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a  b  s  t  r  a  c  t

Urban  areas  are  an  increasingly  prevalent  feature  in contemporary  landscapes  and  can  play  an  important
role in conservation.  In  urban  areas,  planting  and  maintenance  of  native  plants  is practiced  to promote
multi-trophic  native  communities;  however,  the  effect  of  an  urban  habitat  on  the  native  foodwebs  that  use
these  plants  is  poorly  understood.  Here,  we asked  (1)  whether  the  composition  and  diversity  of  specialized
herbivore  communities  on native  trees  remains  intact  in  urban  areas  as  compared  to reference  natural
areas  and  (2)  what  factors,  from  patch  to landscape,  correlated  with  variation  in composition  and  diversity
in urban  areas.  Specialized  herbivore  (gall  wasp)  communities  on  native  trees  (Quercus  lobata)  were
surveyed  in  10 paired  urban  and  natural  areas  across  the  tree’s  natural  range.  Communities  of  specialized
herbivores  remained  partially  intact  in  cities.  Species  richness  was  greater  in natural  areas;  community
composition,  however,  varied  by  region  but did  not  differ  between  urban  and  natural  areas.  Within  urban
areas,  species  richness  was  higher  when  there  was  a  greater  density  of  habitat  patches;  patch  quality
all wasp factors  also  affected  specialist  herbivore  diversity.  Overall,  our  results  indicate  that  urban  environments
are not  deterministically  removing  individual  specialist  herbivores  species.  Rather,  dispersal  limitation
and  patch  quality  drive  stochastic  losses  of herbivores  on urban  trees.  Communities  of  urban  specialist
herbivores  remain  largely  intact  and  cities  can  be suitable  habitat  for these  groups.  Simple  management
practices  in  cities  that  can  be conducted  on  the scale  of  individual  land  parcels  may  increase  diversity  of
specialist  herbivore  communities  to reference  levels.
. Introduction

Urbanized landscapes are an influential feature throughout the
orld (Grimm et al., 2008). Cities, as a result, play an increas-

ngly important role in the conservation or loss of desirable species
Miller & Hobbs, 2002; Rosenweig, 2003). In general, research
as demonstrated that urbanization leads to a loss of biodiver-

ity in multiple taxa, including birds, amphibians, arthropods and
ungi (Bainard, Klironomos, & Gordon, 2011; Hamer & Parris, 2011;

cIntyre, Rango, Fagan, & Faeth, 2001; Shochat, Lerman, Katti, &
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Lewis, 2010). Loss of habitat, reductions in habitat quality, and
fragmentation are cited as the main drivers of native species loss
and biotic homogenization (McKinney, 2008). Cities, however, also
represent an opportunity for us to actively conserve or restore
desirable species or ecological interactions (Swan, Pickett, Szlavecz,
Warren, & Willey, 2011).

One way in which people actively mitigate species loss due to
urbanization is by planting or maintaining populations of native
plants (e.g., Pavlik, 1996). We  restore native plant communities
in cities, in part, to re-create structure, resources, and ecological
processes to support native species in multi-trophic food webs.

Many factors influence native fauna, however, and even if native
plant communities are partially restored, urban landscapes still dif-
fer substantially from less altered lands, and biodiversity at higher
trophic levels may  still be lost (Bainard et al., 2011). Abundance and

dx.doi.org/10.1016/j.landurbplan.2012.08.007
http://www.sciencedirect.com/science/journal/01692046
http://www.elsevier.com/locate/landurbplan
mailto:dlherrmann@ucdavis.edu
dx.doi.org/10.1016/j.landurbplan.2012.08.007
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Fig. 1. Conceptual model of factors affecting gall wasp community composition. Gall
communities are measured at the patch level. An oak gall-specific habitat patch con-
sists of two structures: tree and groundcover (e.g., leaf litter). Gall dispersal (arrows)
occurs between structural components of the patch and among patches. A network
of  patches is nested within a landscape context—urban or natural. Species assem-
24 D.L. Herrmann et al. / Landscape a

iversity of primary consumers is one measure of the effectiveness
f native plants in restoring native food webs in cities, since they
re a critical connection between trophic levels (Dunne, Williams,

