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Abstract. Neighboring plants can affect the likelihood that a focal plant is attacked by
herbivores. Both the density of conspeciﬁc neighbors (resource concentration or dilution
effects) and the relative density of heterospeciﬁc neighbors (associational effects or effects of
neighbor frequency) within the local neighborhood can affect herbivore load and plant
damage. Understanding how these neighborhood effects inﬂuence processes such as plant
competition or natural selection on plant resistance traits will require knowing how both plant
density and frequency affect damage, but previous studies have generally confounded density
and frequency effects. In this study, we independently manipulated the absolute density and
frequency (i.e., relative density) of two plant species (Solanum carolinense and Solidago
altissima) to characterize neighborhood composition effects on S. carolinense damage by
herbivores, providing the ﬁrst picture of how both density and frequency of neighbors
inﬂuence damage in a single system. We found both a positive effect of S. carolinense density
on S. carolinense damage (a resource concentration effect) and a nonlinear effect of S.
altissima frequency on S. carolinense damage (associational susceptibility). If these types of
patterns are common in nature, future studies seeking to understand neighborhood effects on
damage need to incorporate both density and frequency effects and capture any nonlinear
effects by selecting a range of values rather than focusing on only a pair of densities or
frequencies. This type of data on neighborhood effects will allow us to understand the
contribution of neighborhood effects to population-level processes such as competition, the
evolution of plant resistance to herbivores, and yield gains in agricultural crop mixtures.
Key words: associational effects; associational resistance; associational susceptibility; dilution effects;
old-ﬁeld; resource concentration effects; Solanum carolinense; Solidago altissima.

INTRODUCTION
Simple and commonly used models of plant population dynamics and natural selection on plant resistance
assume all individuals experience identical local neighborhoods (e.g., Harper 1977). In nature, however, plants
are heterogeneously distributed and the conditions of
the biotic neighborhood around an individual plant can
affect its growth, reproduction, and survival (Waller
1981, Silander and Pacala 1985). One way local
neighborhoods can inﬂuence plant performance is by
changing the likelihood of herbivore attack. For
example, the density of conspeciﬁc neighbors can
increase or decrease the likelihood of damage through
changes in herbivore load and feeding behavior; these
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are referred to as resource concentration effects (Root
1973) or dilution effects (Otway et al. 2005), respectively. Likewise, the relative density (or frequency) of
neighboring heterospeciﬁc plants can reduce the likelihood or amount of damage (associational resistance;
Tahvanainen and Root 1972) or increase it (associational susceptibility; Letourneau 1995). The same kinds
of effects could occur within plant species when the local
density and frequency of different plant genotypes
inﬂuence herbivore attack. Although a large literature
tests for the existence of these neighborhood effects
(Andow 1991, Agrawal et al. 2006; reviewed in Barbosa
et al. 2009), examines potential mechanisms (e.g.,
predator attraction, host-plant apparency), and discusses the application of associational effects to agroecosystems (e.g., diversiﬁed planting, trap-cropping),
the long-term consequences of neighborhood effects for
population and community level processes in plant–
herbivore interactions are still poorly understood
(Barbosa et al. 2009, Underwood et al. 2014). This is
in part because we lack the empirical data necessary to
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parameterize models that could determine how neighborhood effects inﬂuence these longer-term processes.
To determine how neighborhood effects on damage
inﬂuence population and community level processes, we
need to know how damage changes with both the
density and frequency of neighboring plants. Models of
population-level processes such as plant competition
suggest that both density and frequency inﬂuence
outcomes and thus need to be accounted for. For
example, theory on apparent competition suggests that
density and frequency dependent herbivore attack
should contribute to the coexistence of competitors
(Holt and Kotler 1987). The ﬁrst step toward understanding the long-term consequences of neighborhood
effects is thus to determine whether damage is indeed
inﬂuenced differently by plant density and frequency. If
so, we should include both these effects in models to see
whether neighborhood effects on damage inﬂuence
processes such as plant competition or natural selection
on plant resistance. Theory suggests that conspeciﬁc
plant density and heterospeciﬁc frequency should
inﬂuence damage differently because herbivores rely on
different cues at different spatial scales to detect and
select host plants (Hambäck et al. 2014). Host choice
involves several hierarchical processes that include
detecting patches of host plants within a matrix of
non-host plants (between-patch processes) and choosing
host plants within a patch (within-patch processes) and
different herbivore species may vary in their responses to
host plant cues (Hambäck and Englund 2005). Thus
neighbor effects on damage should vary depending on
herbivore and plant traits, and with spatial scale (SaintGermain et al. 2004, Bergvall et al. 2006, Hambäck et al.
