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Density-dependent recruitment structures
a heterogeneous distribution of herbivores among host plants
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Abstract. A growing body of evidence indicates that plants can influence the survival and
reproduction of the insect herbivores they host via both herbivore density-dependent and
density-independent processes. A remaining challenge is identifying how density-dependent
and density-independent processes in herbivores contribute to the distribution of herbivores in
natural populations. I tested which herbivore recruitment parameters—the intrinsic rate of
increase, carrying capacity, or shape of density dependence—contributed to variance in the
distribution of a gall-making fly among individuals of its host plant by experimentally
manipulating herbivore density on plants in the field. I used model selection to determine the
relationships between herbivore demographic parameters and the natural, pre-experimental
pattern of herbivore abundances. The naturally occurring pattern of herbivore abundances
before the experiment covaried positively with the herbivore carrying capacity, a parameter
inversely related to the strength of density dependence, but not with the shape of density
dependence or the intrinsic reproductive rate. This means that plants with high natural
herbivore abundances had lower herbivore density dependence but not higher rates of
herbivore reproduction at low abundances. More generally, these results suggest that density
dependence mediated through the host plant was responsible for the significant spatial
variance in abundance of this herbivore among host plants. This also means that the processes
influencing the spatial variance in the abundance of this herbivore occur at high, but not at
low, herbivore density. This suggests that when measuring parameters of herbivore preference
for, or performance on, plants with different genotypes or phenotypes, ecologists should use a
range of herbivore densities to ensure that they capture density-dependent processes. Density-
dependent recruitment at the scale of host plants could be a widespread determinant of
abundance patterns for the many insect herbivores that have high heterogeneity in abundances
among host plants and low variance in that pattern through time.

Key words: Artemisia tridentata; density dependence; density manipulation experiment; Eutreta diana;
herbivory; intrinsic rate of increase; phytophagous insect; sagebrush; spatial heterogeneity; Tephritidae;
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INTRODUCTION

After decades of debate, there is consensus among

ecologists that some negative feedback between popula-

tion density and demographic vital rates is necessary for

population regulation, but the details of how and when

those feedbacks operate remain under debate (Hixon et

al. 2002, Turchin 2003, Sibly et al. 2005). One challenge

to our understanding of density dependence is that

spatial variation in the strength of density dependence

can make it difficult to detect the existence of density

dependence (Shima and Osenberg 2003, Schmitt and

Holbrook 2007). Recognition of this issue led to

improved experimental methods for detecting density

dependence and, perhaps more importantly, helped lead

to an appreciation for the prevalence of spatial variation

in parameters of population dynamics within popula-

tions (Harrison and Cappuccino 1995, Agrawal et al.

2004, Schmitt and Holbrook 2007), variation which

theory suggests can have major consequences for

population dynamics (Pulliam 1988, Underwood

2004). Recent empirical work has focused on finding

factors that can cause spatial variation in the strength of

density dependence (Forrester and Steele 2004, Miller

2007, Schmitt and Holbrook 2007, Underwood 2007),

but less progress has been made in comparing the

consequences of spatial variation in density-dependent

and density-independent parameters on patterns of

abundance in natural systems. These insights would

improve our understanding of how local processes scale

up to large-scale dynamics and improve predictive

models of spatially heterogeneous systems.

We are only beginning to learn about the role of

density dependence and competition in structuring the

distribution and abundance of herbivores (Kaplan and

Denno 2007), in part because ecologists traditionally

thought herbivores were limited by predation and did
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not normally experience competition (Jaenike 1990).

Since the recognition of induced plant responses to

herbivory (Karban and Myers 1989), evidence has

accumulated showing that insect herbivores frequently

experience density-dependent vital rates mediated

through changes in host-plant quality (Kaplan and

Denno 2007). This paradigm shift spurred recent

research into the effects of plants on herbivore

population dynamics (Rotem and Agrawal 2003,

Turchin et al. 2003). And, indeed, this work has

uncovered evidence of heterogeneity in the strength of

density dependence and other parameters of population

dynamics experienced by herbivores on their host plants.

Plant traits such as trichome density, secondary

chemistry, and nutrient content (Agrawal 2004, Agrawal

et al. 2004), plant genotype (Underwood 2007), and

plant resistance strategy, induced or constitutive (Un-

derwood and Rausher 2002), can influence both the

intrinsic growth rate and strength of density dependence

experienced by insect herbivores. Plant reproductive

investment can influence the shape of herbivore density

dependence, a parameter that controls whether herbi-

vore recruitment increases monotonically or declines at

high herbivore density (Miller et al. 2006, Miller 2007).

