation models. Boxes are

color-coded and detail hypothesized relationships between variables and describe possible direct

and indirect effects on vegetation and carabids.
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Figure 1.6. Nonmetric multidimensional scaling ordination showing the similarity of carabid
communities in different urban forests, with a final stress value of 0.15. Gray circles represent
the position of each carabid species in ordination space. Raleigh, NC sites are labeled in teal
and Newark, DE sites are labeled in orange. Black arrows indicate vectors associated with
included variables, at o. = 0.15 to suggest possible trends, and represent the strength, indicated

by length, and direction of maximum change of variables through the ordination field.
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Figure 1.7. Results of ground cover SEM models. Raleigh results are represented by solid lines and Newark results are represented

by dashed lines. Significant results are shown in black and nonsignificant results are in gray. Significant numerical values correspond

to each line. For clarity, numbers associated with non-significant relationships are not included. For interpretation of indirect effects,

signs (+/-) are included in parentheses.
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CARABID CAPTURE

Figure 1.8. Results of stem density SEM models. Raleigh results are represented by solid lines and Newark results are represented by
dashed lines. Significant results are shown in black and nonsignificant results are in gray. Significant numerical values correspond to
each line. For clarity, numbers associated with non-significant relationships are not included. For interpretation of indirect effects,

signs (+/-) are included in parentheses.
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CHAPTER 2
Forest characteristics have more influence than urbanization on urban forest carabid

communities

ABSTRACT

Urban forests are important native species’ habitat and face degradation by urban
development, urban heat island effects, and nonnative species invasions. These external and
internal factors affect the quality of urban forests for native forest-associated species and alter
biotic community compositions. Disturbance and other urban conditions typically favor open
area specialist species and generalist species, frequent urban adaptors, over forest-associated and
forest specialized species that require more forest-specific conditions. We investigated the effects
of external factors, forest size and surrounding impervious surface, and internal factors, canopy
openness, understory vegetation density, ground cover vegetation, and leaf litter, on urban forest
carabid community composition. Carabid beetle (Coleoptera: Carabidae) communities change in
response to altered abiotic and biotic conditions, including the warmer, drier microclimates and
increased nonnative plant invasions commonly found in urban forests. We sampled carabid
communities in 24 urban forests located in two cities, Raleigh, NC and Newark, DE, to
understand how external and internal forest factors affect two types of carabids, forest specialist
species and open area specialist species, and whether these relationships are consistent in
different regions. We predicted urban forest carabid communities would be primarily influenced
by forest size, and that internal forest characteristics would be more important drivers of
community composition than surrounding impervious surface. We found carabid capture and

diversity increased with forest size, and Raleigh carabids were more affected by internal forest
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characteristics, while Newark carabids were more affected by external impervious surface. Our
results show that while carabid capture and diversity increase with forest size, small urban
forests had comparable forest specialist capture and diversity to large urban forests. We
recommend the conservation of any urban forest with sufficient canopy cover and region-specific

management of understory vegetation to promote native canopy regeneration.

INTRODUCTION

Forests in and around cities provide crucial habitat for native species (Fujita et al. 2008,
Orddiiez & Duinker 2012, Ramirez-Cruz et al. 2018, Melliger et al. 2018, de Andrade et al.
2019, Fidino et al. 2020). Urban forests are subjected to fragmentation, regeneration, urban heat
island effects, invasive species, and other disturbances (Deichsel 2006, Beninde et al. 2015,
Concepcion et al. 2016, Borges et al. 2020). Urban forests also tend to be smaller than rural
forests and shrink further as cities expand (United Nations 2018, Huang et al. 2019, V. D'Amico,
S. Frank, T.L.E. Trammell, & J. Henning, unpublished data). These external and internal factors
affect the ability of urban forests to provide habitat for forest-associated wildlife species,
including arthropods, by changing urban forest resources, structure, and microclimate (Deichsel
2006, Aronson et al. 2014, van Hengstum et al. 2014, Aronson et al. 2016, Dale & Frank 2018,
Long et al. 2018, Melliger et al. 2018, Landsman et al. 2019, Amburgey et al. 2020, Long &
Frank 2020). Disturbance and environmental changes associated with urbanization typically
favor open area specialist species and generalist species, frequent urban adaptors, over forest-
associated and forest specialized species that require more forest-specific conditions (Ribera et
al. 2001, McKinney 2002, Deichsel 2006, Fujita et al. 2008, Jones & Leather 2012, Concepcién

et al. 2016, Fournier et al. 2020, Adams et al. 2020). However, urban forests still have
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conservation value. Understanding the influence of external urban characteristics, such as
impervious surface, and internal forest characteristics, such as invasive plants and leaf litter, on
forest biodiversity will help managers predict forest quality for different taxa and guide
restoration.

Carabid beetles (Coleoptera: Carabidae) are abundant, taxonomically and ecologically
diverse, and their community composition changes in response to abiotic and biotic conditions
(Niemeld et al. 2002, Rainio & Niemel& 2003, Magura et al. 2004, Koivula 2011). Differences
between carabid communities have been studied in rural and urban forests, but in many cases the
specific drivers of community change are not well characterized. Forest specialists require moist,
dense, litter comprised of leaves, coarse woody debris, and other organic matter for egg and
larval survival, overwintering shelter, and prey (Larochelle & Lariviere 2003, Latty et al. 2006,
Martinson & Raupp 2013). Forest specialists tend to be less abundant and diverse in forests that
are small, disturbed, or both (Alaruikka et al. 2002, Niemeld et al. 2002, Venn et al. 2003). Small
forests have greater edge to interior ratios which enables heat (Ren et al. 2013) and invasive
plants (Cadenasso & Pickett 2001, Yates et al. 2004, Vallet et al. 2010) to permeate farther in the
forest interior and reduces forest quality for forest specialists (Venn et al. 2003, Magura et al.
2004, Sadler et al. 2006, McCary et al. 2018). Forest specialists also tend to be less abundant and
diverse in forests surrounded by a large amount of impervious surface (Sadler et al. 2006, Croci
et al. 2008), which can increase forest temperature due to the urban heat island effect
(McDonnell et al. 2008) and reduce forest specialist dispersal and recruitment (Sadler et al. 2006,
Croci et al. 2008).

Carabids and other arthropods can also be less abundant and diverse in areas with dense

vegetation (Larsen et al. 2003, Croci et al. 2008), particularly that caused by nonnative plant
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invasion (van Hengstum et al. 2014, Mitchell Chapter 1), as it impedes locomotion (Lys &
Nentwig 1992, Larsen et al. 2003, Croci et al. 2008), changes litter accumulation dynamics
(Ashton et al. 2005, Trammell et al. 2012, Wallace et al. 2018) and can inhibit canopy
regeneration and alter forest structure (Meiners 2007, Oswalt et al. 2007, Langmaier & Lapin
2020). Urban forests can have warmer and drier litter and soil layers (Pouyat et al. 1997) and
urban and nonnative forest litter can have less nutrients for soil communities (Pouyat & Carreiro
2003, McCary et al. 2015) and decompose faster than rural forest litter (Pouyat et al. 1997,
Pouyat & Carreiro 2003, Meyer et al. 2019), altering forest conditions and providing less habitat
for forest specialists (Koivula et al. 1999, Venn et al. 2003). These changes in urban forest litter
and soil conditions affect arthropod prey communities (McCary et al. 2018, De Smedt et al.
2021), which in turn alters the proportion of predators, a frequent trait of forest specialists, in
carabid communities (Birkhofer et al. 2008, Vele et al. 2011, Jones & Leather 2012).

Open area specialists and generalists tolerate a wider range of light and temperature
conditions (Larsen et al. 2003, Jennings & Tallamy 2006, Martinson & Raupp 2013) than forest
specialists. Open area specialists require at least partial absence of canopy cover and their
presence in urban forests may indicate a shift in forest structure, while generalists are found in
forests and non-forests. These two categories of carabids are common in agriculture fields, forest
edges, managed yards, and vacant lots (Larochelle & Lariviere 2003, Bousquet 2010). Open area
specialists are adapted to the warmer, drier microclimate (Halme & Niemela 1993, Ribera et al.
2001, Magura et al. 2004) found in urban forests that are small (Halme & Niemeld 1993, Ren et
al. 2013), surrounded by imperious surface (McDonnell et al. 2008), and have disturbed canopies
(Perry & Herms 2019). Urban forests are typically more disturbed than rural forests, and often

have a more open canopy and more herbaceous vegetation (Wallace et al. 2018, Trammell et al.
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2020), which provide microclimates and food resources needed by open area specialists (Halme
& Niemeléd 1993, Magura et al. 2004, Martinson & Raupp 2013). We predict that the internal
forest changes to vegetation and litter characteristics caused by urbanization and nonnative plant
invasion alter forest structure and promote greater abundance and diversity of open area
specialist species, thereby providing one mechanism for carabid community change in urban
forests.

