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Spatial variation in ecological systems can arise both as a consequence of variation in the quality and availability of resources
and as an emergent property of spatially structured interactions. We used a spatially explicit model to simulate populations
of herbivore hosts and their parasitoids in landscapes with different levels of variance in plant patch quality and different
spatial arrangements of high- and low-quality plant patches.

We found that even small variation in patch quality at a fine spatial scale decreased overall herbivore populations, as
parasitoid populations on low-quality plant patches were subsidized by those from high-quality neighbors. On landscapes
with large, homogeneous regions of high- and low-quality plant patches, herbivore populations increased with variation
in patch quality.

Overall, our results demonstrate that local variation in resource quality profoundly influences global population
dynamics. In particular, fine-scale variation in plant patch quality enhanced biological control of herbivores by parasitoids,
suggesting that adding back plant genetic variation into perennial production systems may enhance the biological control

of herbivores by their natural enemies.

Spatial variation in ecological systems can arise both as a con-
sequence of underlying variation in the quality and availabil-
ity of resources (Denno and McClure 1983, Pulliam 1988)
and as an emergent property of spatially structured trophic
interactions (Huffaker 1958, Hassell 2000). Although there
have been many exceptions (Roughgarden 1974, Cantrell
and Cosner 1991, Oksanen et al. 1992, Bjornstad and
Hansen 1994, Holt and Barfield 2003, Underwood 2004,
Helms and Hunter 2005), mathematical models of spatial
heterogeneity have largely focused on spatial and tempo-
ral variation in organism abundance caused by top—down
mechanisms rather than resource heterogeneity. For exam-
ple, effects of spatially structured host—parasitoid interac-
tions on spatial and temporal host dynamics have been
studied for some years (Hassell and May 1974, Hassell et al.
1991, Comins et al. 1992, Rohani et al. 1994), demonstrat-
ing how spatial heterogeneity may facilitate the persistence
of otherwise unstable systems and generate spatial patterns
that include spirals and traveling waves (Hassell et al. 1991,
Rohani and Miramontes 1995, Bjornstad et al. 2002). This
body of work has also identified the destabilizing impact of
asymmetry in the dispersal traits of hosts and parasitoids on
systems which, in isolation, would be stable (Allen 1975,
Reeve 1988, Rohani and Ruxton 1999).

In these classic metapopulation models, spatial variation
in abundance emerges because populations are not well-
mixed; there is always some degree of asynchrony between
growth and decline in local but weakly coupled populations.

These top—down mechanisms can induce spatial heterogene-
ity even among populations living in a network of identical
habitat patches.

However, in the real world, habitat patches are rarely
identical. Predator—prey interactions are superimposed
upon landscapes that vary dramatically in their quality for
herbivores (Hunter and Price 1992). For example, insect
herbivore populations are affected by very local, bot-
tom—up forces such as the chemistry (Hunter et al. 1996)
and genotype (Underwood and Rausher 2000, Mclntyre
and Whitham 2003, Evans et al. 2012b) of their host
plants. At larger spatial scales, the local plant community
(Pimentel 1961, Murdoch et al. 1972, Andow 1991) and
surrounding landscape (Cappuccino et al. 1998) affect
both the diversity and abundance of herbivores and of
their natural enemies (Root 1973).