2014), but no study has yet characterized the form of
both conspeciﬁc density and neighbor frequency effects
on damage in the same system.
To provide a full picture of how plant neighborhood
inﬂuences damage, experimental studies need to manipulate independently both density and frequency components of the neighborhood. While previous experimental
studies tell us that the presence or absence of neighbors
is important, in most cases these studies confound
different neighborhood components (e.g., plant density
and frequency in substitutive designs [Letourneau 1995,
Orians and Bjorkman 2009]; total density and frequency
in additive designs [Rand 1999, Hambäck et al. 2000]).
Observational studies that measure neighbor densities or
distance to neighbors and correlate these features with
damage patterns (e.g., Sholes 2008) have the same
problem. In theory, experiments with the same plant and
insect species could even show either associational
susceptibility or associational resistance, depending on
whether a substitutive or additive design is used (Hambäck et al. 2014); this can occur when both density and
frequency dependent effects are present and one or both
are nonlinear. These confounding issues can be over-
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come with a response surface experimental design
(Inouye 2001) that independently varies the density
and frequency of plants across a broad range. This
design provides a full picture of neighborhood effects on
damage, including both conspeciﬁc density effects
(resource concentration or dilution effects) and heterospeciﬁc frequency effects (associational effects).
While theory suggests that both conspeciﬁc plant
density and heterospeciﬁc frequency can inﬂuence
herbivore damage and that these effects can be nonlinear
(Hambäck et al. 2014), to our knowledge no previous
study has empirically described both resource concentration and associational effects. In this study, we used a
response surface experimental design to examine how
the density of a focal plant species (Solanum carolinense)
and the frequency of a neighboring plant species
(Solidago altissima) affect insect herbivore damage to
the focal plant species. This full characterization of
neighborhood effects on herbivore damage allowed us to
determine whether resource concentration, dilution, and
associational effects are occurring simultaneously,
whether they differ in magnitude, and whether their
forms are linear or nonlinear. Answers to these
questions will help us understand how neighborhood
effects on damage can be integrated into our understanding of population level processes such as plant
competition and the evolution of traits conferring
resistance to herbivores.
METHODS
Study system
This study took place in an old ﬁeld in north Florida
in 2007 (Mission Road Research Facility, Florida State
University, Tallahassee, Florida, USA). Our focal plant
species was Solanum carolinense (Carolina horsenettle)
and its neighboring plant species was Solidago altissima
(Tall goldenrod). Solanum carolinense (Solanaceae) and
S. altissima (Asteraceae) are perennial herbaceous plants
native to the eastern United States (Werner et al. 1980,
Bassett and Munro 1986). Both species reproduce
sexually and asexually, and co-occur in disturbed areas
such as early successional fallow agricultural ﬁelds and
roadsides. Both plant species support a diversity of
insect herbivores including leaf chewers, phloem feeders,
gall makers, and leaf miners. In Florida, the primary
herbivores on S. carolinense are specialist leaf-chewing
insects such as the false potato beetle, Leptinotarsa
juncta (see Plate 1); tobacco hornworm, Manduca sexta;
and eggplant ﬂea beetle, Epitrix fuscula. For S. altissima,
some of the common herbivores in Florida include sap
suckers (e.g., red goldenrod aphids, Uroleucon sp.;
spittle bugs, Clastoptera sp.) and specialized internal
feeders (e.g., gall making midges, Eurosta solidaginis and
Rhopalomyia solidaginis). In addition to specialist
herbivores, both S. carolinense and S. altissima are fed
upon by generalist insects including beet army worm
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(Spodoptera exigua), cabbage looper (Trichoplusia ni ),
and grasshoppers (Melanoplus, Aptenopedes, and Schistocerca species). In north Florida, S. carolinense
generally receives a greater amount of damage compared to S. altissima (Kim et al. 2013).