Large forests within cities can support biodiversity (Miller & Hobbs 2002, Puppim de
Oliveira et al. 2011) and ecosystem functions that are diminished in small, disturbed, and
fragmented forests (McKinney 2002, Alberti 2005). We predict that urban carabid communities
will be influenced primarily by forest size because forest specialist species require forest habitat,
but open area specialist species benefit from canopy disturbance and edge effects. Second, we
predict that internal forest characteristics will influence carabid communities more than external
impervious surface because vegetation communities and litter characteristics directly influence
carabid activity and survival by providing the appropriate microclimate and organic material
necessary for food and reproduction (Thiele 1977, Halme & Niemeld 1993, Brose 2003, Rainio
& Niemeléd 2003), while impervious surface indirectly influences carabids (Sadler et al. 2006,
Croci et al. 2008). Specifically, we predict that different compositions of urban carabid
communities will be driven by the exchange of forest and open area specialist species, as forest
specialists are replaced by open area specialists in disturbed urban forests. Additionally, we
predict that relationships between large-scale external factors, small-scale internal factors, and
carabid community composition will be similar in urban forests in different cities. To test our
hypotheses we quantified forest size, percent surrounding impervious surface within 100m and

1000m buffers, vegetation characteristics, and carabid communities in 24 urban forests that
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varied in size and amount of urbanization. We conducted this experiment in Raleigh, North
Carolina and Newark, Delaware to determine whether urban carabid communities in different
regions respond similarly to large-scale external and small-scale internal factors. If we
understand how urban carabid communities are affected by forest size, surrounding impervious
surfaces, and plant community characteristics, we can develop management methods that

preserve and improve forest ecosystems for urban arthropod communities.

METHODS
Site selection and site characteristics

We sampled urban forests in two eastern USA cities to determine if relationships between
external forest characteristics, internal forest characteristics, and carabid communities were
similar in different regions. This research was conducted in Raleigh, North Carolina (35.780°N,
78.642°W) and Newark, Delaware (39.683°N, 75.753°W). These cities are part of the FRAME
(FoRests Among Managed Ecosystems, https://sites.udel.edu/frame/) network of forests used to
study urban forest ecology. In 2019, Raleigh, NC was 370.1 km? with a population of 474,069
and Newark, DE was 23.8 km? with a population of 33,515
(https://www.census.gov/quickfacts/fact/table/raleighcitynorthcarolina,newarkcitydelaware/PST
045219).
Sampling of external characteristics

To measure forest patch size and amount of circumjacent impervious surface, we used
ArcMap 10.6.1 (ESRI, Redlands, CA, USA). We created 24 forest polygons to represent each
forest patch containing the sampled area and calculated total area in hectares. We then created a

100 m buffer and 1000 m buffer extending out from each forest polygon (Figure 2.1). We
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clipped the National Land Cover Dataset (NLCD) 2016 Percent Developed Imperviousness
(CONUS) raster file to the extent of each buffer (N = 48; Wickham et al. 2021). We used
attribute table data for each buffer to calculate the total percentage of impervious surface within
each buffer. For each buffer we multiplied value, the percent of impervious cover in each 30m x
30m pixel, by count, the number of pixels for each percentage of impervious cover, and summed
these values. We divided this value by total count, the total number of pixels in a buffer, which
gave the total percent of impervious surface for each buffer.
Sampling of internal characteristics

Details of forest vegetation and carabid sampling are described elsewhere (Mitchell
Chapter 1). We followed the FRAME protocol (Trammell et al. 2020) to sample 24 forest
patches, 12 in each city. Each forest contained 10 sampling locations, except for one Raleigh
forest that only accommodated nine, for a total of 239 sampling locations. Vegetation
communities were quantified for each forest by sampling leaf litter volume, percent cover of
ground vegetation, density of understory vegetation, and amount of canopy openness at each
sampling location. Vegetation communities were sampled in Raleigh in 2017 and in Newark in
2015. Carabids were captured at each sampling location using pitfall traps activated for two
weeks at a time and eight sampling events occurred between 2017 to 2018. To understand
carabid community change based on species’ habitat specialization, we determined whether each
species was a forest specialist or an open area specialist using species-specific life history trait
literature (Noonan 1996, Larochelle & Lariviére 2003, Bousquet & Webster 2004, Bousquet

2010).
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Statistical analyses

All subsequent analyses were conducted in R version 4.0.5 (R Core Team, 2021). We
calculated external forest factors and carabid diversity for each site, and summarized site totals
for carabid capture and site averages for canopy openness, understory density, ground cover, and
leaf litter. We used the glm function from the ‘stats’ package to create models appropriate for our
small sample size count data and used carabid capture and carabid diversity (Shannon index) as
the response variables. For carabid capture models, we first log (x + 1) transformed the response
variable to improve the distribution of residuals and correct for effects of zeros (Zuur et al.
2009, Zuur et al. 2010, Ives 2015). We did not transform models with carabid diversity as the
response variable. To address the question of whether carabid specialists drive community
change in urban forests, we created models with total carabid capture and diversity, forest
specialist carabid capture and diversity, and open area specialist carabid capture and diversity as
the response variables. To address the question of whether urban carabid communities respond
similarly in different cities, we created models for all forests combined, Raleigh forests only, and
Newark forests only. We then created full models (N=18) for each response variable and our
seven predictor variables: forest area, impervious surface within 100 m buffer, impervious
surface within 1000 m buffer, leaf litter, ground cover, understory vegetation density, and
canopy openness. We used the stepAlC function in the package MASS (Venables & Ripley
2002) to iteratively remove the variable with the highest AIC, calculated in either direction, and
retest the model until left with the best model with lowest AIC. We confirmed the
appropriateness of each final model using summary statistics and residual plots. To adjust for our
small sample size (N = 24; Burnham & Anderson 2002), we calculated AlCcs for each model

using the AlICc function in the package MuMIn (Barton 2020).
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RESULTS
All forests combined

In all forests combined, forest size and internal forest conditions contributed to more
parsimonious models of influence on carabid community metrics, compared to surrounding
impervious surface (Table 2.1). Generally, total carabid capture and diversity increased as forest
size increased. Total carabid capture and diversity decreased as leaf litter, ground cover, and
understory vegetation density increased. Forest specialist capture and diversity increased as
forest size increased and decreased as leaf litter increased. Additionally, forest specialist capture
and diversity declined as understory vegetation density increased, a condition often associated
with nonnative plant invasion (Templeton et al. 2019, Dyderski & Jagodzinski 2020).
Surrounding impervious surface had little significant effect on carabid communities, except at a
large scale where it increased open area specialist diversity. Open area specialist capture
decreased as ground cover increased, and open area specialist diversity decreased as leaf litter
increased. Though not significant, open area specialist capture had a positive response to
increased canopy openness. Overall, these results indicate that carabid capture and diversity are
greater in large forests whereas carabid capture and diversity are lower in forests with dense
understory and ground vegetation.

Raleigh forests

In Raleigh forests, forest specialist diversity increased as forest size increased. Total
carabid and forest specialist capture decreased as percent impervious surface within 100m
increased. Total carabid capture, forest specialist capture, and open area specialist capture
declined as total ground cover increased. Total carabid capture and diversity, forest specialist

capture and diversity, and open area specialist diversity declined as leaf litter increased. Open
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area specialist diversity increased as canopy openness increased. Though not significant, total
carabid capture and diversity and forest specialist capture had a positive response to increased
percent impervious surface within 2000m.

Newark forests

In Newark forests, open area specialist capture increased as forest size increased. Total
carabid diversity decreased and open area specialist capture increased as percent impervious
surface within 100m increased. Total carabid and open area specialist diversity increased and
forest specialist capture decreased as percent impervious surface within 1000m increased. Total
carabid diversity increased as total ground cover increased. Total carabid diversity and forest
specialist capture increased as leaf litter increased. Though not significant, forest specialist
capture had a negative response, while open area specialist capture had a positive response to
increased canopy openness. Additionally, forest specialist diversity had a negative response to

increased understory density.