 Martinez, 2002).
The dominant view of the effect of urbanization on biodiversity

as been to describe urbanization as a series of filters on biotic com-
unities such that species with urban-exapted traits will persist

n cities while species without those traits will not (Croci, Butet, &
lergeau, 2008; McClure, 1989; Williams et al., 2009). Those species
hat can exploit urban resources or habitats reach high abun-
ances due to the lack of competition for those resources, and those
pecies that cannot utilize these novel resources are out-competed
Shochat et al., 2010). In this scheme, urban species composition
hould be deterministic based on a suite of traits that allows the
rganisms to utilize urban resources or habitats (Williams et al.,
009). In support for this framework, three properties of urban bio-
iversity have been documented in many taxa. First, native species
ichness declines, as cities lack resources or habitats that some
pecies require (McKinney, 2002). Second, community evenness
ecreases, as some species become highly dominant in cities, while
thers are out-competed (Shochat et al., 2010). And third, species
ssemblages are often more similar among cities than between a
ity and its biogeographic region (Bainard et al., 2011; McKinney,
006). The urban filter concept has been successful in predicting
iotic communities that use resources or habitats that are missing
r dramatically altered in cities. However, the concept may  be less
seful in describing food webs that arise from restored or conserved
ative plants within cities; in many cases, the plant may  provide
oth habitat and resources for native insect herbivores (Strong,
awton, & Southwood, 1984).

A compatible framework for describing urban herbivore com-
unities may  be to explicitly consider the quality and distribution

f host plants as habitat patches. Host plants represent discrete
abitat patches for specialized herbivores, as populations of these
erbivores cannot persist in the absence of their host plant (Janzen,
968; Opler, 1974). Therefore, ecological theories that were devel-
ped to explain differences in biodiversity between discrete habitat
atches may  help explain diversity patterns of urban herbivores.
pecifically, island biogeography theory and metacommunity the-
ry are commonly applied to understand and predict species
omposition in traditional ecosystems. Both theories have been
pplied to urban ecosystems (Marzluff, 2005; Swan et al., 2011).
etacommunity theory describes a network of biotic communi-

ies within discrete habitat patches that are connected via dispersal
o form a common regional species pool (Leibold et al., 2004).
n this framework, the community of herbivores on a given host
lant will be a function of the rate of colonization from other
ost plants and the ability of herbivore populations to persist on

 plant. This patch-based framework allows for a more explicit
xamination of the effects of habitat alteration, habitat fragmen-
ation and dispersal limitation in urban herbivore communities
han the urban filter framework. It makes similar predictions about
he effects of urbanization on herbivore communities as the urban
lters framework. Specifically, a reduction in herbivore species
ichness should result from decreased colonization or habitat qual-
ty. However, this framework does not explicitly rely on differences
n species traits driving their persistence in an urban environ-

ent. As such, alterations of the herbivore community will not
ecessarily be deterministic. For example, if fragmentation reduces
ispersal between patches, patches may  become less diverse but
ot have different species of herbivores, i.e., stochastic species

oss.

In this study, we ask (a) Are specialist herbivore communi-

ies in urban areas less diverse or less evenly distributed than
atural areas? (b) Is herbivore composition of urban areas deter-
inistic, i.e., are urban communities more similar to each other
blages are ultimately constrained by the regional species pool; variation in species
pools  among regions indicates potential for cities to support regionally distinct gall
communities.

than to natural areas? (c) Within a city, do aspects of patch qual-
ity or colonization potential predict herbivore diversity on a given
tree?

2. Methods

2.1. Study system

As a system for exploring urban herbivore diversity, we sur-
veyed communities of 22 species of specialist gall wasps that feed
on Quercus lobata Née trees, a white oak native to California’s
Central Valley, in 10 regionally-paired urban and natural areas in
California. A gall wasp habitat patch consists of two structures—tree
and groundcover (Fig. 1). Each patch is part of a network of patches
that exists within a landscape context—urban or natural. Together,
a paired urban and natural landscape comprises the regional pool
of gall wasp species (Fig. 1).