Experimental design
We examined how ‘‘neighborhood composition’’ (i.e.,
S. carolinense density and the frequency of S. altissima)
inﬂuenced S. carolinense leaf damage using a response
surface experimental design. In April–May, plants were
clonally propagated from greenhouse-grown root cuttings (1.3–1.7 g), kept in the greenhouse for six weeks
(12–17 cm in height), and then transplanted into 1-m2
ﬁeld quadrats in June. Preliminary analyses were
conducted at three spatial scales, taking into account
the density and frequency of neighbors within neighborhoods around S. carolinense of varying sizes (25 cm
radius circles around an individual S. carolinense, 1 m
radius circles, and 4 m radius circles). Results suggest
that neighborhoods at 1 m best explained variation in
damage (Appendix A). We established four total
densities of plants (1, 6, 12, 18 individuals per 1-m2
quadrat) with varying combinations of S. carolinense
and S. altissima (13 density combinations or neighborhood types in total, Fig. 1). Densities of S. carolinense
and S. altissima spanned the range of naturally
occurring densities in surrounding areas, and each
neighborhood type was replicated three times (39 1-m2
quadrats in total). Quadrats were separated by 1.5 m of
weed mat and arranged into three spatial blocks
separated by 12–30 m. A detailed description of the
plant propagation protocol and experimental design can
be found in Kim et al. (2013).
At the end of the growing season and before leaf
senescence (September), leaf damage (measured as
percent leaf area removed) was assessed on all S.
carolinense leaves and averaged per individual. The
presence and absence of damage by leaf miners and
aphids were also recorded. The effects of total plant
density, S. carolinense density, and frequency of S.
altissima (proportion of S. altissima in the quadrat) on
S. carolinense damage were analyzed using a generalized
linear model in R 2.12 (R Development Core Team
2010). Signiﬁcant effects of S. carolinense density would
indicate resource concentration or dilution effects, while
effects of S. altissima frequency would indicate associational resistance or susceptibility. The unit of analysis
was each density combination (i.e., quadrat), therefore
S. carolinense damage was averaged across all S.
carolinense individuals within each quadrat. We suspected a nonlinear relationship between S. carolinense
damage and the frequency of S. altissima so both linear
and quadratic terms were included as predictor variables. Because the spatial location of the quadrats could
inﬂuence damage, spatial block was also included as a

FIG. 1. Thirteen density combinations of Solanum carolinense and Solidago altissima (response surface experimental
design). Each point represents the composition of S. carolinense
and S. altissima within each 1-m2 quadrat (i.e., neighborhood).
Each neighborhood type was replicated three times. Note that
at any ﬁxed density of plants within each 1-m2 quadrat (except
neighborhoods with only one S. carolinense individual), the
frequency (or relative density) of S. carolinense and S. altissima
changes as you fan diagonally across the surface.

ﬁxed main effect in the model (due to having only three
blocks) along with block interactions with S. carolinense
density and S. altissima frequency. We performed
stepwise model selection using the Akaike information
criterion (AIC); models with lower AIC values (DAIC .
2) are considered better ﬁt models (Burnham and
Anderson 2002). Total density and all interactions were
dropped during the stepwise process (DAIC from full
model ¼ 22.19). Spatial block was later dropped from
the model because models with block effects were similar
in ﬁt to models without block effects (DAIC from ﬁnal
model with block ¼ 1.75); dropping block did not
change relationships or patterns of signiﬁcance for other
variables. We visualized neighborhood effects on damage ﬁrst by constructing the full response surface that
includes both density and frequency effects, and second,
by plotting density and frequency effects separately (as
in most previous studies).
RESULTS
Leaf damage to S. carolinense was extensive (mean
leaf tissue damage ¼ 27%; range, 3.3–62.2%) and was
largely due to external leaf-chewing insects, with
minimal damage by aphids and leaf miners (,1% of S.
carolinense individuals). On the other hand, damage to
S. altissima was low (mean leaf tissue damage ¼ 10.2%;
range 2.6–22.4%). In the presence of neighbors (regardless of the total density and identity of neighbors), S.
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both resource concentration effects and associational
susceptibility. Both density and frequency effects increased damage to S. carolinense, but the forms of these
functions differed; density effects were linear whereas
frequency effects were nonlinear. If this type of pattern
is common in nature, studies seeking to understand
neighborhood effects on damage need to incorporate
both density and frequency effects. The fact that we
found nonlinear neighbor effects suggests that future
studies need to measure density and frequency effects
across a range of values rather than focusing on only a
pair of densities or frequencies.
The density of S. carolinense and S. altissima
frequency had different relationships with damage

FIG. 2. Fitted surface for neighborhood effects on insect
damage to Solanum carolinense. There are signiﬁcant effects of
S. carolinense density (resource concentration effects) and S.
altissima density (associational susceptibility) to S. carolinense
damage. Plant densities are in number of individuals/m2.