Given that both trophic interactions and underlying
resource heterogeneity are important drivers of spatial and
temporal dynamics, there is growing interest in understand-
ing how they interact to influence the dynamics of species
(Hunter et al. 1997). The impact of resource heterogene-
ity can depend on the scale of variation in resource qual-
ity (Oksanen et al. 1992, Roland and Taylor 1997, Thies
etal. 2003), and may affect population dynamics at different
spatial scales (Murdoch et al. 1972). Further, the effects of
resource heterogeneity have been found to interact with the
top—down forces acting on populations both in field (Batch
1984) and modeling studies (Foster et al. 1992).
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While linking studies of spatial variation in resource
quality and trophic interactions is of significant theoretical
interest, such studies also may inform management, par-
ticularly in agricultural ecosystems where pest organisms
attack crops that are planted in well defined spatial arrays
(Andow 1991). Managing the species and genotypes of
crops and their arrangements in space provide opportunities
to minimize pest attack and maximize biological control by
the natural enemies of pests (Belyea 1923, Pimentel 1961,
Root 1973). Intercropping, planting multiple agricultural
products together in fields, has shown some success as a
method of enhancing top—down control of insect herbivores
by their natural enemies (Bickerton 2011, Chen et al. 2011).
At larger spatial scales, increased predation and parasitism
of insect herbivores in agricultural systems have also been
associated with landscape features such as close proximity
to uncultivated land, higher proportions of non-crop area in
the surrounding region, and more diversity in nearby habi-
tat patches (Thies and Tscharntke 1999, Cronin and Reeve
2005). Long-term effects of variation in plant patch quality
on herbivore—enemy interactions may be particularly likely
in perennial cropping systems (fruit orchards, tea, coffee,
plantation forestry) in which the consequences of variation
in patch structure and quality may emerge over multiple
generations of the pest herbivore and its natural enemies.

In field studies, the effects of variation in plant quality on
herbivore populations depends not only on mean plant quality
but on the distribution of plant qualities (Underwood 2004,
2009, Helms and Hunter 2005) as well as the spatial arrange-
ment of high and low quality plants (Evans et al. 2012b, Thies
et al. 2003). Consequently, we explored the effects of vari-
ability around a constant mean plant patch quality on the
outcome of spatially structured host—parasitoid interactions.

We modified an existing spatially-explicit model of host—
parasitoid dynamics (Rohani and Miramontes 1995) to
simulate host and parasitoid populations on landscapes with
different variance and spatial layout of plant patch quality.
We aimed to determine the extent to which a combination
of local variation in resource quality and simple parasite—
host interactions can give rise to the kind of complex spatial
and temporal dynamics observed in field studies.

Specifically, we tested the following two hypotheses:

e Mean patch hypothesis — large scale population dynamics
in landscapes of heterogeneous patch quality differ from
those in homogeneous landscapes with the same mean
patch quality.

o DPacch architecture hypothesis — effects of variation in hab-
itat quality on dynamics are contingent on the arrange-
ment of high and low quality patches in space.

Mathematical model and simulation
methods

Our model of host—parasitoid dynamics is similar to previous
models (Hassell et al. 1991, Rohani and Miramontes 1995)
with the addition of spatial heterogeneity in patch quality.
In this framework, herbivore hosts (hereafter, ‘hosts’) and
parasitoids with synchronized generations grow and disperse
in alternating steps according to a coupled map lattice. Each
position on the lattice represents a habitat patch of known
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plant quality for hosts. What a single habitat patch represents
depends on the particular organism of study and its scale of
movement. For example, with gall-forming insects that can
spend many generations on the same perennial plant, the
appropriate definition for a habitat patch might be a single
individual plant (Abrahamson et al. 2003). Much larger hab-
itat patches would be needed capture the spatial variation
in plant quality regularly encountered by elk (Hebblewhite
and Merrill 2009). Within a habitat patch, populations are
assumed to be well-mixed.

During the growth phase, populations on each patch grow
according to a simple Nicholson—Bailey model (Nicholson
and Bailey 1935). In the absence of parasitoids, the host
population grows at a fixed rate A. Throughout our study, we
will use A as a proxy for plant patch quality. Because homo-
geneous landscapes where host fecundity A = 2.0 have been
studied previously (Hassell et al. 1991, Rohani and Mira-
montes 1995), we will use A = 2.0 as the mean patch qual-
ity in our heterogeneous fields.