The oak–cynipine relationship offers an ideal system for inves-
tigating how the insect community on a tree species can change
based on habitat factors that may  differ between urban and natu-
ral areas and among trees within a city (Cornell, 1985). Q. lobata is
an important host for many specialist herbivores that form a com-
plex native food web (Pavlik, Muick, Johnson, & Popper, 1991). It
has over 20 species of specialist gall wasps (Hymenoptera: Cynip-
idae) known to parasitize (i.e., form galls on) its leaves, buds, and
stems (Russo, 2006; Weld, 1957). In this study, we  focus on 22
easily-identifiable gall wasps on Q. lobata.  Species of gall wasps are
attacked by a diverse group of predacious and parasitic insects all
of which are fed on by birds (Bailey et al., 2009; Joseph, Gentles,
& Pearse, 2011). Consequently, conservation and restoration of gall
wasps is a significant link in promoting native multi-trophic species
diversity in cities. Native gall wasps neither substantially harm oak
trees nor adversely affect human activities.

Female gall wasps oviposit in a species-specific location (e.g.,
leaf veins, buds, stems) on their host (Stone, Schönrogge, Atkinson,

Bellido, & Pujade-Villar, 2002). Gall induction begins as secretions
from the egg and larva stimulate differentiation of plant tissue
into a conspicuous and morphologically distinct gall. Cynipid lar-
vae develop inside the gall where it extracts its resources from
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ree phloem (Bailey et al., 2009; Stone et al., 2002). Each cynipid
pecies induces a morphologically distinct gall, so species level
dentification based on gall morphology is possible in most cases
Russo, 2006; Weld, 1957). Although development cycles vary by
all species, the entire community of galls occupying a tree can be
urveyed in late September through early October.

Gall wasps depend both on the resources taken from their host
nd also on other aspects of their immediate environment. The
ost common life history type of gall species, those parasitizing

eaves, must overwinter in the litter layer of the winter deciduous
. lobata.  Most remained physically attached to the leaf on which

hey developed. A few species persist on twigs and overwinter in
he tree canopy. For non-persistent galls, litter cover is thought to
reate a suitable microclimate for the pupation and emergence of
asps (Stone et al., 2002). Once emerged, gall wasps colonize either

he original tree where they developed or a nearby tree. While there
re not good estimates of average dispersal distances in gall wasps,
he wasps can form distinct demes among trees separated by a
ew hundred meters suggesting that most successful colonization
appens locally (Egan & Ott, 2007).

.2. Study design

We  surveyed 10 cities in California’s Central Valley (Fig. 2) in
eptember and October 2010. Although the term ‘city’ commonly
onnotes areas of dense development, here we apply it as a sin-
le term to describe municipalities as political entities that range
n geographic extent and human population density. Cities were
hosen to cover a large portion of the range of Q. lobata within
alifornia’s Central Valley (Fig. 2). Geographic range was from Chico

n the north (40◦N, 122◦W)  to Fresno (37◦N, 120◦W)  in the south
ith a total distance between the two cities of approximately

30 km.  City size ranged from a population of 14,660 (Oroville) to
79,918 (Fresno; U.S. Census Bureau, 2009). Each city was  paired
ith a natural area within 25 km of a city’s limits, but not closer

han 10 km.  Distances were chosen based on our expectations of
he study system as to (1) minimize the influence of an urban area
ut (2) maintain a close regional association between the paired
rban and natural areas. Natural areas ranged from nature pre-
erves to restoration sites to remnant stands of Q. lobata nested
ithin rangelands or riparian zones. Most sites were managed for
ildlife habitat, cattle grazing and/or recreational uses. The size of
atural areas varied but all were greater than 40 ha.

Within each natural area, we selected 3–5 trees haphazardly
nd surveyed the gall communities. Within each city, we used a
tratified random approach to survey 3–4 trees from each of three
round cover categories: mostly litter (i.e., similar to a natural
rea tree), managed (e.g., lawn, raked dirt), and paved (e.g., con-
rete, blacktop, compacted gravel). Based on Google Earth images
Google, Mountainview, CA, USA), we identified 6–10 areas within
ach city that appeared to fit these criteria (e.g., cemeteries, indus-
rial corridors, etc.). We  drove to each of these locations until we
ad surveyed 10–12 trees that evenly represented our groundcover
ategories. Specific trees were selected by driving throughout cities
nd surveying the first trees encountered within each category.
rees within 100 m of an already-surveyed tree were excluded from
he study. Trees were sampled in, for example, empty lots, railroad
orridors, riparian zones, parks, cemeteries, municipal building
awns, college campuses, parking lots, and public right-of-ways.
urveys were carried out by two observers (I.S.P. and D.L.H.) simul-
aneously. Observers performed 30 s dedicated counts for each of
2 gall species that we anticipated to be the most common. This

as followed by a 2 min  survey for any additional species not

ncluded in the initial species dedicated counts. Additional 30 s ded-
cated counts were performed for each further species encountered.
pecies were identified based on gall morphology according to
an Planning 108 (2012) 123– 130 125