DISCUSSION

Our results indicate that forest size is critical for maintaining carabid abundance and
diversity in urban forests across cities, especially for forest specialists, which are indicators of
forest ecosystem health and quality (Koivula 2011, Riley & Browne 2011). Each city had
different relationships between external and internal forest characteristics, and carabid metrics.
In Raleigh, forest specialists were negatively correlated with surrounding impervious surface and
open area specialists were positively correlated with canopy openness. Internal forest
characteristics, including understory density, total ground cover, and leaf litter, had greater

influence on carabid communities than external forest characteristics. In Newark, forest
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specialists were negatively correlated with surrounding impervious surface and open area
specialists were positively correlated with surrounding impervious surface. External impervious
surface had greater influence on carabid communities than internal forest characteristics,
including total ground cover and leaf litter. So, while large forests can preserve carabid
communities across cities, the effects of impervious surface and internal urban forest
characteristics on carabid communities depends on city region.
Influence of size and external forest characteristics on urban carabids

Carabid communities in both cities, especially forest specialists, benefited from large
forests. We are not the first to suggest that large forests are important for carabid conservation,
as late-successional forest structure can provide cool, moist microclimates for forest-associated
carabids (Halme & Niemeld 1993, Niemeld 2001, Lovei et al. 2006, Croci et al. 2008). In
Newark, open area specialist capture also increased with greater forest size, potentially indicating
that edge margins and canopy gaps are sufficient in large forests to retain open area specialists.
Halme & Niemela (1993) found some open area specialist carabid species in large to medium
(21.5 — 4.2 ha) forest patches, and found similarities between small forest patches and edges of
large forest patches. Forest specialists were reduced by greater surrounding impervious surface
in forests in both cities and, in Newark forests, open area specialists also increased with greater
surrounding impervious surface. Others have found less forest specialists and more open area
specialists in urban, compared to rural, forests (Halme & Niemeld 1993, Magura et al. 2004, Elek
& Ldvei 2007, Gaublomme et al. 2008), but only Gaublomme et al. tested and found significant
effects of surrounding impervious surface. Our results support the idea that increased impervious

surface across the urban landscape may affect carabid community structure, in part, through
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carabid dispersal, carabid recruitment, and the urban heat island effect (Weller & Ganzhorn
2004, Sadler et al. 2006, Croci et al. 2008, Pickett et al. 2008).
Influence of internal forest characteristics on urban carabids

Our prediction that internal forest characteristics would influence carabid communities
more than external impervious surface was supported when all forests were considered together
and in Raleigh, but not in Newark. Raleigh carabid communities were most affected by internal
leaf litter, while Newark carabid communities were most affected by external impervious
surface. A review by Nielsen et al. (2014) found negative effects of the urban matrix on
invertebrate species richness but found structural heterogeneity, including vegetation, within
urban parks was an overall better predictor of richness and community composition. We
expected carabids in Raleigh and Newark to respond similarly to urban forest vegetation
structure; to have a positive correlation with greater leaf litter volume and a negative correlation
with greater understory vegetation, as these affect the forest floor microclimate and carabid
mobility (Thiele 1977, Lys & Nentwig 1992, Koivula et al. 1999, Brose 2003, Croci et al. 2008).
However, carabids in Raleigh were negatively correlated with total ground cover and leaf litter
volume, whereas carabids in Newark were positively correlated with total ground cover and leaf
litter volume. This suggests either a difference in ground cover and litter composition, or a
difference in carabid communities and the resource requirements of individual species. Croci et
al. (2008) found carabid diversity declined with dense shrub cover and with declines in richness
and diversity of the herbaceous layer, regardless of whether the community was in a rural or
urban forest. We found understory density reduced total carabids and forest specialists in Raleigh

and Newark forests combined, but had no significant effect on carabids in either city alone. This
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may indicate that dense understory vegetation in general reduced carabids, but that vegetation
communities in each city differed enough to decouple this effect when analyzed separately.

From previous work in these forests (Mitchell Chapter 1) we know nonnative species
comprised more of the understory vegetation in Raleigh, while native species comprised more of
the understory vegetation in Newark. This difference between vegetation communities may
indicate that forest specialists responded negatively to nonnative ground cover in Raleigh, and
negatively to dense, mostly native ground cover in Newark. Additionally, differences in forest
vegetation communities can persist as differences in forest litter, which affects carabid
communities. Raleigh forests had more leaf litter on average than Newark forests (Mitchell
Chapter 1), and Raleigh leaf litter was composed of more pine needles than Newark (J. C.
Mitchell, unpublished data). Leaf litter affects carabid distribution patterns and in boreal forests,
especially degraded forests, deciduous tree leaves were an important component of litter for
increased carabid capture (Koivula et al. 1999). Our results could suggest that though Raleigh
had more leaf litter, Newark leaf litter was more beneficial for urban forest carabids. We
expected canopy openness to have greater influence in increasing open area specialist capture
and diversity (Thiele 1977), but only open area specialist diversity in Raleigh increased with
greater canopy openness. We showed the responses of urban carabid communities to urban forest
characteristics in two different cities are driven by changes in specialist species, as forest
specialists declined and open area specialists increased in disturbed urban forests.
Conclusions and management implications

Even though carabid capture and diversity increased with forest size, three smaller urban
forests (2.7-4.9 ha), one in Raleigh and two in Newark, had comparable or greater forest

specialist capture and diversity as three larger urban forests (39.8-77.2 ha), also one in Raleigh
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and two in Newark. Conservation efforts should focus on maintaining forests of any size with
sufficient canopy cover, as we found forest specialists in all forests 2.7 ha and larger, and one
forest specialist in a 1.2 ha Raleigh forest. Carabids responded to external and internal forest
conditions differently, indicating urban forest management should be tailored by region and
perhaps more specifically by city. Our results from Raleigh, a larger, warmer, and more
urbanized city differed from Newark, a smaller, temperate, and less urbanized city. This could
suggest that as cities expand and climate warms, preserved forests may become lower quality,
especially if allowed to be invaded by nonnative plants. Additionally, if urban forests are unable
to maintain canopy regeneration, as caused by nonnative invasion (Meiners 2007, Oswalt et al.
2007, Burton & Samuelson 2008, Langmaier & Lapin 2020), future urban carabid communities
may shift to include greater proportions of open area tolerant species. While increasing forest
size and decreasing impervious surface around urban forests is unlikely, our results highlight the
potential to manage forest interiors to maintain viable habitat for forest specialist species and
support that urban forest management methods should be tailored to regional urban communities.
However, all regions should conserve forests of any size with intact canopies and manage
understory vegetation to reduce invasion by nonnative plants and promote the regeneration of the

forest canopy by native woody species.
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TABLES AND FIGURES

Table 2.1. Final models representing the most relevant external and internal factors for each

carabid response variable. AlCc is included for each model and estimate, standard error, t

value, and p value are included for each parameter within each model. Variables in bold

indicate significance a. < 0.05 and p values in italics indicate o. < 0.1.

Response variable
All sites, both cities

Total carabid capture

Total carabid diversity

Forest specialist carabid capture

Forest specialist carabid diversity

Open area specialist carabid capture

Open area specialist carabid
diversity

AlCc

68.606

45.989

72.872

32.164

69.316

37.438

Parameters

Forest size

Total ground cover
Leaf litter

Forest size
Impervious: 1000 m
Understory density
Leaf litter

Forest size
Understory density
Leaf litter

Forest size
Understory density
Leaf litter

Canopy openness

Total ground cover

Forest size
Impervious: 1000m
Total ground cover

Leaf litter

Estimate

0.007896

-0.057218

-0.184105

0.004919

0.023108

-0.017915

-0.172858

0.009252

-0.061680

-0.284933

0.004839

-0.021218

-0.163388

0.08654

-0.05270

0.002974

0.033904

-0.011006

-0.130936

SE

0.003761

0.015392

0.097026

0.002676

0.011104

0.008042

0.057233

0.004411

0.014795

0.102822

0.001889

0.006336

0.044033

0.05086

0.01446

0.002119

0.009292

0.007652

0.049346

t value

2.099

-3.717

-1.897

1.839

2.081

-2.228

-3.020

2.097

-4.169

-2.771

2.562

-3.349

-3.711

1.701

-3.607

1.404

3.649

-1.438

-2.653

p value

0.04867
0.00136
0.07230
0.08166
0.05120
0.03819
0.00704
0.048862
0.000474
0.011785
0.01860
0.00320
0.00138
0.10362

0.00151

0.17660
0.00171
0.16661

0.01569
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Table 2.1 (continued).
Raleigh, NC

Total carabid capture

Total carabid diversity

Forest specialist carabid capture

Forest specialist carabid diversity

Open area specialist carabid capture

Open area specialist carabid

diversity

78.911

42.129

74.585

15.700

38.899

16.339

Forest size
Impervious: 1000m
Impervious: 100m
Understory density
Total ground cover
Leaf litter
Impervious: 1000m
Impervious: 100m
Canopy openness
Total ground cover
Leaf litter

Forest size
Impervious: 1000m
Impervious: 100m
Understory density
Total ground cover
Leaf litter