For simplicity, we assume each host attacked results in an
average of one adult parasitoid in the next generation. Thus,
given the densities of hosts (H) and parasitoids () during
generation #, the population densities after reproduction are
given by

H, =\H,f(H,.P) (1)

P'=H, (1= f(H,P)) )

12

where f{H, P) is the fraction of hosts escaping parasitoid
attack given the current densities of hosts and parasitoids.
Our model uses a linear parasitoid functional response with
attacks distributed at random among hosts, as in (Nicholson
and Bailey 1935) and (Comins et al. 1992). Assuming that
populations within plant patches are well-mixed and parasi-
toids search over some area « for hosts to oviposit in, we expect
a total of #H P, encounters between hosts and parasitoids.
With parasitoid attacks distributed at random among hosts,
the number of attacks on each host follows a Poisson distribu-
tion with mean 4P, attacks per host. Thus, the expected frac-
tion of hosts to escape parasitism is f(H,, P) = ¢~%*. Because
a does not qualitatively effect the dynamics of the model, but
rather acts as a scaling parameter (Hassell et al. 1991), we arbi-
trarily fix 2 at 0.2 throughout our simulations. Given host and
parasitoid populations H, and P, during generation 7, their
populations after reproduction will thus be given by

H =\H.e " 3)

P =H(—e") 4)

On a single plant patch or a small lattice of plant patches
coupled by dispersal, these growth dynamics result in rap-
idly growing oscillations of both host and parasitoid popu-
lations (Nicholson and Bailey 1935). However, if the size
of the total arena of coupled sites (hereafter, ‘landscape’) is
large compared to the distance hosts and parasitoids are able
to disperse, long-term coexistence can occur (Hassell et al.
1991, Comins et al. 1992). Our simulations all take place
on 60 patch by 60 patch square lattices (landscapes) with



absorbing boundaries, which was a sufficiently large arena
that neither hosts nor parasitoids experienced global extinc-
tions in any of our runs. Reflecting boundaries were exam-
ined in our sensitivity analysis but did not qualitatively affect
our results.

Hosts and parasitoids disperse to nearby plant patches
with probabilities 72;, and m, respectively. Previous stud-
ies have found that the spatial patterns of host and parasi-
toid populations depend on A, m,, m,, and the size of the
landscape (Hassell et al. 1991, Comins et al. 1992). Our
preliminary sensitivity analyses found that the dispersal
traits of herbivores and parasitoids strongly modulated the
effects of spatial variation in resource quality. To cope with
the nonlinear, interacting effects of these parameters on the
interplay between habitat heterogeneity and host—parasitoid
interactions in the absence of an existing body of theory, we
have chosen to focus our current study on a single, biologi-
cally plausible region of parameter space, where parasitoids
disperse more frequently than their hosts (Briggs and Latto
2000, Taylor 1991). Our main body of results fixes 72;; and
mpat 0.2 and 0.8, respectively, with other values explored in
our sensitivity analyses.

We set the dispersal range of both hosts and parasitoids to
be their home patch and the eight surrounding plant patches
in the landscape, which has been the dispersal range typi-
cally used in studies of hosts and parasitoids in homogeneous
landscapes (Hassell et al. 1991, Comins et al. 1992, Rohani
and Miramontes 1995). We denote this neighborhood of
plant patch 7 by N().

We model hosts as dispersing uniformly among plant
patches in range, so that after dispersal the host density at
plant patch 7 becomes

H,_ ())=0—m,)H, ) +m, H () (5)
where H (i) is the mean density of hosts in the neighbor-
hood of plant patch i. Instead of diffusing uniformly like
hosts, we allow parasitoids to preferantially disperse to plant
patch with a higher density of hosts as modeled in (Hassell
and May 1973), so that the density of parasitoids on plant
patch 7 after dispersal is

P (i) =A=m,)P @) +m, Y, i€ N(j)BGAE () ©)

The fraction of dispersing parasitoids from plant patch ; that
land in plant patch 7, B(j,i), is determined by nearby host
populations according to

.. H,.(i)
B =v| == @)
ZkeNG‘)H"(/e)
1

where V is a normalization constant so that Zz‘e NG) B =1,
The parameter [ controls the strength of the aggregation,
with L = 0 resulting in uniform diffusion like the host popu-
lation, W =1 resulting in parasitoid dispersal proportional to
the relative host populations of nearby plant patches, and par-
asitoids increasingly ignoring all but the most host rich plant
patch in range as [l approaches infinity. In our main body of

simulations, W is fixed at 1.0, so as to qualitatively approxi-
mate the preferential dispersal of parasitoids to nearby plant
patches with high host density as observed in the field (Fisch-
bein etal. 2012). Our sensitivity analyses included values of L
from 0.0 (pure diffusion) to 2.0 (strong aggregation).