Russo (2006); one species in which only one specimen was  encoun-
tered could not be positively identified. See Appendix A for a list of
species encountered as well as their life history form, number of
occurrences (=trees), and mean number of individuals per occur-
rence. Gall abundance was  recorded as the sum of both observers’
counts. Species encountered only outside of their dedicated count
time were recorded as an abundance of 1 to indicate presence. A
high degree of similarity between observer counts suggests the gall
community of individual trees was  well represented by this method
(the correlation between the two  counts ranged from 0.67 to 0.94
for the 7 most abundant species). A total of 137 trees were surveyed
across all cities and natural areas.

Habitat factors associated with multiple scales were quantified
as determinants of the gall community. Four factors describing each
tree-litter patch were quantified; (1) percent litter cover (6 classes
determined by visual estimate: 0–2, 3–5, 6–15, 16–25, 26–50,
51–100%); (2) use of irrigation (yes or no); (3) groundcover com-
plexity (number of groundcover types; possible types = litter, lawn,
paved, dirt, shrub); and (4) DBH (diameter at breast height; indi-
cating the size of the tree). As a landscape factor, we quantified the
number of Q. lobata trees within 100 m of the surveyed tree. At the
coarsest scale, we  quantified the regional species pool as all species
present in a paired urban and natural area.

2.3. Statistical analyses

Gall community characteristics (total gall abundance, species
richness, evenness, and Shannon diversity) were estimated for each
tree using standard formulas (Oksanen et al., 2010). For compar-
isons of gall community characteristics between paired natural
and urban areas and between cities, each community character-
istic was  averaged for all trees within each city or natural area.
Gall community characteristic data conformed to ANOVA assump-
tions. We  used MANOVA (calculating Wilk’s lambda), followed by
protected mixed model ANOVAs for each community characteris-
tic to assess differences in each of the 4 community characteristics
between urban areas and their paired natural area (2 levels) with
region as a random factor. We  further assessed whether differences
between regions represented a latitudinal gradient in gall abun-
dance or diversity by regressing gall community characteristics
against latitude and urbanization.

We assessed differences in gall community composition using
Canonical Correspondence Analysis (CCA). With tree as the level
of replication, we  assessed the importance of constraining fac-
tors at all scales (region, urbanization, percent litter cover, use
of irrigation, groundcover complexity, and neighboring oaks) as
determinants of gall community composition. The probability
of the association between these factors and gall community
composition was assessed using a standard permutation test
(permutations = 10,000; Oksanen et al., 2010). In order to avoid
over-parameterization, we  performed a forward stepwise model-
building process, where factors with a permuted P-value greater
than 0.1 were removed from the final model.

We then constrained our analysis to trees within urban areas
in order to assess the relative importance of drivers of gall diver-
sity within urban areas. We  used permutation tests carried out in
R package lmPerm (Wheeler, 2010) on the four gall community
characteristics using tree as the level of replication (n = 98). With
this framework, we assessed the relative importance of patch fac-
tors: percent litter cover (numeric), use of irrigation (categorical),
groundcover complexity (numeric); landscape factor: neighbor-
ing oaks (numeric); and regional factor: city (categorical). Based

on an a priori assessment of these factors, we included 2 biologi-
cally meaningful interaction terms in the model: DBH×neighboring
oaks—colonization of a tree by gall wasps may  be more impor-
tant for small trees than large trees—and neighboring oaks×litter
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ig. 2. Gall communities on Q. lobata trees were sampled across a large latitudin
urveyed at a nearby natural area. A paired urban and natural areas (N = 10) represe

lass—trees with nearby conspecifics may  be colonized each year
rom either their own litter or their neighbors’ litter, whereas trees
ith distant conspecifics will be colonized only from wasps in their

wn litter.
All statistical analyses were performed using R version 2.11.1.