These studies identify particular plant traits that can

influence density-dependent or density-independent de-

mographic rates experienced by herbivores. A remaining

challenge is evaluating the relative importance of

density-dependent and density-independent parameters

for the distribution of herbivores among individual

plants in natural settings and, more generally, for spatial

variance in herbivore abundances within populations.

Resolving this would improve our understanding of the

role of density dependence in spatial heterogeneity in

plant–herbivore interactions.

Spatial variation within a population within a

generation, such as the distribution of herbivores among

host plant individuals, has effects on diverse aspects of

ecology, from large-scale population dynamics down to

individual foraging behavior (Fretwell and Lucas 1969,

Benedetti-Cecchi 2003), and the nature of those effects

depends on whether the source of that variance is

density dependent or density independent (Jaenike 1990,

Melbourne and Chesson 2006, Englund and Leonards-

son 2008). Theory suggests that among-plant variation

in herbivore carrying capacity and intrinsic rate of

increase can increase or decrease overall population size

relative to the expectation based on the mean carrying

capacity, with the precise effect depending on herbivore

behavior and other factors (Underwood 2004). Even in

the absence of environmental heterogeneity, variation in

density among patches within a population can influence

how local dynamics scale up to overall population

dynamics (Chesson 1996). Different spatiotemporal

patterns could result if variation in density depended

on spatial variation in density-dependent vs. density-

independent processes. If density-dependent processes

influenced spatial variation in density, then it and,

consequently, the function relating local processes to

population-level dynamics, would be expected to change

in time with fluctuations in overall population size,

potentially leading to an intrinsically spatiotemporally

dynamic system. On the other hand, if variation in

density followed spatial variation in a density-indepen-

dent process (e.g., the intrinsic rate of increase), then the

spatial pattern and scaling function could be relatively

static or just unpredictable (Bolker 2003).

On a finer scale, spatial heterogeneity can influence

herbivore foraging or oviposition behavior in ways that

depend on herbivore density. Theory on the relationship

between oviposition preferences and offspring perfor-

mance predicts positive correlations (Thompson 1988),

but this was originally developed before it was

recognized that insect herbivores commonly experience

density dependence (Jaenike 1990). Recent work inte-

grating density dependence into preference–performance

theory has shown that density-dependent recruitment

could lead to a lack of correlation between oviposition

preference and performance at low density (Craig et al.

2000, Underwood and Rausher 2002, Ellis 2008,

Underwood 2010).

In this study, I evaluated the contribution of density-

dependent and density-independent herbivore recruit-

ment parameters to spatial heterogeneity in abundances

of a gall-forming tephritid fly (Eutreta diana) among

individuals of its host plant, mountain big sagebrush

(Artemisia tridentata subsp. vaseyana). First, I conduct-

ed an observational study to document spatial and

temporal heterogeneity in E. diana abundance. Second, I

replicated an herbivore density manipulation experiment

across the natural abundance pattern to determine if

spatial variance in herbivore abundances were related to

density-dependent or density-independent processes.

Density manipulation experiments, in which one exper-

imentally creates subpopulations over a range of

densities and observes recruitment in the subsequent

generation, are a powerful tool for directly measuring

parameters of population dynamics (Cappuccino 1992,

Harrison and Cappuccino 1995, Underwood and

Rausher 2000). Covariation between herbivore abun-

dances and one of the parameters representing the

strength or shape of density dependence would indicate

that spatial heterogeneity was primarily a product of

density-dependent processes that varied among host

plants, whereas covariation between herbivore abun-

dances and density-independent parameters would

indicate that spatial heterogeneity depended primarily

on the intrinsic quality of hosts.

METHODS

I studied heterogeneity in the abundances of Eutreta

diana among individuals of its host plant, mountain big

sagebrush (Artemisia tridentata subsp. vaseyana), a long-

lived, semiarid shrub, at the Valentine Eastern Sierra

Reserve, California, USA (see Plate 1). E. diana has one

generation per year: females deposit eggs singly in
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sagebrush vegetative buds in midsummer, first instars

overwinter at the base of the bud, galls develop in late

spring coincident with sagebrush shoot growth, and

adults emerge in July (Goeden 1990). The distribution of

E. diana abundances among individual host plants within

a population is not simply a product of limited E. diana

movement, because ovipositing females frequently move

among neighboring plants. In addition, plants caged free

of flies and galls for a full generation have similar gall

densities in the generations before and after caging,

indicating that prior attack is not a primary determinant

of plant quality (W. C. Wetzel, unpublished data).