Forest size
Impervious: 100m
Total ground cover
Leaf litter

Total ground cover

Canopy openness

Leaf litter

0.01320

0.17469

-0.15427

0.04613

-0.11150

-0.40267

0.04664

-0.04347

0.06877

-0.02450

-0.28964

0.01212

0.11813

-0.12535

0.03307

-0.07460

-0.50358

0.007943

-0.011619

-0.006292

-0.090047

-0.07458

0.08052

-0.11928

0.01332

0.07162

0.05092

0.03398

0.03415

0.15328

0.02600

0.02223

0.03939

0.01048

0.07193

0.01113

0.05981

0.04252

0.02838

0.02852

0.12800

0.003186

0.006803

0.004741

0.033030

0.01811

0.02708

0.04221

0.991

2.439

-3.029

1.357

-3.265

-2.627

1.794

-1.955

1.746

-2.338

-4.027

1.089

1.975

-2.948

1.165

-2.616

-3.934

2.493

-1.708

-1.327

-2.726

-4.117

2.974

-2.826

0.3674
0.0587
0.0291
0.2327
0.0223
0.0467
0.1230
0.0984
0.1315
0.0580
0.0069
0.3258
0.1052
0.0320
0.2965
0.0473
0.0110
0.0414
0.1314
0.2261
0.0295

0.00209

0.0156

0.0199
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Table 2.1 (continued).
Newark, DE

Total carabid capture

Total carabid diversity

Forest specialist carabid capture

Forest specialist carabid diversity

Open area specialist carabid capture

Open area specialist carabid
diversity

58.205

26.741

34.876

34.522

52.663

21.756

Forest size
Impervious: 1000m
Impervious: 100m
Total ground cover
Leaf litter
Impervious: 1000m
Impervious: 100m
Total ground cover
Leaf litter
Impervious: 1000m
Canopy openness
Leaf litter

Forest size
Impervious: 1000m
Understory density
Leaf litter

Forest size
Impervious: 100m
Canopy openness
Total ground cover

Leaf litter

Impervious: 1000m

0.005782

-0.041627

0.044343

-0.097354

-0.275760

0.035403

-0.035486

0.054704

0.287905

-0.03909

-0.08384

0.33694

0.005887

0.017509

-0.028586

-0.267620

0.010099

0.038510

0.084343

-0.085294

-0.398626

0.02276

0.004892

0.027710

0.022768

0.043736

0.214328

0.011258

0.009598

0.017932

0.082125

0.01296

0.04481

0.10612

0.002976

0.015502

0.013735

0.125192

0.003734

0.014187

0.049181

0.035949

0.164665

0.01006

1.182

-1.502

1.948

-2.226

-1.287

3.145

-3.697

3.051

3.506

-3.017

-1.871

3.175

1.978

1.129

-2.081

-2.138

2.704

2.715

1.715

-2.373

-2.421

2.263

0.28189
0.18372
0.09939
0.06764
0.24564
0.01627
0.00768
0.01857
0.00992
0.0166
0.0982
0.0131
0.0884
0.2959
0.0759
0.0699
0.0354
0.0349
0.1372
0.0553

0.0518

0.0472
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1000m buffer

Figure 2.1. Diagram of example urban forest FRAME site. Total forest size includes unsampled
forest (dark green). Surrounding impervious surface was calculated within a 100m buffer (dark

gray) and 1000m buffer (light gray) area extending out from forest edge.
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CHAPTER 3

Arthropod biomass not a surrogate for arthropod diversity in urban forests

ABSTRACT

Recent promotion of an ‘Insect Apocalypse’ has fueled a need to better understand
relationships between arthropod abundance, biomass, richness, and diversity across different
regions. A correlation between arthropod abundance or biomass and diversity has been
suggested, but there is little evidence to support such a relationship. There is evidence to support
correlations between arthropod abundance and biomass, and arthropod richness and diversity.
However, these relationships depend on additional factors that may vary between regions and
species pools. We tested relationships between arthropod abundance, biomass, richness, and
diversity using extensive collections of urban forest arthropods from two latitudes. We vacuum
sampled arthropods from understory forest vegetation in 24 urban forests, 12 forests in Raleigh,
NC and 12 forests in Newark, DE, to test the validity of substituting biomass for diversity to
quantify change in arthropod biodiversity. We found different arthropod communities in Raleigh
and Newark, and no correlation between arthropod abundance or biomass and diversity in either
city. Our results suggest quantifying arthropod decline will continue to require specimen
identification in urban, and likely other, ecosystems, and support the use of multiple metrics to
describe community structure. Here, we established a reference point of urban arthropod
communities and recommend future sampling to quantify change over time, as knowledge of

urban ecosystems may be invaluable in predicting trends of future global ecological conditions.
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INTRODUCTION

Recent popular and peer-reviewed publications suggest a global decline in arthropod
abundance, biomass, and diversity (e.g., Carrington 2017, Hallmann et al. 2017, Lister & Garcia
2018, Sanchez-Bayo & Wyckhuys 2019). Direct measurements of diversity are difficult and
require extensive processing time and expertise (Cardoso & Leather 2019, Arje et al. 2020). As a
result, studies frequently focus on a limited group of taxa (summarized in Sdnchez-Bayo &
Wyckhuys 2019, Kinsella et al. 2020, Hallmann et al. 2021), broadly generalize taxa (Lister &
Garcia 2018, Nagy et al. 2018), or use biomass (Saint-Germain et al. 2007, Shortall et al. 2009,
Hallmann et al. 2017) to quantify arthropod communities. Biomass, in particular, has been used
as an indicator of arthropod decline both for its ease of measurement and consequences for
higher trophic levels (Saint-Germain et al. 2007, Simons et al. 2014, Hallmann et al. 2017,
Montgomery et al. 2020). Biomass results have been extrapolated to infer trends in diversity
(Hallmann et al. 2017, Hallmann et al. 2021), though there is theory against such a relationship
(Gough et al. 1996), and empirical evidence to support a relationship is limited and mixed
(Southwood et al. 1982, Shortall et al. 2009, Simons et al. 2014, Seibold et al. 2019, Rosenheim
& Ward 2020). We tested relationships between arthropod abundance, biomass, richness, and
diversity using extensive collections from urban forests at two latitudes. Our goal was to test the
validity of substituting biomass for diversity and to establish a reference point for how arthropod
communities change in urban ecosystems with time.

Arthropod biomass, abundance, and diversity are frequently used, often in combination,
to describe spatial or temporal changes in arthropod populations and ecosystem functions.
Unfortunately, few studies report relationships between these variables and therefore correlations

between them remain unclear. Biomass and abundance can be positively correlated with
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diversity as species accumulate in an ecosystem (Simberloff & Wilson 1969, Hallmann et al.
2021). However, biomass and abundance can also increase due to ecological disturbances, such
as invasion (Hillebrand et al. 2008) or the urban heat island effect (Meineke et al. 2013, Meineke
et al. 2019, Frank et al. 2019), and thus be negatively correlated with diversity (Southwood et al.
1982). In Germany, Hallmann et al. (2017) found arthropod biomass declined in protected
natural areas over time and inferred a change in arthropod abundance, however, they did not
report arthropod abundance or identification. Lister & Garcia (2018) found that arthropod
abundance and biomass declined in response to climate change over time but did not correlate
abundance with biomass. One metanalysis summarized effects on arthropod abundance, biomass,
and diversity but did not investigate correlations, and may have presented an inflated view of
arthropod decline by only including literature found with the search criteria ‘[insect*] AND
[declin*]* (Sanchez-Bayo & Wyckhuys 2019). In one example, a theoretical model related
changes in hoverfly (Syrphidae) abundance and diversity (Hallmann et al. 2021) to long-term
flying arthropod biomass decline (Hallmann et al. 2017), however, concurrent data collection
and direct within-taxon correlations are necessary to understand the true relationships between
arthropod abundance, biomass, and diversity. Despite the relative ease of measurement, there is
little evidence that biomass or abundance alone can adequately describe arthropod diversity,
arthropod decline, or ecosystem condition.