. Results

.1. Diversity and abundance measures between urban and
atural areas

Gall communities of Q. lobata trees were surveyed in 10 regions
paired urban and natural areas) in California’s Central Valley
Fig. 2). Four characteristics of gall communities were calculated
or each tree: total abundance, species richness, evenness, and
hannon diversity. These measures were then averaged for each
ite (city or paired natural area). Gall community characteris-
ics did not vary significantly between regions (MANOVA; Wilk’s
ambda = 0.01, P = 0.13), but significant differences existed between
aired urban and natural areas (MANOVA; Wilk’s lambda = 0.10,

 = 0.004). Protected ANOVAs with region as a random factor tested
or differences between urban and natural areas for each com-
unity characteristic. Total abundance of galls per tree did not
ary between urban and natural areas (df = 1,9; F = 0.63; P = 0.44;
ig. 3). Species richness was significantly higher in natural areas
han in urban areas (df = 1,9; F = 38.63, P < 0.001; Fig. 3). Gall
ent in California’s Central Valley. Each urban area sampled was paired with trees
region.

community evenness did not differ between natural and urban
areas (df = 1,9; F = 3.45, P = 0.10; Fig. 3). Shannon diversity—a com-
posite measure that combines species richness and evenness—of
gall communities was significantly higher in natural areas than
urban areas (df = 1,9; F = 19.8, P = 0.002; Fig. 3). We  found a latitudi-
nal gradient in gall abundance, where more southern regions had a
higher abundance of gall wasps (df = 1,17; F = 7.72; P = 0.013). Gall
species richness, however, showed no sign of a latitudinal gradient
(df = 1,17; F = 0.12; P = 0.73).

3.2. Community composition between urban and natural areas

Using region and urban/natural area as constraining axes in
a canonical correspondence analysis, we found that community
composition of galls on valley oaks in natural areas differed only
marginally from those in urban areas (permutation test; P = 0.063;
Fig. 4). Gall community composition varied significantly between
regions (permutation test; P = 0.005; Fig. 4). Using latitude to
describe regions, gall community composition varied significantly
along a latitudinal gradient (permutation test; P = 0.005).

3.3. Urban drivers of gall diversity and abundance
Gall communities in urban versus natural areas experience dif-
ferent patch-based features (e.g., groundcover, irrigation) as well
as landscape features (e.g., density of trees). In natural areas,
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Fig. 3. Metrics of gall communities (abundance, species richness, evenness, and Shannon diversity) on valley oak trees in 10 paired urban and natural areas in California’s
Central Valley. Gall communities metrics were calculated for multiple trees at each site 

community metric. Asterisks (*) indicate significant differences at a P-value ≤ 0.05. In the b
city  and natural area.

Fig. 4. A canonical correspondence (CCA) ordination showing the first two  axes
describing gall community composition. Points on the ordination plot represent
centroids—averages for each grouping—for gall communities of all individual trees
in  each urban (circled) and natural (non-circled) site. The 10 different regional areas
surveyed are labeled with letters, which correspond to the city within that region
(c  = Chico, d = Davis, e = Elk Grove, f = Fresno, g = Galt, m = Modesto, o = Oroville,
r  = Merced, w = Woodland, y = Yuba City). Gall communities from urban areas do
n
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ot tend to group separately from gall communities in natural areas in this plot.
nstead, many gall communities of urban and natural areas from the same region
re  associated with one another.

roundcover was never altered by humans, and trees were never
rrigated, whereas in urban areas there was variation in these prac-
ices. Additionally, tree density (number of neighboring Q. lobata

rees) was significantly higher in natural areas than in urban areas
mean natural = 32.4, mean urban = 8.8, ANOVA, P < 0.0001). Within
rban areas, we asked which patch, landscape, and regional factors

nfluenced gall diversity and abundance (Table 1). We  found that,
and then averaged by site. In the top panel, bars show the mean ± SE of each gall
ottom panel, lines connect the value of each gall community metric for each paired

when restricting our analysis to only urban areas, gall abundance
only varied at the regional level (i.e., from city to city; Table 1)
and was  not predicted by any local or patch factors that we  mea-
sured. Species richness of galls was higher on larger trees with more
neighboring oaks and on trees with more litter in their understory
(Table 1). The gall community had higher evenness on trees that
were irrigated and had an intact litter layer (Table 1). Shannon
diversity was  higher on large trees and on trees that were irrigated
or had an intact litter layer (Table 1). Groundcover complexity, the
interaction between DBH and neighboring oaks (a measure of col-
onization potential), and the interaction between litter layer and
neighboring oaks (a measure of self-colonization potential) were
never significant predictors of gall community attributes (Table 1).