Observational study

I conducted an observational study to characterize the

spatial and temporal distribution of gall abundances

among individual host plants by censusing galls once per

generation in 2010, 2011, and 2012 on all 220 sagebrush

plants with a canopy greater than 10 cm across in a 200-

m2 area in sagebrush habitat (see Appendix: Fig. A1 for

a map). I concentrated sampling effort into one

contiguous census area for three reasons: (1) the goal

of the observational study was pattern detection, which

requires sampling designs with spatial lags small relative

to patch size (Fortin and Dale 2005); (2) preliminary

work showed that most variation in gall abundances

among plants occurred at very fine scales (e.g., among

neighboring plants); and (3) the focus of this study was

variance in abundances within a population. Spatial

heterogeneity comprises spatial variance (spatially im-

plicit variation in densities) and spatial pattern (the

spatially explicit distribution of densities; see Adler et al.

2001). I estimated the spatial variance in gall abundanc-

es among plants by calculating the index of dispersion

(variance :mean ratio) and by fitting the overdispersion

parameter of a negative binomial model using maximum

likelihood estimation. I tested for spatial pattern in gall

abundances using global Moran’s I and Moran’s I

spatial correlograms with distance classes of 1 m and

false discovery rate corrected P values (Moran 1950).

Finally, I estimated temporal stability of the abundance

pattern over the three years with Pearson’s correlation

coefficient.

Density experiment

I used a density manipulation experiment on plants

that spanned the natural range of gall abundances to

answer two questions. (1) What is the relationship

between female density and per capita larval recruit-

ment? (2) Which E. diana recruitment parameters at the

scale of individual sagebrush plants—including the

intrinsic rate of increase, carrying capacity, and shape

of density dependence—covary with the natural, pre-

experimental distribution of E. diana abundances among

plants? The intrinsic rate of increase is a density-

independent parameter that represents recruitment at

low densities, whereas the carrying capacity and shape

of density dependence describe the relationship between

density and per capita recruitment.

During E. diana pupation in July 2011, I selected 60

sagebrush plants evenly spread among six gall abun-

dance categories: 0, 1–3, 4–6, 7–9, 10–16, and 17–40

galls. The plants had a mean canopy diameter of 80 cm

(62.3 cm SE) and were less than 80 cm tall. I then

manually removed all galls from plants, caged entire

plants with fiberglass insect screen (1.1-mm mesh size),

and introduced 0, 1, 2, 4, 8, or 12 lab-reared and lab-

mated E. diana adult females and at least two-thirds as

many males (see Plate 1). The female densities were

randomly assigned to plants within the gall abundance

categories, yielding replicates spread evenly across the

surface of natural—but removed—gall abundances and

experimental female abundances. The response variable

was gall abundance in the next generation, censused in

July 2012. The prior gall abundances and experimental

female abundances used in the experiment span the

natural ranges at this site. About 3% of plants at this site

had more than 40 galls in 2011 and, given mean survival

rates to adulthood and the even sex ratio, about 2% of

plants had enough galls to yield at least 12 healthy

females (N ¼ 237; W. C. Wetzel, unpublished data),

suggesting that the upper range of these treatments was

high but not abnormal. The cages allowed ample space

for insects to fly around the enclosed plant (Appendix:

Fig. A2) and they remained on plants until the end of

oviposition in September. Removal of galls with

pupating E. diana was unlikely to have damaged plants

because gall tissue starts senescing when larval feeding

ends and tissue turns woody soon after.

The density manipulation experiment used a response

surface design (Inouye 2001) with natural gall abun-

dances and experimentally introduced female abundanc-

es as independent variables, and gall recruitment per

plant as the dependent variable. The prior, natural gall

abundances served as a snapshot of the natural state of

the system; I decoupled the natural density from the

experimental density by removing all naturally occurring

galls before introducing the experimental female density.

Decoupling the natural abundance on each plant from

the experimental abundance and crossing natural

abundances with experimental abundances allowed me

to quantify the relationship between variation in

parameters of the recruitment function and the natural

pattern of herbivores among plants.