Damage is percentage of leaf area removed by herbivores.

carolinense individuals suffered higher damage (mean ¼
28.5%) than S. carolinense individuals growing alone
(mean ¼ 15.35%, t ¼ 4.08, df ¼ 10, P ¼ 0.001).
Neighboring plants thus increased S. carolinense damage, but the magnitude and form of this susceptibility
depended on neighborhood composition (Fig. 2). There
was a positive linear relationship between the density of
S. carolinense and damage (F1,35 ¼ 6.649, P ¼ 0.014,
DAIC from full model ¼ 22.19, Fig. 3a), indicating a
resource concentration effect. At the same time, there
was also a nonlinear (unimodal) relationship between
the frequency of S. altissima and S. carolinense damage
(signiﬁcant quadratic effect of Solidago frequency, F2,35
¼ 5.496, P ¼ 0.008, DAIC from full model with no
quadratic terms ¼ 5.24, Fig. 3b), indicating associational
susceptibility. As the frequency of S. altissima increased,
S. carolinense damage increased, reaching peak damage
levels when neighborhoods were approximately 40%
occupied by S. altissima and then declining with further
increases in S. altissima frequency. There was no
interaction between density and frequency. We conducted the same analysis with S. altissima as the focal plant
and there were signiﬁcant conspeciﬁc density, heterospeciﬁc frequency, and total density effects (Appendix
B). However, given the low damage to S. altissima
overall, and the low percent of the variance explained by
these neighborhood factors (highest R 2 was approximately 0.08, Appendix C), these effects are unlikely to
be biologically very signiﬁcant.
DISCUSSION
In this study, conspeciﬁc density and heterospeciﬁc
frequency both inﬂuenced damage to plants, producing

FIG. 3. Neighborhood composition effects on Solanum
carolinense leaf tissue damage (mean percentage of leaf area
removed). Black, ﬁlled circles indicate treatments with only one
S. carolinense individual per 1-m2 quadrat. (a) S. carolinense
density effects on S. carolinense damage residuals (after
accounting for S. altissima frequency effects), (b) S. altissima
frequency effects on S. carolinense damage residuals (after
accounting for S. carolinense density effects). Densities are in
number of individuals/m2. Plant frequencies are the proportion
of individuals/m2. R 2 values were calculated with the residuals
after accounting for the effects of S. altissima frequency on
damage (a) and effects of S. carolinense density on damage (b).
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suggesting that multiple mechanisms could be operating
to inﬂuence plant damage, although data from this
experiment do not allow distinguishing among mechanisms. The positive relationship between S. carolinense
density and damage may have been due to increased
herbivore attraction to high density neighborhoods due
to stronger cues emitted by host plants (i.e., a resource
concentration effect; Root 1973) and/or due to a
numerical response of herbivores to resources (i.e., a
bottom up effect; Strong et al. 1984). Both mechanisms
could have been operating in this study. Several
generations of the dominant herbivores of S. carolinense
could have occurred over the course of our four-month
study (L. juncta and M. sexta are both multivoltine in
northern Florida) and separate experiments in this
system indicate that L. juncta foraging does respond to
plant density (Kim 2012). Variation in plant quality may
contribute to the hump-shaped relationship between
damage and S. altissima frequency. The observed
increase in damage from low to moderate S. altissima
frequency could result from S. altissima outcompeting S.
carolinense for resources, thus reducing S. carolinense
investment in anti-herbivore defenses. Other experiments in this system support effects of S. altissima
competition on S. carolinense leaf palatability to
herbivores (Kim 2012). However, at very high S.
altissima frequency, damage could have decreased
because of an increase in powdery mildew prevalence.
Powdery mildew was more prevalent on S. carolinense in
neighborhoods that had higher frequencies of S.
altissima, and L. juncta seems to avoid S. carolinense
leaves with powdery mildew (T. Kim, personal observation). If effects of the frequency of S. altissima on S.
carolinense damage are in fact mediated by powdery
mildew, this would be an indirect associational effect.
Further studies are needed to test all possible mechanisms for plant density and frequency effects on damage
in this system and to determine how they might interact.