Urbanization, agriculture, ecosystem fragmentation, pollution, artificial lights, and
climate change are frequently cited as potential mechanisms for arthropod decline (Sanchez-
Bayo & Wyckhuys 2019, Boyes et al. 2021, Raven & Wagner 2021). Our goal was to document
arthropod abundance, biomass, richness, and diversity in urban forests and determine which of

these metrics are correlated in this ecosystem. We expect arthropod abundance and biomass to
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correlate, and arthropod richness and diversity to correlate, but we do not expect a correlation
between arthropod abundance or biomass and diversity. If there is a correlation, arthropod
abundance or biomass, which is easier to measure and does not require taxonomic expertise,
could be used to infer changes in richness or diversity. However, arthropod biomass and
diversity respond differently to changes in arthropod abundance, arthropod size, and community
composition. Additionally, arthropod biomass can be unrelated to abundance as morphological
variations within and between species change with season, region, and latitude (Niemeld &
Kotze 2009, McCall & Pennings 2012, Horne et al. 2017). If, as we predict, arthropod biomass
and diversity are not correlated, it suggests that determining trends and mechanisms of arthropod
decline will continue to require specimen identification in urban, and likely other, ecosystems.
To test our hypothesis, we sampled arthropods from understory vegetation in 24 urban forests
located in Raleigh, North Carolina, USA and Newark, Delaware, USA, two regions with
different species pools and climates. Additionally, these data provide an initial reference point to
track urban arthropod community change in the future. This is relevant because urban
ecosystems may provide insight to how species, communities, and ecosystems respond to large
scale changes in climate and land use (Lahr et al. 2018). Understanding how arthropod biomass
and diversity relate to each other, and whether this relationship is similar in different regions,

will provide support for or against inferring trends of diversity from biomass data.

METHODS
Site selection and arthropod collecting
This research was conducted in Raleigh, North Carolina (35.780°N, 78.642°W) and

Newark, Delaware (39.683°N, 75.753°W) USA as part of the FRAME (FoRests Among
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Managed Ecosystems, https://sites.udel.edu/frame/) network of forests used to study urban forest
ecology. We sampled 12 urban forests in each city for a total of 24 forests. Within each forest,
we collected arthropods at established sampling points (N = 239, Mitchell Chapter 1) using a
vacuum method. Arthropods were vacuumed twice in 2019, in Raleigh between June 14-19 and
July 17-19 and in Newark between June 22-24 and July 22-25.

Prior to arthropod collecting, all sampling points were outfitted with 4 equally spaced
marking flags (Presco Products Co., 21 in tall) to designate a 5-m radius circle (78.5-m?)
centered around the sampling point, hereafter referred to as the sampling circle. We used an
adapted leaf blower (HUSQVARNA 125BVX) on the vacuum function to collect arthropods
from forest understory vegetation within each sampling circle. We adapted the vacuum for
arthropod collection by inserting a hardware cloth (1/2 in squares, 19-gauge galvanized steel,
ACORN International) funnel into the vacuum tube. This ensured the mesh bags used for sample
collection would not get sucked into machine components near the motor. We sewed mesh bags
from organza fabric (6400 holes per in?) to fit the diameter of the vacuum tube (18-in x 10-12-in)
and when placed inside the vacuum tube for sampling, the excess material was inverted around
the edge of the tube and secured in place with two rubber bands.

During arthropod collecting, we started the bug vacuum outside of the sampling circle
then vacuumed all forest vegetation, including ground cover, shrubs, and low tree branches,
within reach inside the circle (about 2.3 m from the ground) for three minutes. After collecting,
we tied each mesh bag together quickly with a rubber band before turning off the vacuum. In the
field, we kept mesh bags containing arthropods in a sealable 5-gallon bucket with ethyl acetate-

soaked cotton, then stored them in a freezer until processing.

7


https://sites.udel.edu/frame/

Arthropod processing

Vacuumed contents from each mesh bag were emptied into a tray and hand-sorted to
removed large debris, like leaves and sticks, from arthropods and small debris. The remaining
material was transferred to 70% ethanol until it was sorted under a dissecting scope to remove all
arthropods from remaining debris. To quantify diversity, each arthropod was identified and
counted, then placed in a pre-weighed 10 ml vial (VWR® Micro Centrifuge Tubes, Cat. No.
10025-724) with 95% ethanol. Non-spider arthropods were identified to order and placed in one
vial, caterpillars, if present, were counted and placed in a second vial, and spiders were identified
to family and placed in and a third vial. To quantify biomass, all vials were opened and placed
under a hood for 24 hours to allow excess ethanol to evaporate, then placed in a drying oven set
at 50° C for 48 hours (McCluney et al. 2017). Once dry, all vials were closed and weighed in
milligrams (Sartorius Cubis® Micro Lab Balance, Item#: MSA6.6SO0TRDM). For each vial,
arthropod biomass was determined by subtracting the empty vial weight from the full vial
weight.
Statistical Analyses

All analyses were conducted in R version 4.0.5 (R Core Team, 2021). We pooled
arthropod data by forest site and calculated total abundance, total biomass, total richness,
Shannon diversity index (H), and Simpson’s diversity index (D) for non-spider arthropods and
spiders. To compare arthropod communities between forests and cities, we created a similarity
matrix of non-spider arthropods and spiders, using the metaMDS function in the package vegan,
with the Bray-Curtis distance measure and random starting configuration (Oksanen et al. 2020).
Each similarity matrix was inputted to a nonmetric multidimensional scaling (NMDS) model to

visualize relationships between each site’s arthropod communities. The NMDS results indicated
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different arthropod communities in Raleigh and Newark and supported our choice to analyze
each city separately. We used linear regressions to elucidate relationships between arthropod
abundance, biomass, richness, and diversity in urban forests. We log (x + 1) transformed
arthropod abundance and biomass data but did not transform arthropod richness or diversity
(Zuur et al. 2010, Ives 2015), and used the glm function from the ‘stats’ package to create

regression models.

RESULTS
Nonmetric multidimensional scaling

The NMDS ordination of non-spider arthropod communities (Figure 3.1) and spider
communities (Figure 3.2) are presented in two dimensions, with final acceptable stress values of
0.16 and 0.20 respectively (Kruskal 1964, Clarke 1993, McCune & Grace 2002). In the non-
spider arthropod NMDS, the 24 urban forests separated in ordination space along Dimension 1
into two groups, indicating large differences between each city’s communities. There was no
distinct separation among forests along Dimension 2, indicating that this axis represents the
differences in non-spider arthropod community composition among both cities. In the spider
NMDS, there was no distinct separation among forests along Dimension 1 or 2, indicating
greater similarity among the spider communities, compared to the non-spider arthropod
communities, in Raleigh and Newark urban forests.
Arthropod communities

In both cities, the arthropod orders Araneae, Diptera, Hemiptera, and Hymenoptera were
the most abundant and accounted for 88.9% of all arthropods in Raleigh and 76.3% in Newark

(Figures 3.3 & 3.4). We collected 26 orders and 74,864 individual arthropods in Raleigh, and
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collected 25 orders and 81,427 individual arthropods in Newark. We collected 56,981 non-spider
arthropods and 17,883 spiders in Raleigh and 67,715 non-spider arthropods and 13,712 spiders in
Newark. Total biomass of collected arthropods in Raleigh was 27,508.3 mg; non-spider
arthropods weighed 22,306.7 mg and spiders weighed 5,201.6 mg. Total biomass of collected
arthropods in Newark was 28,060.3 mg; non-spider arthropods weighed 23,165.6 mg and spiders
weighed 4,894.6 mg. The arthropod community in Raleigh was overall more diverse than
Newark. Calculated Shannon and Simpson’s diversity indices were 2.01 and 0.82 for Raleigh,
and 1.75 and 0.77 for Newark, respectively.
Linear regressions

The only significant relationships between variables that were consistent between cities
and between arthropod groups was a positive correlation between abundance and biomass, and a
positive correlation between Shannon and Simpson’s diversity indices (Figures 3.5 & 3.6). In
Raleigh, non-spider arthropod richness was positively correlated with non-spider arthropod
abundance and biomass. There were no other significant relationships between variables,
however, arthropod abundance, biomass, and richness had generally positive trends while

diversity generally declined in response to other variables.