Plant size is a weak predictor of gall abundances

(W. C. Wetzel, unpublished data), and all experimental

plants had an excess of buds (estimated 7474 6 726 buds

per plant, mean 6 SE; N¼12 plants sampled) relative to

the number of females per plant and the estimated

maximum number of eggs that nonfrugivorous teph-

ritids such as E. diana can produce in a lifetime (typically

50–150 eggs/female; Headrick and Goeden 1998). I

confirmed that size was unimportant for the results of

the density manipulation experiment by using a linear

regression of the log-transformed per capita galling rate
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on plant foliage volume. I focused on rates of gall

recruitment because survival to adulthood after gall

initiation (including mortality due to parasitism and

predation) is unrelated to the number of galls per plant

(Emlen 1992; W. C. Wetzel, unpublished data).

Density manipulation experiments are an alternative

approach to time series analysis for estimating demo-

graphic parameters (Harrison and Cappuccino 1995,

Agrawal 2004, Miller 2007). Although less commonly

used than time series analysis, they have several

advantages: they allow direct measurement of the

parameters of the recruitment function (the link between

population size in one generation and population size in

the next generation) in a way that does not suffer from

the biases inherent to time series analysis of population

data (e.g., overestimation of strength of density depen-

dence; Dennis and Taper 1994, Harrison and Cappuc-

cino 1995, Ray and Hastings 1996, Underwood and

Rausher 2002, Agrawal et al. 2004). Density manipula-

tion experiments also do not require more than two

generations of data collection and can be repeated

across a spatial pattern.

To estimate density-dependent recruitment and ad-

dress how E. diana demographic parameters covary

spatially with the natural abundance pattern, I tested the

following hypotheses: (1) per capita gall recruitment is

density independent and independent of the prior,

natural abundance pattern, (2) per capita gall recruit-

ment is density independent and covaries with the prior

abundance pattern, (3) per capita gall recruitment is

density dependent and independent of the prior abun-

dance pattern, (4) per capita gall recruitment is density

dependent and the intrinsic rate of increase parameter

covaries with the prior abundance pattern, (5) per capita

gall recruitment is density dependent and the carrying

capacity parameter covaries with the prior abundance

pattern, and (6) per capita gall recruitment is density

dependent and the shape of density dependence param-

eter covaries with the prior abundance pattern. These

hypotheses differ in whether or not herbivore recruit-

ment is density dependent and in which, if any,

recruitment parameter varies with the natural abun-

dance pattern.

I built one model corresponding to each hypothesis,

respectively (Table 1). I represented density-dependent

gall recruitment using the h-Ricker model, a standard

and flexible recruitment function with a parameter r for

the intrinsic rate of galling (the number of galls per

female when density is low), a parameter K for the

carrying capacity (the number of galls at steady state),

and a parameter h (theta) that controls the shape of the

relationship between density and recruitment (Table 1;

see Bellows 1981, Brannstrom and Sumpter 2005).

Model 3 is the h-Ricker with no modifications, whereas

models 4, 5, and 6 make r, K, and h, respectively, a linear
function of the prior number of galls. When h is low

(,1), total recruitment increases and levels off over

realistic densities, a pattern known as saturating density

dependence or contest competition, which often leads to

a stable equilibrium. When h is high (�1), total

recruitment initially increases with density, but decreases

at high densities in a pattern known as over-compen-

sating density dependence or scramble competition,

which can be prone to cycles or other fluctuations

(Bellows 1981). Comparison among these models asks

whether or not recruitment was density dependent and

which of the demographic parameters covary with the

natural spatial pattern of gall abundances.

I fit these models using maximum likelihood methods

in the bbmle package in R (Bolker 2012, R Development

Core Team 2013) with negative binomial stochasticity to

account for overdispersion (Ver Hoef and Boveng 2007)

TABLE 1. Models and results of model comparison for the gall-forming tephritid fly Eutreta diana on sagebrush, Artemisia
tridentata, in California.

Model Density dependent Effect of prior galls Recruitment function DAICc AIC weight

1 no none exp(r)Ft 16.5 ,0.001
2 no r exp(a þ bG)Ft 11.8 0.003

3 yes none exp r 1� Ft

K

� �h
 ! !

Ft 14.8 ,0.001

4 yes r exp ðaþ bGÞ 1� Ft

K

� �h
 ! !

Ft 10.6 0.005

5 yes K exp r 1� Ft

ðaþ bGÞ

� �h
 ! !

Ft 0.0 0.956

6 yes h exp r 1� Ft

K

� �ðaþbGÞ
 ! !