The form and strength of neighbor effects are likely to
vary with the spatial scale of the neighborhood being
considered. We measured neighborhood effects at the 1m2 scale. While preliminary analyses suggested that
neighborhood effects at this scale were stronger than
slightly smaller and larger scales (Appendix A), a
continuous characterization of neighborhood effects
over a range of scales might ﬁnd other scales with
different effects. Damage by herbivores involves processes that include locating host plant patches and hostplant selection within a patch (Hambäck et al. 2014) and
herbivores rely on different cues at different spatial
scales to detect and select host plants. Ideally one would
measure neighborhood effects at a range of different
scales and changes in effects across scales might suggest
which mechanisms are most relevant at each scale.
Although it is known that the inﬂuence of plant
neighbors can decrease with distance between plants
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PLATE 1. (Upper) Leptinotarsa juncta late-instar larva and
(lower) L. juncta adult feeding on Solanum carolinense leaves.
Photo credits: Steve Halpern, Paciﬁc University.

(Dangremond et al. 2010), and that neighborhood
inﬂuences herbivore movement among patches (Bergvall
et al. 2006, Hambäck et al. 2009), data on how
neighborhood effects on damage vary with spatial (and
temporal) scales are lacking and needed.
Neighborhood effects on damage might have longterm implications for plant populations and communities, and it has been suggested that damage and
neighborhood composition should feedback to inﬂuence
each other (Stastny and Agrawal 2014). In our system,
such feedbacks are possible; damage was density and
frequency dependent (results from present study) and we
know that damage can inﬂuence plant biomass and
competition (Kim et al. 2013) and demography (Underwood and Halpern 2012), thus inﬂuencing plant density
and frequencies. The next step in linking neighborhood
effects to population dynamics would be to use ﬁndings
from the current paper, plus data on competition in the
absence of herbivores, to parameterize models to
determine whether or how neighborhood effects through
herbivores might contribute to population dynamics in
combination with other processes such as competition
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(Underwood et al. 2014). The fact that we found
nonlinear relationships between damage and neighborhood composition suggests that these dynamics could be
complex. For S. carolinense, decreased damage at low
densities (Fig. 3a) might contribute to the rapid increase
in S. carolinense invading disturbed areas, since herbivores are known to reduce the rate of S. carolinense
increase (Underwood and Halpern 2012). In the absence
of further disturbance, S. altissima outcompetes S.
carolinense forming nearly monospeciﬁc stands in old
ﬁelds (Hartnett and Bazzaz 1985, Kim et al. 2013). As S.
altissima becomes more frequent, the exclusion of S.
carolinense could be accelerated because of increasing
damage to S. carolinense (increasing portion of nonlinear relationship between S. altissima frequency and S.
carolinense damage, Fig. 3b). However, decreased
damage to S. carolinense at high frequencies of S.
altissima, (decreasing portion of curve, Fig. 3b) could
slow the exclusion of S. carolinense from the system.
Although competition by S. altissima is likely to have
stronger effects on S. carolinense than reductions in
herbivory at high S. altissima frequencies, in our area, S.
carolinense can persist at low numbers under dense S.
altissima stands. This may be in part due to reduced
damage, which might alleviate the negative effects of
competition by S. altissima (Kim et al. 2013).
Previous studies have demonstrated that neighborhood context inﬂuences damage (reviewed by Barbosa et
al. 2009), but they have not been able to assess how
different components of the neighborhood inﬂuence
damage. Our study demonstrates that damage can be
both density and frequency dependent; this is the ﬁrst
step to understanding the long-term implications of
neighborhood effects for plant populations and communities. Understanding neighbor effects on damage is
relevant to determining how plant density and frequency
inﬂuence competition between plant species, and the
evolution of plant resistance, since neighborhoods of
plant genotypes with different resistance traits should
inﬂuence selection by herbivores (Tuomi et al. 1994,
Agrawal et al. 2006, Rautio et al. 2012). Similarly, the
density and frequency of plants in an area can inﬂuence
visitation and pollination rates, and thus are relevant to
competition for pollinators and the evolution of plant
ﬂoral traits (Levin and Anderson 1970, Thomson 1978,
Mitchell et al. 2009). Understanding neighborhood
effects also has obvious applications to conservation
and agriculture. If management goals are to reduce
insect damage to target plants (e.g., crops, reintroduced
native plants) or increase pollinator abundances (e.g.,
hedgerows, pollinator stripes), knowing how both plant
density and frequency components of the neighborhood
inﬂuence damage and pollination would help in designing the most effective approaches to planting and
habitat management.
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