DISCUSSION

We found little evidence to support a correlation between arthropod biomass and
arthropod diversity in urban forests. We only tested two diversity indices out of many (Chao et
al. 2005, Gotelli & Chao 2013, Hsieh et al. 2016, Roswell et al. 2021) but we chose the
traditionally most reported diversity indices, which differ in sensitivity towards common and rare

species and offer two representations of each community (Daly et al. 2018). Additionally, we
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found non-spider arthropod and spider communities vary by region, and trends between
arthropod abundance, biomass, richness, and diversity should not be generalized across large
spatial scales.
Arthropod communities differ among cities

Urban forests in Raleigh and Newark had different arthropod communities. NMDS
results indicated that the non-spider arthropod communities were distinct in each city, while
spider communities, at the family level, had overlap in community composition. We found
similarities between regions; Raleigh and Newark arthropod communities were dominated by the
same four orders, though in different rank order. Surveys of complete urban arthropod
communities are limited, so we cannot compare our results to other reports of dominant urban
arthropod orders, but commonly sampled taxa include Araneae (Alaruikka et al. 2002, Meineke
et al. 2017, Melliger et al. 2018), Coleoptera (Alaruikka et al. 2002, Croci et I. 2008, Niemeld &
Kotze 2009, Mitchell Chapter 1), Diptera (Adams et al. 2020), Hymenoptera (Hamblin et al.
2018, Melliger et al. 2018, Landsman et al. 2019, Adams et al. 2020), and Lepidoptera (Agra
Iserhard et al. 2018, de Andrade et al. 2019, Adams et al. 2020, Orlandin & Carneiro 2021).
However, whether these reports represent more urban-abundant taxon or a research-bias towards
certain groups remains unclear. We also found differences between regions; Raleigh had a larger
proportion of total arthropods that were spiders and had a more diverse arthropod community,
compared to Newark. Factors other than being derived from different species pools can also
affect relationships between abundance, biomass, richness, and diversity in urban arthropod
communities of different regions. Regional comparisons, like those across latitude, demonstrate
single species can exhibit different morphological traits, including body size, that may

complicate expected trends between arthropod abundance and biomass (Niemeld & Kotze 2009,
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McCall & Pennings 2012, Horne et al. 2017). Other regional comparisons have found evidence
for (Pennings et al. 2009, Heino et al. 2019) and against (Andrew & Hughes 2005, Schuch et al.
2011, Youngsteadt et al. 2017) latitudinal differences in arthropod diversity. Increasingly, there
may be an underlying effect of climate on urban arthropod community change, as species’
distributions and abundance can shift with climate change and increased warming (Butterfield
1996, Heino et al. 2015), which can be further exacerbated by the urban heat island effect
(Meineke et al. 2013, Meineke et al. 2017, Youngsteadt et al. 2017, Hamblin et al. 2018, Lahr et
al. 2018).
Correlations between arthropod abundance, biomass, richness, and diversity

As predicted, we found no correlation between arthropod abundance or biomass and
diversity in urban forests in Raleigh or Newark (Gough et al. 1996, McArt et al. 2012,
Youngsteadt et al. 2017). Likewise, we were unable to find published evidence of arthropod
biomass correlating with diversity, though others have inferred a correlation (Hallmann et al.
2017, Hallmann et al. 2021). We expected to find correlations between arthropod abundance and
biomass, as adding an individual of any size to a group will increase biomass. We did not
quantify arthropod age or instar, but it may be expected that individual insects will increase in
size as growing seasons progress, which may influence the positive relationship between
abundance and biomass. Additionally, we did not sample sedentary, immobile arthropods like
scale insects, which can become abundant in urban areas but have low biomass. We did not
weigh arthropods separately by order, but we predict different relationships may exist between
orders and feeding guilds, which could provide more detail regarding community change. We
expected to find some correlation between arthropod richness and abundance or biomass, as

supported by some (Southwood et al. 1982, McArt et al. 2012, Robertson et al. 2012, Ballard et
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al. 2013, Adams et al. 2020), though others found no correlation (Schuch et al. 2012, Hamblin et
al. 2018). We also expected Shannon and Simpson’s diversity indices to be positively correlated,
since we included both to represent different aspects of the same diversity.
Conclusions and recommendations for research, interpretation, and management

Our results confirm our prediction that urban forest arthropod abundance and biomass are
not correlated with diversity, and suggest quantifying the trends and mechanisms of arthropod
decline will continue to require specimen identification in urban, and likely other, ecosystems.
Our results support the use of multiple predictors of community structure in ecological studies,
as varied metrics provide a more complete description of communities. Our results caution
against generalizing or interpreting trends between arthropod abundance, biomass, richness and
diversity across a range of regions or taxon. Additionally, we acknowledge these data were
collected over six weeks and therefore cannot speak to changes in arthropod metrics over time.
We recommend future sampling to quantify community metrics over time, as knowledge of
urban ecosystems and communities may be invaluable in predicting trends of future global

ecological conditions.
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Figure 3.1. NMDS of non-spider arthropod communities in Raleigh urban forests (orange
labels) and Newark urban forests (purple labels). Final stress = 0. 156, nonmetric fit r2 = 0.976,

linear fit r2 = 0.875.
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Figure 3.2. NMDS of spider arthropod communities in Raleigh urban forests (orange labels)
and Newark urban forests (purple labels). Final stress = 0.203, nonmetric fit r2 = 0.959, linear

fitr2 = 0.767.
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Arthropod rank abundance, by order: Raleigh, NC
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Figure 3.3. Rank abundance of all captured arthropod orders in Raleigh urban forest
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y axis, with each additional abundance-ranked order.
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Arthropod rank abundance, by order: Newark, DE
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Figure 3.4. Rank abundance of all captured arthropod orders in Newark urban forest
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CHAPTER 4
Nonnative plant invasion increases urban forest structure and affects arthropod
communities

ABSTRACT

Ecological theory and empirical evidence indicate that greater structural complexity and
diversity in plant communities increases arthropod abundance and diversity. Nonnative plants are
typically associated with low arthropod abundance and diversity due to lack of evolutionary
history. However, nonnative plants increase the structural complexity of forests, as is common in
urban forests. Therefore, urban forests are perfect ecosystems to determine whether structural
complexity associated with nonnative plants will increase abundance and diversity of arthropods,
as predicted by complexity literature, or whether structural complexity associated with nonnative
plants will be depauperate of arthropods, as predicted by nonnative plant literature. We sampled
24 urban forests in two cites, Raleigh, NC and Newark, DE, to determine how nonnative plant
complexity affects arthropods, and whether arthropods in different regions respond similarly to
understory complexity and nonnative plant invasion. We quantified ground cover vegetation and
shrub layer vegetation in each forest and created structural complexity metrics to represent total,
nonnative, and native understory vegetation structural complexity. We vacuum sampled
arthropods from vegetation and quantified non-spider arthropod and spider abundance, biomass,
richness, and diversity. Our results confirm that nonnative plants increase understory vegetation
complexity in urban forests. In Raleigh and Newark, we found support for, and against, the
hypotheses that dense vegetation will increase arthropods and that nonnative vegetation will
decrease arthropods. Urban forest arthropod abundance and biomass, but not diversity, increased

with greater nonnative and native structural complexity. Arthropod richness and diversity
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decreased with greater nonnative structural complexity. Our results suggest invaded urban forests
may provide adequate food in the form of arthropod biomass to transfer energy to the next
trophic level, but likely fail to provide ecological services and functions required for healthy
urban forests. Urban land managers should survey urban forests for nonnative and native plant
communities, and prioritize nonnative plant removal when allocating vegetation maintenance

resources.

INTRODUCTION

Ecological theory and empirical evidence indicate that vegetation structural complexity
and plant diversity increase arthropod abundance and diversity (Root 1973, Andow 1991,
Carmona & Landis 1999, Thomas & Marshall 1999, Tilman 1999, Haddad et al. 2009, Borer et
al. 2012). Denser and more complexly-structured vegetation can provide more food and shelter
resources for a greater abundance of arthropods (Tilman 1999, Landis et al. 2005). Diverse plant
communities offer diverse resources to generalists and specialists and can increase arthropod
richness and diversity (Thomas and Marshall 1999, Haddad et al. 2009, O’Brien et al. 2017).
Changes in plant communities affect trophic levels differently, altering amounts of herbivore and
predator species in arthropod communities (Southwood et al. 1982, Haddad et al. 2009, Schuldt
et al. 2014, Ebeling et al. 2014, O’Brien et al. 2017). Together, changes in plant communities can
drastically alter arthropod abundance, biomass, richness, and diversity.

Nonnative plant species can increase forest structural complexity and affect plant
diversity (Hartman & McCarthy 2008, Trammell & Carreiro 2011, Dyderski & Jagodzinski
2020). Nonnative plant invasion can increase plant diversity by adding novel species to an area

(Maskell et al. 2006, Kowarik 2011), which may contribute to greater structural complexity and
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increase arthropod diversity (Borer et al. 2012, Landsman et al. 2020). Alternatively, nonnative
plant invasion can reduce plant diversity by outcompeting native species and suppressing native
species growth (Trammell et al. 2012, Tanner & Gange 2013), which can reduce food resources
and subsequently arthropod diversity (Tallamy 2004, Tallamy & Shropshire 2009, Burghardt &
Tallamy 2013, Ballard et al. 2013, Richard et al. 2018). Additionally, nonnative plant species are
geographically separated from their native arthropod community and therefore lack an
evolutionary history with arthropods native to the invaded area, which reduces arthropod
diversity (Adams et al. 2009, Kadlec et al. 2018, Narango et al. 2018). Arthropods frequently
encounter nonnative plants in human-dominated landscapes, as many nonnative plants from the
ornamental plant trade escape cultivation (Reichard & White 2001, Lehan et al. 2013) and grow
well in disturbed areas (Pickett & Cadenasso 2009, Dyderski & Jagodzinski 2019). Nonnative
plant invasions are common in urban forests which are often adjacent to managed landscapes and
frequently disturbed by human activities (Pickett et al. 2001, Malkinson et al. 2018).