Ft 6.6 0.035

Notes: Effect of prior galls shows which parameter is a linear function of the natural abundance pattern. The recruitment
function is the number of galls produced on a plant in time tþ1; Ft is the number of females experimentally introduced to a plant; G
is the number of naturally occurring, but experimentally removed, galls on a plant prior to the experiment (the natural abundance
pattern). Demographic parameters are r, K, and h, respectively, the intrinsic rate of increase, carrying capacity, and shape of density
dependence; a and b are the intercept and slope of the hypothesized linear relationships between prior gall number G and r, K, or h.
Model 5, with the lowest AICc, is shown in boldface.
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and assessed evidence for each model using Akaike’s

information criterion corrected for sample size (AICc, N

¼60) and AICc weights, an estimate of the proportion of

the evidence in favor of a model relative to all others

(Burnham and Anderson 2002). I used generalized R2 to

evaluate the fit of the best model (Cox and Snell 1989)

and thoroughly investigated the likelihood surfaces for

global optima (see the Supplement).

RESULTS

Observational study

There was high variance in gall abundances among

plants at small scales. The index of dispersion (varian-

ce :mean ratio) was .10 each of the three years (11.6,

20.2, and 11.9, respectively, N¼ 220); when this ratio is

greater than 1.0, it indicates higher spatial variance than

expected under Poisson complete spatial randomness

and suggests that the negative binomial, a model that

accounts for heterogeneity, would provide a better fit.

The dispersion parameter from the negative binomial fit

to the data from each year was always small (0.34 6

0.08, 0.57 6 0.11, 0.45 6 0.10, mean 6 95% CI,

respectively), even when plant size was included as a

covariate (0.40 6 0.11, 0.95 6 0.26, 0.98 6 0.12, mean 6

95% CI); when the overdispersion parameter is less than

the mean (3.7 6 0.86, 7.9 6 1.44, 3.9 6 0.81) it indicates

high heterogeneity. Although there was high variance in

gall abundances among plants, there was no significant

spatial autocorrelation in gall abundance per plant in

any year (global Moran’s I, P . 0.05, each year) and no

significant correlation in any distance class in the

correlograms in any year (not shown). Overall, these

results indicate that herbivores were significantly aggre-

gated on certain plants, but that plants with high or low
herbivore abundances were not themselves aggregated in

space (Appendix: Fig. A1).

Gall abundances were significantly correlated within
plants through time (for 2010–2011, Pearson’s r¼ 0.79,

95% CI¼ [0.74, 0.84], P , 0.01; for 2011–2012, r¼ 0.77,
95% CI ¼ [0.71, 0.82], P , 0.01; N ¼ 220), as was gall

density (for 2010–2011, Pearson’s r ¼ 0.51, 95% CI ¼
[0.41, 0.60], P , 0.01; for 2011–2012, r¼ 0.49, 95% CI¼
[0.38, 0.59], P , 0.01; N ¼ 220). These results indicate

the relative abundance and density of galls on these
plants was consistent in time over several generations.

Density experiment

Per capita gall recruitment decreased with increasing

female abundance, indicating that recruitment was
density dependent (Fig. 1; see Appendix: Fig. A3). The

height at which total recruitment leveled off (the

carrying capacity K ) was best predicted by the natural
gall abundances prior to experimental manipulation

(AICc weight¼ 0.956), with plants with higher prior gall
abundances having higher carrying capacities (Fig. 2).

The best model by 6.6 AICc units, with 0.956 of the AIC

weight, was model 5, indicating substantial support for
the hypothesis that recruitment was density dependent

and that there was a relationship between the plant-level
carrying capacity and natural gall abundances (general-

ized R2¼ 0.32; Fig. 2, Table 1). None of the rest of the

FIG. 1. Gall recruitment (number of galls formed per
female per plant) in the gall-forming tephritid fly Eutreta diana
on sagebrush, Artemisia tridentata, in California, USA. Per
capita gall recruitment was significantly lower at high female fly
abundance than at low female abundance. The curve shows the
model predictions from the best model (model 5, Table 1) for a
plant with four galls prior to manipulation. Dashed lines are
95% confidence intervals of the mean. The negative relationship
between female density and per capita recruitment is readily
apparent even though this sample of plants had a large range in
intrinsic quality. These data are subdivided by natural, pre-
experimental gall abundances in Fig. 2.