Within this framework, we can model spatial variation
in habitat quality by varying the intrinsic growth rate of the
local host population A on each plant patch. For example,
to construct an environment with source—sink dynamics, we
could give plant patches in our desired source regions A > 1
and plant patches in our sink regions A <1. Hirzel et al.
(2007) explored an extreme case of a similar host parasitoid
model in which patches were either habitable (with fixed
A >1) or completely hostile (A = 0) (Hirzel et al. 2007).

For simplicity, we will consider landscapes where half of
the plant patches are high quality, with host fecundity A,
and half are low quality, with host fecundity A_. This allows
us to vary the difference in plant quality (A, — A_), while

keeping the mean plant quality 7 = 1 (A, — A_) fixed. Even
2

restricting our choices to the set of landscapes with equal
numbers of high and low quality plant patches, we are still
left with over 101980 possible arrangements of patches. In our
current study, we consider two arrangements of high and
low quality plant patches: a landscape where one half con-
tains all high quality plant patches and the other contains
all low quality plant patches (hereafter, the ‘half-and-half
landscape’), and a landscape of high and low quality plant
patches alternating in a checkerboard pattern (hereafter, the
‘checkerboard landscape’). Figure 1 shows a schematic of
these landscape types.

These two arrangements both approximate plausible
agricultural landscapes, where two species or genotypes are
intercropped at a coarse (e.g. whole field) or fine (e.g. with-
in-field) spatial scale. They also represent two extremes of
spatial correlation in plant quality. In the half-and-half land-
scape, the vast majority of plant patches share the same patch
quality as all of their neighbors, with the only exceptions
occurring at the border between the high and low quality
sides of the landscape. At the opposite extreme, each plant
patch in the checkerboard matches only half of its neighbors
in patch quality.

In order to test the extent to which a heterogencous
landscape’s dynamics could be captured by simply aggregat-
ing the behavior of high and low quality plant patches, we
constructed an “additive” base case to compare with each
heterogenous landscape. Specifically, we independently
simulated population dynamics on one homogeneous, high
fecundity landscape and one homogeneous, low fecundity
landscape. For the purposes of calculating population sta-
tistics, we then treated the left half of the high fecundity
landscape and the right half of the low fecundity landscape
as a single run, giving us a time series of host and parasitoid
populations in a field with the appropriate distribution of
plant qualities but none of the connections between high
and low quality plant patches (Fig. 1C). We constructed
checkerboard patterned ‘additive landscapes’ in an analogous
fashion, by first creating homogenous landscapes of high or
low quality plant patches, and then sampling every second
plant patch from each of those landscapes to give the same
average plant quality (Fig. 1D).
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(A) Half-and-half

(B) Checkerboard
landscape

landscape

Additive half-and-half

Additive checkerboard

Figure 1. Plants of high (dark green) and low (light green) quality arranged in (A) a ‘half-and-half’ landscape containing one large patch of
high fecundity plants and one large patch of low quality plants, (B) a ‘checkerboard’ landscape of alternating high and low quality plants,
(C) an ‘additive’ half-and-half landscape, and (D) an ‘additive’ checkerboard landscape, using plants from two homogeneous landscapes

(outlined by black rectangles).

We fixed mean quality ), at 2.0, and varied the difference
in qualities so that A_=1.0, 1.05, 1.1, ..., 1.95, 2.0 (homo-
geneous) for a total of 21 different levels of variation in plant
quality, all with the same global average. For each case, we
constructed heterogeneous landscapes and associated pairs
of high and low quality homogeneous landscapes. We ran
20 replicate simulations of each, with randomly generated
initial populations, and simulated populations for 1000 gen-
erations. The initial populations on each plant patch were
independently drawn from uniform distributions from 50%
to 150% of what would be (unstable) equilibrium popula-
tions of the Nicholson—Bailey equation on that plant patch
alone. All temporal means and variances were calculated over
the last 200 generations of the run, which we found to be
much longer than the dominant periods at which popula-
tions in homogeneous landscapes oscillated. All populations
in heterogeneous landscapes persisted until the end and
global extinctions of hosts or parasitoids occurred only in
homogeneous fields with A = 1.