4. Discussion

Urban areas had a negative effect on the diversity of special-
ist herbivores—gall wasps—but the species lost were not the same
across cities or even across trees within a city. Specifically, species
richness and Shannon diversity of gall communities were consis-
tently lower in urban areas compared to natural areas (Fig. 3).
Conversely, the community composition of herbivores differed sig-
nificantly by region (Fig. 4), and there were no differences among
regions for species richness or evenness (Fig. 3). Within urban areas,
multiple factors at regional, landscape, and patch scales affected
gall abundance, richness, evenness, and Shannon diversity on indi-
vidual trees (Table 1).

Our results indicate the effect of urban areas on specialist herbi-
vores is not as a deterministic filter, which would selectively
remove species unsuited to the urban environment. We  suggest
that landscape- and patch-level processes reduce herbivore diver-
sity stochastically-random losses of species rather than the loss of
particular species. Two results, in particular, support this conclu-

sion. First, species composition of specialist herbivores in a city was
more reflective of regional species composition as opposed to the
alternative outcome where particular herbivore species would be
associated with urban areas irrespective of region (Fig. 4). Second,



128 D.L. Herrmann et al. / Landscape and Urban Planning 108 (2012) 123– 130

Table 1
Results of an ANOVA-like permutation test of six factors and two interactions thereof on gall abundance, species richness, species evenness, and Shannon diversity using only
trees  within urban areas. Parameter estimates were made using a linear model and should be viewed as rough estimates in order to illustrate the direction of relationships
between variables (i.e., positive or negative).

Source df Abundance Richness Evenness Shannon Diversity

P Estimate P  Estimate P Estimate P Estimate

City 9 0.001 0.392 0.012 0.021
DBH 1  0.882 0.255 0.032 0.019 0.344 0.001 0.022 0.002
Neighboring oaks 1 0.706 1.290 0.019 0.077 0.562 0.004 0.121 0.014
Litter  class 1 0.245 5.818 0.006 0.268 0.009 0.043 0.001 0.086
Irrigation 1 0.941 4.140 0.256 0.438 0.002 0.131 0.007 0.239
Groundcover complexity 1 0.863 −3.190 0.980 0.022 0.347 0.027 0.079 0.074
Neighboring oaks × DBH 1 0.143 −0.047 0.129 −0.001 0.803 0.000 0.863 0.000

0.999
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Neighboring oaks × Litter class 1 0.765 0.366 

olded numbers indicate significant differences with P-values ≤ 0.05.

ommunity evenness of specialist herbivores did not significantly
ecrease from natural to urban areas (Fig. 3). The urban filters
oncept implies that a few specific species will thrive in cities;
s a result, the evenness of urban communities should be lower
han communities in natural areas (McKinney, 2006). These gen-
ral expectations do not sufficiently explain community responses
f specialist herbivores to urbanization. A more mechanistic under-
tanding is necessary and likely involves how landscape- and
atch-level structure and processes reduce specialist herbivore
iversity on trees in urban areas.

The stochastic loss of species on urban trees suggests that spatial
rocesses may  be an important driver of urban specialist herbivore
ommunities. Spatial processes have been demonstrated as impor-
ant in a non-urban oak–gall system where proximity of host plants
o each other was positively correlated with gall richness (Tack,
vaskainen, Pulkkinen, & Roslin, 2010). Island biogeography and
etacommunity theories predict random extinctions of popula-

ions from habitat patches, where the number of species occupying
 habitat patch will be a function of colonization and extinction
ates of that patch (Leibold et al., 2004; MacArthur & Wilson, 1967).
heoretically, colonization rates are controlled by the distance to
nd number of neighboring patches with source populations. In
ur study, the number of neighboring oaks—a measure of neigh-
oring habitat patches—strongly and positively predicted richness
nd diversity of specialist herbivores (Table 1). Overall, urban areas
ad lower densities of native oak trees than natural areas, sug-
esting that oak abundance may  be a general driver of herbivore
iversity differences between urban and natural areas. Addition-
lly, island biogeography and metacommunity theory predict a
reater local extinction rate on smaller or poorer quality patches
han in large, high quality patches (Leibold et al., 2004; MacArthur &

ilson, 1967). Oak DBH—an estimate of patch size—was positively
orrelated with herbivore richness (Table 1).