FIG. 2. With increasing female fly abundance, total
recruitment increased to a higher level on plants with previously
high gall abundances (gray) than on plants with low prior gall
abundances (black). Points are observed mean recruitment (6
SE) for plants with less than four (black points) and greater
than seven (gray) prior gall abundances (low and high
abundance categories). Curves are model 5 (Table 1) predicted
recruitment for plants with 0.76 (black) and 16.1 (gray) prior
gall abundances; these are the mean prior gall abundances for
plants in low and high abundance categories. For clarity,
predictions for only two prior gall abundances are shown (see
Fig. 3 for full surface). Note that model predictions and points
do not correspond exactly because predictions are for plants
with an exact number of galls and points are means from plants
within a range of galls. Dashed lines are 95% confidence
intervals.
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models in the set had an AIC weight greater than 0.035,

indicating that they had weak support relative to model

5. That the second-best model (model 6, AIC weight ¼
0.035) also had density-dependent recruitment and a

relationship between a density dependence parameter (h)
and the natural abundance pattern further supports the

importance of the relationship between a density-

dependent process and the natural abundance pattern.

The rest of the models, all of which were without

density-dependent recruitment or without a relationship

between a density dependence parameter and the natural

abundance pattern, had a combined AIC weight of less

than 0.01, suggesting that the intrinsic rate of increase (r)

and shape of density dependence (h) were unrelated to

prior gall abundances. As expected based on the

experimental design (see Methods), plant size was not

correlated with the number of galls produced per female

in this experiment (linear regression, adjusted R2 , 0, P

. 0.1).

The modeling results suggest that, compared to flies

from other treatments, females on plants from the high

end of the range of natural gall abundances experienced

higher plant-scale carrying capacities, lower rates of

density dependence (inversely proportional to the

carrying capacity), but not different intrinsic rates of

increase or shapes of density dependence. This means

that there was a relationship between the natural

distribution of E. diana among host plants and the

density-dependent component of recruitment, but not

with the density-independent component of recruitment.

The relationships between female density, prior gall

abundances, and total gall recruitment are shown in the

fitted surface of the best model (Fig. 3). The relationship

between female abundance and gall recruitment pro-

ceeds from low carrying capacity asymptotes on plants

with low prior gall abundances to progressively higher

asymptotes at higher prior gall abundances (Fig. 3). On

plants with very high abundances (e.g., 40 galls in Fig.

3), the relationship between the number of females and

the number of galls was nearly linear, indicating that this

range of female density was not high enough for the

females to saturate the plant with galls. This is also

visible in the relationships between gall recruitment and

gall abundances at different levels of female abundance

(Fig. 3). Gall recruitment increased very little with

increasing prior gall abundances when there were low

numbers of females because the egg load limits gall

recruitment below a plant’s carrying capacity, but when

there were many females, gall recruitment increased very

quickly with increasing prior gall abundances.

DISCUSSION

The few studies that have investigated links between

plant-scale processes and parameters of insect herbivore

population dynamics have found that plant traits have

the potential to influence each of the recruitment

parameters: the intrinsic rate of increase (Underwood

2000, Agrawal 2004), the carrying capacity (Underwood

and Rausher 2000, 2002, Agrawal 2004, Underwood

2007), and the shape of density dependence (Miller
2007), but it has been unclear which of these effects
influence spatial heterogeneity in natural herbivore

populations. The study reported here links spatial
variance in herbivore abundances to variation in

herbivore density dependence at the host-plant scale,
by replicating an herbivore density manipulation exper-

iment across a population of plants with naturally high
spatial variance in herbivore abundances. Plants varied
in herbivore carrying capacities and the natural pattern

of herbivore abundances found prior to the experiment
tracked that variation. The intrinsic rate of increase and

the shape of density dependence, on the other hand, did
not show a relationship with prior natural gall

abundances. Ecologists typically think about density-
dependent vital rates in the context of overall population
dynamics; however, the results of this study indicate that

density-dependent processes also can be important for
the distribution of herbivores among host plants and,

more generally, for spatial variance within populations.
Variation in herbivore carrying capacities at the plant

level could be a widespread, but underappreciated,
pattern of population dynamics among the myriad
species of host-specific, non-outbreaking herbivorous

insects that have high variance in abundances among
host plants and low variation in abundances within

plants through time (Cappuccino 1992). The potentially
widespread importance of density-dependent herbivore

demography at host-plant scales suggests that studies

FIG. 3. Fitted surface of model 5 in which the carrying
capacity K is a linear function of the prior number of galls. The
figure shows the increasing relationship between total gall
recruitment in 2012 and both female abundance and the prior
number of galls in 2011. At low numbers of prior galls,
recruitment with increasing female abundance levels off quickly
at low carrying capacities. At high numbers of prior galls,
recruitment levels off much more slowly at higher carrying
capacities.
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seeking relationships between herbivore preference or