Results

Figure 2 shows snapshots of host and parasitoid den-
sity in homogeneous landscapes of high and low quality
plant patches (panels A and C), a half-and-half landscape
(panel E), and a checkerboard landscape (panel H). The spa-
tial patterns of host and parasitoid populations in the high
and low quality regions of the half-and-half landscape were
generally similar to those in homogeneous landscapes of the
same quality. However, the spatial patterns in the checker-
board landscape are organized over a larger spatial scale than
the variation in plant patch quality, so that one traveling wave
of hosts and parasitoids would pass through many patches of
both high and low quality. This difference in spatial popu-
lation dynamics between half-and-half and checkerboard
landscapes can also be observed in the way local populations
oscillate over time. While the populations on a high qual-
ity patch in the half-and-half landscape (panel D) oscillate
with a higher frequency and amplitude than those on a low
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quality patch in the same landscape (panel F), the oscilla-
tions of populations on high and low quality patches at the
same locations in a checkerboard landscape (panels G and
H) are more similar in frequency.

In additive landscapes, where high and low quality plant
patches were not connected by any dispersal, both host and
parasitoid populations increased with increasing variance
in patch quality. However, populations in half-and-half
and checkerboard landscapes differed both from additive
landscapes and from each other (Fig. 3A-B). Half-and-half
landscapes consistently supported slightly larger populations
than did the unconnected, additive landscapes. In contrast,
herbivore populations in checkerboard landscapes were low-
est at intermediate levels of variation in patch quality. Para-
sitoid populations in checkerboard landscapes, however, did
not undergo a corresponding decrease as variance in patch
quality increases, but rather stayed roughly constant until
increasing along with host densities when variance in patch
quality was large.

In fact, checkerboard landscapes had more parasitoids per
host than other landscapes (Fig. 4). While the ratio of para-
sitoids to hosts increased with the difference in plant patch
quality in all landscapes, the most dramatic increase occurred
in the checkerboard landscape. The half-and-half landscape
also had more parasitoids to hosts than either additive land-
scape, although the difference was less extreme as long as low
quality patches could support growth in host populations
A_>1).

The temporal variance in population densities also dif-
fered with the spatial arrangement of high and low quality
plant patches (Fig. 4C-D). In all cases, the variance in both
host and parasitoid populations increased relative to the
mean population as the variance in patch quality increased.
However, each type of landscape showed a different pattern
of increase. The coeflicient of variation of host and parasi-
toid populations (calculated by dividing the standard devi-
ation of the population in time by the mean population)
increased gradually with variance in patch quality in both
heterogeneous and additive half-and-half landscapes. Mean-
while, the coefficients of variation of populations in both
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Figure 2. Snapshots of host and parasitoid densities in space after 1000 generations in single realizations of (A) a homogeneous high fecun-
dity (A =2.8) landscape (C) a homogeneous low fecundity (A = 1.2) landscape (E) a half-and-half landscape (A, = 2.8, A_=1.2) and (H)
a checkerboard landscape (A, =2.8, A_=1.2). Higher host densities are indicated by more blue and higher parasitoid densities by more
red (see colormap in panel B). Local populations of hosts (in blue) and parasitoids (in red) are plotted over the last 200 of 1000 generations
on (D) a high quality plant in the half-and-half landscape (F) a low quality plant in the half-and-half landscape (G) a high quality plant in
the checkerboard landscape and (I) a low quality plant in the checkerboard landscape.

heterogeneous and additive checkerboard landscapes were
lower, particularly for the additive checkerboard.