Forests in urban areas are being recognized for their potential to conserve native species
and natural resources (Mcdonald et al. 2008, Kowarik 2011, Aronson et al. 2014, lves et al.
2016). Urban forests can contain diverse native biotic communities, including plants (Kihn et al.
2004, Aronson et al. 2014, lves et al. 2016, Pregitzer et al. 2019, Trammell et al. 2020),
arthropods (Croci et al. 2008, Tonietto et al. 2011, Agra Iserhard et al. 2018, de Andrade et al.
2019, Landsman et al. 2019), birds, mammals, reptiles, and amphibians (Croci et al. 2008,
Aronson et al. 2014, Nielsen et al. 2014, MacGregor-Fors et al. 2016, Lerman et al. 2021), but
are often degraded by city infrastructure expansion and development, ecosystem disturbances
like the urban heat island effect and pollution, and nonnative species invasions (McDonnell et al.

1997, Pickett et al. 2001, Mcdonald et al. 2008, Seto et al. 2012, Beninde et al. 2015, Malkinson
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et al. 2018). Nonnative plants are particularly common in urban forests (McKinney 2002, Burton
& Samuelson 2008, Aronson et al. 2015, Malkinson et al. 2018, Mitchell Chapter 1). Therefore,
urban forests are perfect ecosystems with which to address the question: will structural
complexity associated with nonnative plants increase arthropod abundance and diversity, as
predicted by plant complexity literature, or will structural complexity associated with nonnative
plants be depauperate of arthropods, as predicted by nonnative plant literature? To address this
question, we sampled plant and arthropod communities from 24 urban forests to determine how
nonnative plants affect structural complexity and plant diversity and how structural complexity
and plant diversity affect arthropod communities. Within the eastern US, we collected plant and
arthropod data from 12 forests around Raleigh, North Carolina and 12 forests around Newark,
Delaware to determine if relationships between plant and arthropod communities are consistent

in different regions with different nonnative plant communities.

METHODS
Site selection and vegetation sampling

This research was conducted in Raleigh, North Carolina (35.780°N, 78.642°W) and
Newark, Delaware (39.683°N, 75.753°W) USA as part of the FRAME (FoRests Among
Managed Ecosystems, https://sites.udel.edu/frame/) network of forests used to study urban forest
ecology. We sampled 12 urban forests in each city for a total of 24 forests. We sampled plant
communities at established sampling locations (N = 239, Trammell et al. 2020, Mitchell Chapter
1) in Newark forests in 2015 and in Raleigh forests in 2017. Plant communities with the FRAME
have been extensively described, including overstory and understory trees and understory woody

and herbaceous vegetation (Landsman et al. 2019, Trammell et al. 2020, Mitchell Chapter 1).
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Briefly, we measured understory vegetation at two scales within a 2.5-m radius (19.6-m? area)
circle surrounding sampling locations; we estimated percent cover by ground layer vegetation,
and we counted stems in the shrub layer vegetation. We also estimated percent cover by
nonnative ground vegetation, and identified dominant nonnative and native species. We
identified and categorized the stems we counted as native or nonnative, and we combined ground
cover and stem density species identifications to determine understory plant richness.
Arthropod collecting and processing

We collected arthropods at the same established locations within each forest using the
vacuum sampling method described in Mitchell Chapter 3 (Figure 4.1). Vacuum samples were
collected twice in 2019, in Raleigh between June 14-19 and July 17-19 and in Newark between
June 22-24 and July 22-25. All non-arthropod material was removed from vacuum samples
(Mitchell Chapter 3). Non-spider arthropods were identified to order and placed in a pre-weighed
1.5 ml vial (VWR® Micro Centrifuge Tubes, Cat. No. 10025-724) with 95% ethanol. If present
(N = 213), caterpillars were placed in a second pre-weighed vial with 95% ethanol. Spiders were
identified to family and placed in a third pre-weighed vial with 95% ethanol. All arthropod
samples were dried and weighed in milligrams (Mitchell Chapter 3).
Statistical analyses

All analyses were conducted in R version 4.0.5 (R Core Team, 2021). We pooled
arthropod data by sampling location and calculated abundance, biomass, richness, and Shannon
diversity index (H) for non-spider arthropods and spiders. We separated caterpillar abundance
and biomass from non-spider arthropod abundance and biomass in some analyses to determine if
a strict herbivore group responded differently than arthropods combined. We created 3 similar

structural complexity metrics to separate the effects of total, nonnative, and native structural
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complexity on arthropods. We created a total structural complexity metric first from percent total
ground cover and total stem counts. We used data from both cities combined to determine the
full data range for total ground cover and total stem counts and assigned 5 bins, labeled 1-5, to
equally span each variable’s range and represent increasing structural complexity in each
vegetation layer. Each true data value was then attributed to a bin, and we added corresponding
bin numbers representing ground cover and stem count structural complexity together to quantify
understory structural complexity for each sampling location. This method was then repeated to
create a nonnative structural complexity metric using percent nonnative ground cover and
nonnative stem counts, and a native structural complexity metric using percent native ground
cover and native stem counts. The nonnative and native complexity metrics used the same bin
ranges as the total complexity metric, to ensure they were at comparable scales for analyses.

We used linear regressions to determine how total, nonnative, and native structural
complexity affects arthropods in urban forests. We log (x + 1) transformed arthropod abundance
and biomass data but did not transform arthropod richness or diversity (Zuur et al. 2010, lves
2015). We used the glm function from the ‘stats’ package to create models for each city to
determine the effects of nonnative structural complexity, native structural complexity, and their
interaction, on the abundance, biomass, richness, and diversity of non-spider arthropods and

spiders. Forest site was included in all models as a random variable.

RESULTS
Effects of plant origin on understory structural complexity
In both cities, total structural complexity increased as nonnative understory plant richness

increased (Figure 4.2). The total structural complexity metric was positively correlated with the
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nonnative structural complexity metric. In Raleigh, total structural complexity decreased as
native understory plant richness increased, while the total structural complexity metric was
positively correlated with the native structural complexity metric. In Newark, total structural
complexity increased as native understory plant richness increased, and the total structural
complexity metric positively correlated with the native structural complexity metric.
Effects of understory structural complexity on arthropod communities

In both cities, non-spider arthropod abundance and biomass, with caterpillars removed,
increased as total structural complexity increased (Figure 4.3). In Raleigh, non-spider arthropod
richness increased as total structural complexity increased. In Newark, non-spider arthropod
richness decreased as total structural complexity increased. In both cities, spider biomass
increased as total structural complexity increased. In Newark, spider abundance increased as
total structural complexity increased. In both cities, caterpillar abundance and biomass had no
significant relationship with total structural complexity (Figure 4.4).
Effects of nonnative and native structural complexity on arthropod communities

In Raleigh, non-spider arthropod abundance increased as nonnative structural complexity
increased (Figure 4.5). Non-spider arthropod biomass increased as nonnative and native
structural complexity increased. Non-spider arthropod diversity decreased as nonnative structural
complexity increased. Spider biomass increased as nonnative and native structural complexity
increased. Spider diversity decreased as nonnative structural complexity increased. In Newark,
non-spider arthropod abundance increased as native structural complexity increased (Figure 4.6).
Non-spider arthropod biomass increased as nonnative and native structural complexity increased.
Spider biomass increased as native structural complexity increased. Spider richness and spider

diversity both decreased as nonnative structural complexity increased, and there were significant
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positive interactions between nonnative and native metrics in each model. Raleigh was the only
city in which caterpillars had a significant response to nonnative or native structural complexity;

caterpillar abundance increased as native structural complexity increased.