performance and host-plant characteristics should use a

range of herbivore densities to ensure that density-

dependent processes can be measured. Testing perfor-

mance of insects on plants at low density would give

information on the intrinsic rate of increase (r) but not

on density-dependent parameters, either or both of

which could be important for a given spatial or temporal

pattern. This affirms recent work incorporating herbi-

vore density into theory about the expected relationship

between oviposition preferences and offspring perfor-

mance (e.g., Craig et al. 2000, Ellis 2008, Underwood

2010), and offers a potential explanation for the

observation that many systems apparently lack a

correlation between herbivore host preference and larval

performance (Gripenberg et al. 2010). It is also

important to note that because E. diana density on a

plant was inversely related to the strength of density

dependence, it is likely that herbivore fitness would be

similar on plants of varying qualities. This means that an

observational study would have found no correlation

between herbivore density and herbivore fitness, which

would have been misleadingly suggestive of a lack of

density dependence; this phenomenon, termed ‘‘cryptic

density dependence,’’ has been described in reef fishes

(Shima and Osenberg 2003).

From the point of view of an individual herbivore

within a generation, a population of plants that vary in

their herbivore carrying capacities represents a mosaic in

which potential fitness on each plant at a given time

during a season depends on an interaction between

intrinsic plant qualities and the density of herbivores on

each plant. In this situation, fitness would be highest for

females that can detect both plant carrying capacities

and conspecific density and distribute their eggs

accordingly. Preliminary work on the host-plant prefer-

ences of E. diana suggests that females have preference

for plants with high carrying capacities, which are the

plants that naturally have high gall abundances (W. C.

Wetzel, unpublished data); this behavior would reinforce

the difference in abundances among plants with high vs.

low carrying capacity.

The spatial variance in abundance and density-

dependent (nonlinear) recruitment in the E. diana system

have the potential to interact in ways that shape how

plant-level processes scale up to influence population-

level abundances (Melbourne and Chesson 2006, Ches-

son 2012). In systems without both spatial variance in

density and nonlinear local dynamics, the function

describing local dynamics can simply be used at the

population scale to predict population dynamics. But in

a system with both of these characteristics, such as

found here, population-level dynamics will likely differ

from the dynamics predicted by the plant scale

recruitment function. Host-selection behavior that leads

to any distribution but ideal-free (either too high or too

low a preference for plants with higher carrying

capacities) would interact with the nonlinearity in the

recruitment function and the spatial variance in resource

quality and lead to population-level abundances differ-

ent than expected from the sum of the carrying

capacities of each plant in the population (Melbourne

and Chesson 2006, Chesson 2012).

The finding that a density-dependent process influ-

ences the spatial heterogeneity in abundances in this

system has implications for how abundance patterns and

spatial heterogeneity change in time. These spatial

patterns have the potential to be dynamic in outbreaking

species and static in non-outbreaking species that have

relatively small population fluctuations in time. In an

outbreaking species, spatial heterogeneity might be set

by plant-level carrying capacities when at a population

peak, but set by intrinsic rates of increase when in a

population trough. These patterns have the potential to

be very different if carrying capacities and intrinsic rates

of increase are not correlated, as has been found in other

systems (Underwood 2007). This suggests that spatial

heterogeneity might change over the course of an

invasion or range expansion.

Despite the high variation in carrying capacities, the

shape of density dependence (h) did not vary with prior

gall abundances and was low (Table 2), indicative of

saturating density dependence and relatively stable

contest–competition type dynamics. This concurs with

observations of temporal stability of E. diana abundance

patterns from this and other field sites (Goeden 1990).

Saturating relationships between density and population

growth are widespread in many animals including

insects (Sibly et al. 2005). Saturating recruitment

responses have been noted observationally in Eurosta

solidaginis, a gall-forming tephritid, on a clone of its

host plant, goldenrod, although the variation in the

response among host clones was not explored (Hess et

al. 1996). This saturating function contrasts with those

of other herbivores, including aphids (Aphis nerii ) and

cactus bugs (Narnia pallidicornis), that experience

different shapes of density dependence on different

plants (Helms and Hunter 2005, Miller 2007).

This study focused on spatial demography of recruit-

ment rather than on mechanistic explanations, but

hypotheses for why recruitment is density dependent

include induced resistance to herbivory, competition for

plant resources, and behavioral responses to these

factors. Heterogeneity in these factors among individual

TABLE 2. Parameter estimates and 95% confidence intervals
from model 5 (Table 1), in which the carrying capacity K is a
linear function of the number of prior galls (a þ bG).