Several patch factors chosen for their expected importance to
pecialized herbivores were significantly associated with differ-
nces in the diversity of specialist herbivores in urban areas. In
ur system, patch quality for herbivore species that parasitize Q.

obata is likely determined by multiple factors, including resources
vailable to the tree, predation or parasite pressure on the herbi-
ore community, and the capacity for the groundcover to retain
nd protect overwintering herbivores (Stone et al., 2002). Use of
rrigation within the dripline of a tree was positively related to
erbivore evenness and Shannon diversity (Table 1). Many her-
ivorous insects, in particular many plant-galling species, feed
referentially on fast-growing plant tissues relative to stressed or
esource-limited plant tissue (Price, 1991; Price & Clancy, 1986;

osenthal & Koehler, 1971), and stressed, resource-limited plants
ften accrue smaller and less diverse herbivore communities than
nstressed plants (Trotter, Cobb, & Whitman, 2008). We  suggest
hat irrigation of urban trees reflects resource availability for the
 −0.001 0.686 −0.001 0.128 −0.002

herbivores, as Q. lobata naturally occurs in greater abundance in
riparian areas and is often water-limited (Hickman, 1996). More-
over, many urban trees sampled were not along riparian corridors
and could be subjected to dry soils, which reduce tree growth.
Alternatively, irrigation in our study may  simply correlate with the
presence of managed lawns, which have a persistent thatch layer
that may  offer overwintering protection similar to leaf litter cover.
We also found that leaf litter cover significantly and positively cor-
related with gall species richness (Table 1). Litter cover is known
to improve the survival of overwintering arthropods (see McIntyre,
2000), and is likely of particular importance to herbivores of decidu-
ous trees, which must recolonize leaves of a tree each year (Fig. 1).
Overall, factors that determine patch quality for specialist herbi-
vores, particularly related to tree vitality and groundcover, appear
to play a significant role in maintaining the diversity of specialist
herbivores in urban areas.

For many taxa including birds, bees, butterflies, spiders, and
plants, urban areas act as an environmental filter deterministi-
cally changing species composition and reducing species richness
and evenness (Lizée, Mauffrey, Tatoni, & Deschamps-Cottin, 2011;
McIntyre, 2000; Williams et al., 2009). But they do not selectively
filter out highly specialized herbivores such as gall wasps (Fig. 4).
What makes these herbivores different? We suggest that the degree
of resource specialization in gall wasps and the scale at which niche
differentiation between gall wasp species occurs allows for intact
gall communities in urban areas compared to urban communities
of other organisms—even other, less specialized herbivores such as
many butterflies. One major avenue for species loss in urbanized
regions is loss and simplification of habitat; fewer species result
because less habitat supports fewer individuals and decreased
habitat diversity excludes species whose niche requirements are
not met  (Marzluff, 2005). Additionally, species that do especially
well in the urban environment competitively exclude many native
species and thereby lead to uneven species abundances (Shochat
et al., 2010). These factors, however, are likely not affecting the most
specialized herbivore communities appreciably for two reasons.
First, monophagous herbivores feed on a single plant-resource,
such that the niche requirements of multiple gall wasp species are
met  by the presence of a single tree. In contrast, the maintenance of
bird diversity in cities requires the management of multiple habi-
tat types and landscape configurations of these habitats (Marzluff
& Ewing, 2008). Second, bottom-up controls such as changes in
species interactions through shifting resource base (e.g., greater
and more consistent food availability) have led to unevenness in
species abundance in urban environments (Shochat et al., 2010).
For example, urban bee diversity is negatively affected by competi-

tion from dominant bee species (McFrederick & LeBuhn, 2006) and
bee community species abundances shift to greater cavity-nesters
over floral specialists as resource availability changes (Hernandez,
Frankie, & Thorp, 2009). However, the resource base for specialist
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erbivores is largely unchanged in cities. For example, in the cur-
ent system, gall wasps will only feed on Californian white oaks,
nd other species adapted to exploit urban environments cannot
ccupy oak gall niches (i.e., cannot form galls on Q. lobata).