DISCUSSION

In urban forests, nonnative understory plant richness and nonnative structural complexity
were more highly correlated with total structural complexity than native understory plant
richness and native structural complexity. This indicates urban forest structural complexity is
composed more by nonnative plant structure than native plant structure and that plant structure
increases the amount of arthropods regardless of plant origin, suggesting nonnative plants in
urban forests can support some arthropod populations and may provide food resources for higher
trophic levels, like birds (Frank et al. 2019, Long & Frank 2020, Parsons et al. 2020). Total
structural complexity generally increased arthropod abundance, biomass, and richness, but
decreased diversity. This indicates the increase in arthropod abundance was not evenly
distributed (Gotelli 2008), suggesting only certain non-spider orders and spider families
increased in abundance as total structural complexity increased. Nonnative and native structural
complexity both increased arthropod abundance and biomass, but only nonnative structural
complexity decreased arthropod richness and diversity. This suggests that arthropod
communities on structurally complex nonnative plants are abundant but dominated by a few
common taxa, while structurally complex native plants have more abundant arthropods evenly
distributed across taxa. We found caterpillar abundance, but not biomass, increased with greater
native structural complexity in Raleigh forests. However, we found no effect of native structural

complexity on caterpillars in Newark forests. This discrepancy questions expectations that native
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plants host more abundant caterpillar communities (Tallamy & Shropshire 2009, Burghardt &
Tallamy 2013, Burghardt & Tallamy 2015). We acknowledge our arthropod collection protocol
was not designed to describe urban forest caterpillar communities specifically, but feel our
results still represent a sample of urban forest understory caterpillars.
Effects of plant origin on understory structural complexity

Responses of total structural complexity to nonnative and native understory plant
richness differed by city. Raleigh forests had more nonnative understory vegetation and Newark
forests had more native understory vegetation (Mitchell Chapter 1). The most abundant
understory species in Raleigh were primarily nonnative (Hedera helix, Ligustrum sinense,
Lonicera japonica, Microstegium vimineum, Smilax rotundifolia, Vinca sp., Vitis rotundifolia)
with vining and low-growing herbaceous structure, while Newark’s most abundant understory
species were primarily native (Clethra alnifolia, Lindera benzoin, Lonicera japonica, Rosa
multiflora, Thelypteris noveboracensis, Toxicodendron radicans, Viburnum dentatum) with a
combination of shrub and vining or low-growing herbaceous structure (Mitchell Chapter 1, Table
1.5). In rural Maryland forests the presence of a nonnative shrub (Rosa multiflora), also common
in our Newark forests, increased forest structure (Landsman & Bowman 2017).
Effects of understory structural complexity on arthropod communities

Our results showed responses of arthropods to total structural complexity were generally
positive, but specific relationships differed by city. Non-spider arthropod and spider biomass
increased with greater understory structure in Raleigh and Newark, but caterpillar biomass did
not. Greater understory structural complexity increased insect and spider abundance in rural
Maryland forests (Landsman & Bowman 2017) and arthropod occupancy in Australian urban

green spaces (Threlfall et al. 2017). Greater forest complexity was correlated with greater
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butterfly richness in Brazil (Orlandin & Carneiro 2021), reduced ant richness in Australia
(Lassau & Hochuli 2004), and reduced spider richness in rural Maryland (Landsman & Bowman
2017). From our results, non-spider arthropod diversity in Newark was the only arthropod
response metric to respond negatively to increased structural complexity. These results are
similar to a study in France that found dense shrub layer vegetation in urban forests reduced
carabid beetle diversity (Croci et al. 2008) but differ from a study in Argentina that measured
reduced arthropod diversity in low structural complexity forest vegetation (Gardner et al. 1995).
We found greater non-spider arthropod diversity in Raleigh compared to Newark, and non-spider
arthropod diversity was different between cities while spider diversity was similar among cities.
This may indicate some influence of Raleigh’s greater proportion of nonnative plant species on
non-spider arthropod diversity, as Landsman & Bowman (2017) found greater spider diversity in
areas of dense nonnative ground cover compared to structurally less complex control areas.
Effects of nonnative and native structural complexity on arthropod communities

Responses of arthropods to nonnative and native structural complexity differed by city,
but in general, structurally complex vegetation increased abundance and biomass and decreased
richness and diversity. Nonnative plant richness in rural Maryland forests reduced insect
abundance and biomass (Landsman & Bowman 2017). Plots invaded by a nonnative grass
(Microstegium vimineum), also common in our Raleigh forests, had greater invertebrate
abundance and greater spider diversity compared to uninvaded reference plots (Landsman et al.
2020). In Raleigh, insect predator abundances were similar on native trees and nonnative
congeners (Acer spp. and Quercus spp.), but predator communities on nonnative congeners
differed from those on native trees (Frank et al. 2019). In the UK, arthropod biomass was greater

on two native trees (Quercus spp.) compared to two nonnative trees in the same genus
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(Southwood et al. 2004). Native plant richness in rural Maryland increased abundance and
biomass of some insect orders (Landsman & Bowman 2017) and greater native vegetation in
Australian urban green spaces increased arthropod occupancy (Threlfall et al. 2017). Native or
drought-tolerant plants in Los Angeles County urban sites increased insect abundance, richness,
and diversity (Adams et al. 2020). In a replicated, planted field trial conducted in Newark,
arthropod abundance, biomass, and richness were greater on native plants than nonnative plants
(Ballard et al. 2013).
Conclusions and management implications

In Raleigh and Newark, we found support for, and against, the hypotheses that more
vegetation will increase arthropods and that nonnative vegetation will decrease arthropods.
Urban forest arthropod abundance and biomass increased with greater nonnative and native
structural complexity, but we found no evidence that increased structure increased arthropod
diversity, as predicted by plant complexity literature. Arthropod richness and diversity decreased
with greater nonnative structural complexity, but nonnative plants were not depauperate of
arthropods, as predicted by nonnative plant literature. This suggests urban forests invaded by
nonnative plants may still provide adequate food biomass to transfer energy to the next trophic
level, but may fail to provide ecological services and functions required for healthy urban forests.
Urban land managers could consider plant species origin when managing urban green space and
prioritize the removal of nonnative structure when allocating vegetation maintenance resources.
Here, we detail relationships between urban forest arthropods and understory vegetation
structural complexity and demonstrate that changes in arthropod diversity are not predictable

from arthropod abundance, biomass, or richness.
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FIGURES

Figure 4.1. Differences between (a) high structural complexity and (b) low structural

complexity, as found within one urban forest in Newark.
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Figure 4.2. Effects of (a) nonnative understory plant richness, (b) nonnative structural

complexity, (c) native understory plant richness, and (d) native structural complexity on total

understory structural complexity. Raleigh sites are shown in orange and Newark sites are shown

in purple, trend lines with 95% confidence intervals are significant. Data points were jittered to

reduce overlap.
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Figure 4.3. Effect of total structural complexity on non-spider arthropod and spider abundance,
biomass, richness, and diversity. Non-spider arthropod abundance and biomass does not include
caterpillars. Non-spider arthropod richness and diversity include caterpillars with adult
Lepidoptera. Raleigh sites are shown in orange and Newark sites are shown in purple, trend

lines with 95% confidence intervals are significant. Data points were jittered to reduce overlap.
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Figure 4.4. Effect of total structural complexity, nonnative structural complexity, and native
structural complexity on caterpillar abundance and biomass. Raleigh sites are shown in orange
and Newark sites are shown in purple, trend lines with 95% confidence intervals are significant.

Data points were jittered to reduce overlap.
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Figure 4.5. Effect of nonnative (orange) and native (pale orange) structural complexity metrics
on non-spider arthropod, including caterpillars, and spider abundance, biomass, richness, and
diversity in Raleigh. Trend lines with 95% confidence intervals are significant. Data points were

jittered to reduce overlap.

119



RICHNESS BIOMASS ABUNDANCE

Non-spider arthropod richness

DIVERSITY, H

Non-spider arthropod abundance, log(x+1)

Non-spider arthropod diversity

NON-SPIDER ARTHROPODS

SPIDERS

of
L}
%
7 X
g
o e
e 5 B gy
H %ok 7
e
F1
6 s
5
2
-3
)
4
Structure Metric Structure Metric
Native Native
5 Nonnative Nonnative
0 1 2 3 4 5 6 7 8 9 10 o 1 2 3 4 5 6 7 8 9 10
Structural complexity metric Structural complexity metric
6
| e
x %
>
2 Az - -
3
@
s
1 §
g 3
a
w
4 Structure Metric Structure Metric
Native Native
Nennative 21 ' Nonnative
0 1 2 3 4 s 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
Structural complexity metric Structural complexity metric
16
14
14
g 12
e — £
12 RY PRGN s et £
i e
2 ——
R 10 SR A A —
10 2
8
8 Structure Metric Structure Metric
Native Native
Nonnative Nonnative
[ 1 2 3 4 5 [ 7 8 9 10 [] 1 2 3 i 5 6 7 8 [ 10
Structural complexity metric Structural complexity metric
24
2
% & .
o
3
s
3
2
a
@
|
1 Structure Metric 1 Structure Metric
Native Native
' Nonnative Nonnative
] 1 2 3 “ 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10

Structural complexity metric

Structural complexity metric

NONNATIVE & NATIVE STRUCTURAL COMPLEXITY METRICS

120



Figure 4.6. Effect of nonnative (purple) and native (pale purple) structural complexity metrics
on non-spider arthropod, including caterpillars, and spider abundance, biomass, richness, and
diversity in Newark. Yellow star indicates a significant interaction. Trend lines with 95%

confidence intervals are significant. Data points were jittered to reduce overlap.
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