Parameter Estimate 95% CI

Intrinsic increase, r 2.28 1.23–3.33
Carrying capacity, K

Intercept, a 3.24 1.33–5.14
Slope, b 4.64 0.57–8.70

Shape of density dependence, h 0.54 0.08–0.99

Note: See Appendix: Table A1 for parameter estimates for all
models.
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host plants could be influenced by the environment,

genetics, or their interaction. A potentially important

induced resistance mechanism is induction of cell death

at the site of oviposition, a defense called hypersensitiv-

ity that is used by many plant species to resist attack by

internally feeding insects (Fernandes and Negreiros

2001). In at least one insect–gall system, the strength

of hypersensitivity increases with the number of

ovipositions per plant (Hess et al. 1996); if this varied

among host plants for environmental or genetic reasons,

it could lead to variation in carrying capacities. A

second hypothesis for plant-level carrying capacities is

competition among larvae for the photoassimilates or

nutrients required to initiate a gall. A third possibility is

competition for a limited number of oviposition sites,

but this is unlikely because plants in the density

manipulation experiment had an abundance of vegeta-

tive buds (oviposition sites) relative to the maximum

number of eggs held by females placed on each plant.

Yet another possibility is that females of E. diana

detected the presence of other females or ovipositions on

a plant and reduced their oviposition effort (e.g.,

Ohgushi and Sawada 1985), but preliminary work

shows that E. diana do not avoid plants with prior

ovipositions (W. C. Wetzel, unpublished data), and at

least one other gall-forming tephritid also does not

avoid conspecifics or prior oviposition sites (Craig et al.

2000, Cronin et al. 2001).

PLATE 1. (Top left) Adult Eutreta diana, (top right) mature galls of Eutreta diana on big sagebrush (Artemisia tridentata),
(bottom) and the field site at the University of California Valentine Eastern Sierra Reserve, Mammoth Lakes, California, USA.
Experimental cages are visible in the center and left of center. Photo credits: all W. C. Wetzel, except Eutreta by Michael
Krasnobrod.
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Although the data and results presented here do not

include natural enemies or E. diana movement behavior,

several lines of evidence indicate that these factors were

not important to the spatial variance in gall abundance

that I found. Rates of parasitism and predation were not

correlated with gall density, parasitoids forage at scales

much greater than the scale of among-plant variation,

and there are no known egg predators or egg parasitoids

(Emlen 1992; W. C. Wetzel, unpublished data). Move-

ment of E. diana is unlikely to be important at this scale

because these insects were regularly observed to move at

least several meters and several plants at a time,

distances that were greater than the scale of the patterns

examined in this study. Plants experimentally stripped of

galls in one generation had similar abundances of galls

in the next generation relative to control plants,

indicating that the distribution of galls on this scale is

not caused by lack of movement (W. C. Wetzel,

unpublished data). Thus, while natural enemies and

movement behavior may influence population dynamics

at larger scales, they are unlikely to be important for the

among-plant variance in gall abundances examined in

this study.

Conclusions

High variance in herbivore abundances among

individual host plants and stability in that pattern

through time is a widespread observation for host-

specific species of herbivorous insects. This study used

an herbivore density manipulation experiment to link

such a pattern to variation in herbivore carrying

capacities at the level of individual host plants. For

host-specific herbivores that have relatively low tempo-

ral fluctuations, density-dependent processes at the plant

level could be more important in determining spatial

variance in abundances than density-independent pro-

cesses (Cappuccino 1992). Despite the once widespread

view that predation limits insect herbivore populations

to the point where competition is unimportant (Kaplan

and Denno 2007), the insect herbivore studied here was

heavily influenced by processes at the plant scale that

depend on insect density. This suggests a very different

picture of plant–herbivore interactions than was once

commonly believed, one in which a population of plants

is a dynamic mosaic in which the fitness of an individual

herbivore depends on an interaction between intrinsic

plant carrying capacity and the density and behavior of

conspecific competitors. If such a phenomenon is

widespread among host-specific herbivores, ecologists

studying herbivory should take herbivore density into

account when assaying host preference and offspring

performance or scaling up from interactions at the host-

plant scale to larger scale abundance patterns.
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Appendix

Map of study plot, photo of experimental cage, table of parameter estimates, and density dependence regression (Ecological
Archives E095-250-A1).

Supplement

R script for model fitting and data file (Ecological Archives E095-250-S1).
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