These differences between populations on checkerboard
landscapes, on half-and-half landscapes, and on their addi-
tive counterparts were not evenly distributed among high
and low quality plant patches (Fig. 5). As one might expect
on a landscape where every patch has some neighbors of the
opposite quality and there is plenty of dispersal between
high and low quality patches, high quality patches on check-
erboard landscapes had lower densities of parasitoids than
did high quality patches on additive landscapes (Fig. 5B),
while parasitoid densities were higher on low quality patches
on checkerboard landscapes than on additive landscapes
(Fig. 5D). These differences became more pronounced as the
difference in host fecundity on high and low quality plant
patches increased. However, host populations on checker-
board landscapes did not follow this same pattern. On low
quality patches, host populations were even lower on check-
erboard landscapes than on additive landscapes, likely due

to the higher parasitoid density (Fig. 5C). At the same time,
high quality patches on checkerboard landscapes supported
at most slightly larger host populations than did high qual-
ity patches on additive landscapes (Fig. 5A), even with their
substantially lower parasitoid densities.

Populations on half-and-half landscapes also differed from
those on additive landscapes. On both high quality and low
quality plant patches on half-and-half landscapes, parasitoid
populations were slightly higher than on the corresponding
additive landscapes (Fig. 5B, D). However, populations of
hosts on high quality patches were even higher (Fig. 5A)
and populations of hosts on low quality patches even lower
(Fig. 5C) than on high and low quality patches, respectively,
in additive landscapes.

In order to understand why host populations in half-and-
half landscapes differ even more between high- and low-
quality plant patches than do host populations in additive
landscapes, we examined local populations along a transect

of individual patches from the high fecundity side of the

EV-5



10.5

10.0

©
o

©
o

Mean host density

®
3

80 1 1 1 1
0.0 0.5 1.0 1.5 2.0

Difference in quality (A,—A_)

©

0.35

o

N

o
T

O

*©

Coefficient of variation of host density

0-1 0 1 1 1 1
0.0 0.5 1.0 1.5 2.0

Difference in quality (A,—A_)

(B)
T T

A—A Half-and-half
*—#& Checkerboard

O O Additive halves
Additive checkerboard

5.6

54 H

5.2

5.0

4.8

Mean parasitoid density

0.0 0.5 1.0 15 2.0
Difference in quality (A,—A_)

©

0.45

0.40

0.35

0.30

0.25

Coefficient of variation of parasitoid density

0.0 0.5 1.0 1.5 2.0
Difference in quality (A,—A_)

Figure 3. Plots of (A) mean host density, (B) mean parasitoid density, (C) coefficient of variation (mean / standard deviation) of host density,
(D) coeflicient of variation (mean / standard deviation) of parasitoid density during the last 200 of 1000 generations plotted against the
difference in plant quality. Error bars show one standard error above and below the mean value for twenty replicate fields.

field to the low fecundity side (Fig. 6A-B). The difference
between populations on the half-and-half field and those on
its non-interacting, additive counterpart seems to stem from
the patches near the boundary between high and low quality
patches. The low quality patches that are situated near high
quality patches have especially low host populations while
those high quality patches, as well as those near the absorb-
ing boundary of the landscape, have especially high popula-
tions. When we look at the frequency at which these local
host populations oscillate, we see that the low quality bor-
der patches share the rapid oscillations of the high fecundity
region, rather than the slower, long period outbreak cycle of
the low fecundity side (Fig. 6C-D).

This pattern seems to be driven by fast, high density peri-
odic traveling waves from the high fecundity side crossing
the border to the low quality side (Supplementary material
Appendix 7 video). At a lower per capita host fecundity, the
high densities of hosts and parasitoids are no longer sustain-
able, so a rapid crash occurs. Because these crashes on the low
fecundity side are driven by the same traveling waves domi-
nating the dynamics on the high fecundity side, they share the
same periodicity. This phenomenon can be seen in an example
run in the Supplementary material Appendix 7 video.
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Sensitivity

We varied the fraction of hosts and parasitoids dispersing
each generation, m,,=0.1,0.15,0.2,0.25,0.3 and 7,= 0.7,
0.75, 0.8, 0.85, 0.9, and the aggregation of the parasitoids,
n=0.0, 0.5, 1.0, 1.5, 2.0. For each set of dispersal param-
eters, we fixed the mean patch quality at 2.0 and simulated
4 replicate landscapes each with checkerboard and half-and-
half arrangements at (A, — A_) = 0.0 (homogeneous), 0.5,
1.0, 1.5,2.0 (A_=1).