.1. Conservation and management applications

Our findings can be used to inform conservation possibilities and
trategies for native plants and the herbivore communities they
upport. Interestingly, conservation of native herbivore commu-
ities is already occurring through the planting and promotion of
ative oak trees in urban areas. One reason for this success is that
he spatial scale necessary to manage many specialist herbivore
opulations such as gall wasps is the individual habitat patch (i.e.,
ree and litter, or group of trees). In contrast, management of many
pecies of conservation interest requires a spatial scale greater
han existing management units (Goddard, Dougill, & Benton,
009; Wiens, 2009). The scale for oak herbivore management
atches existing management units—the socio-political urban land

arcel—and may  be much more easily accomplished than urban
estoration for species with broader habitat requirements.

Simple management practices may  increase the diversity of spe-
ialist herbivores on urban trees. First, patches can be managed
o promote tree vigor and provide suitable groundcover for over-
intering larvae. The latter should include leaving leaf litter in

he patch, as many herbivore species remain physically attached
o dead leaves. Promoting tree vigor is more complex, and fur-
her research is needed to assess its role in urban plant–herbivore
elationships. However, compacted soils, impervious surfaces, and
iverted overland flows, all common in an urban environment, can
esult in drier soils than found in natural systems (Craul, 1992).
onsequently, irrigation may  be a beneficial practice where nat-

ral hydrological flows have been altered. At the landscape or
city” scale, patch management must be combined with adding
ative trees throughout the city. From our results, promoting the

Scientific name Common name 

Andricus kingi Red cone gall wasp 

Neuroterus saltatorius California jumping gall wasp 

Andricus quercuscalifornicus California oak apple gall wasp 

Disholcaspis eldoradensis Flat-topped honeydew gall wasp 

Andricus fullawayi Yellow wig  gall wasp 

Andricus confertus Convoluted gall wasp 

Xanthoteras clavuloides Club gall wasp 

Antron  douglasii Spined turban gall wasp 

Andricus wiltzae Rosette gall wasp 

Besbicus conspicuus Round gall wasp 

Andricus parmula Disc gall wasp 

Disholcaspis washingtonensis Fuzzy gall wasp 

Neuroterus fragilis Succulent gall wasp 

Andricus chrysolepidicola Irregular spindle gall wasp 

Andricus foliatus Leafy bud gall wasp 

Undescribed (Russo, 2006) Leaf gall wasp 

Andricus crystallinus Crystalline gall wasp 

Andricus brunneus Clustered gall wasp 

Unknown 1 

Liodora  pattersonae Plate gall wasp 

Antron  quercusechinus Urchin gall wasp 

Besbicus multipunctatus Gray midrib gall wasp 
an Planning 108 (2012) 123– 130 129

diversity of specialist herbivores at the local scale may  require
increasing the density of native trees to increase population sizes
and facilitate dispersal. Future work should analyze tree and her-
bivore population genetics as maintenance of genetic diversity
is likely important in conserving plant–herbivore systems; loss
of genetic diversity and use of genotypes lacking local adapta-
tion in plantings may  have ramifications for higher trophic levels
(Whitham et al., 2006). Finally, the practice of planting contiguous
stands of a single native tree throughout a city may  be benefi-
cial for galling wasps; although, homogenizing resource availability
by planting this single species may  also have negative effects on
other taxa (e.g., Marzluff & Ewing, 2008). By encouraging native oak
plantings, institutions such as city governments, non-profit orga-
nizations, and horticulture businesses can promote not only native
trees, but also the specialized food-webs that arise from them.
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Appendix A.

List of species encountered and their abundances from a sam-
ple of 137 Q. lobata trees in 10 California cities and paired natural
areas. Scientific and common names follow Russo (2006).  Life his-
tory form indicates the location of the gall wasp on Q. lobata.  Also
shown is the percentage of trees on which at least one individual
of a species was found (% trees present). The mean number of indi-
viduals per tree (No. per tree) includes only the trees on which the
species was  present.

Life history form % Trees present No. per tree

Leaf 93.4 87.7
Leaf 88.3 31.1
Stem 84.7 52.7
Stem 79.6 21.7
Leaf 73 3.2
Leaf 55.5 4.5
Leaf 46.7 2.2
Leaf 45.3 13.9
Bud 18.2 3.6
Stem 16.8 2.2
Leaf 16.1 8.6
Stem 5.1 7.3
Leaf 3.6 14.2
Stem 2.2 2.3
Bud 1.5 1
Leaf 1.5 1
Leaf 1.5 1.5

Leaf 0.7 2.2

0.7 1
Leaf 0.7 1
Leaf 0.7 1
Leaf 0.7 1
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