Our results throughout this region of parameter space
were qualitatively similar (Supplementary material Appen-
dix 1, 2), with the exception of the case where parasitoids
did not aggregate to patches with more hosts (W= 0). When
parasitoids preferentially dispersed to patches with more
herbivore hosts (L > 0), herbivore populations in checker-
board landscapes decreased steadily (at @ =2) or decreased
and then increased as variance in patch quality increased
(Supplementary material Appendix 1). In all half-and-half
landscapes, herbivore populations increased or stayed con-
stant as variance in patch quality increased, until decreasing
sharply when the lower quality patches became unable to
sustain growth in host populations (A_ = 1).
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case were consistently small enough that the error bars are not visible.

When parasitoids were non-aggregating (L =0), check-
erboard landscapes had higher densities of herbivores than
half-and-half landscapes, and the herbivore populations in
checkerboard landscapes increased rapidly with variance in
patch quality (Supplementary material Appendix 2), suggest-
ing that some degree of aggregation is necessary to produce
the suppression of host populations on low-quality patches
in the checkerboard landscape observed in Fig. 5.

We further examined the effects of our boundary assump-
tions by repeating the simulation experiment presented in
the main body of text with reflecting rather than absorb-
ing boundaries (Supplementary material Appendix 3-6).
We find that, although local populations at the edges of the
landscapes are affected by the choice of boundary conditions
(Supplementary material Appendix 6), our overall conclu-
sions are not altered.

Discussion

We used a spatially explicit model of host—parasitoid dynam-
ics to explore the interaction between variation in resource
quality and spatially structured trophic interactions. Even
in very simple landscapes, we found that local variation in
resource quality influences global population dynamics dra-
matically.

When either the spatial scale of variation in plant patch
quality or the magnitude of that variation was large, both
the mean and variance of host and parasitoid populations
in heterogeneous landscapes were substantially greater than
those in homogeneous landscapes with the same mean patch
quality. The ratio of parasitoids to hosts also increased with
the variance in patch qualities present in the landscape. This
confirms that the spatially structured interaction between
herbivores and their natural enemies can combine with
the effects of variable patch quality to generate spatial and
temporal dynamics observed previously in field studies

(Underwood 2004, 2009, Helms and Hunter 2005). More-
over, field studies have found that the shape and spatial
arrangement of high quality plant patches can also affect
herbivory (Evans et al. 2012a). In our model, landscapes
with different spatial arrangements of patches also gave rise
to differences in population dynamics.

Most strikingly, we found that small variations in plant
patch quality occurring on a small spatial scale led to
decreased herbivore density. The frequent dispersal of para-
sitoids between high and low quality patches led to strong
suppression of herbivore populations on the lower quality
patches, without a corresponding increase in herbivore pop-
ulations on higher quality patches, an effect that Oksanen
et al. (1992) found for predator—prey interactions in habi-
tats where the scale of heterogeneity is smaller than the
home-range of an individual predator. This enhancement
of parasitism by small-scale variation in patch quality may
have particularly important consequences for populations in
productive patches. Because herbivore fecundity is, in many
cases, affected by plant genotype (Underwood and Rausher
2000, Mclntyre and Whitham 2003, Evans et al. 2012b),
we might expect the genetic variation in natural plant popu-
lations to lead to more local variation in plant quality and
higher parasitism than we would see in agricultural and for-
estry systems that use single genotypes or low genetic diver-
sity. Although our results may be less applicable to annual
production systems, which experience large management
disturbances each season, long-term patterns in herbivore
populations described here may be more relevant in peren-
nial production systems such as orchards, managed forests,
and tropical coffee farms. Adding genetic variation in plant
quality back into such agricultural ecosystems might serve to
increase rates of parasitism on pest insects.

We see a similar effect in landscapes composed of two
large, homogeneous patches of different quality, where host
populations were suppressed on low-quality patches that
were near the boundary between low- and high-quality
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difference equals zero is plotted in black.

regions, resembling the spillover effect observed at crop-
noncrop boundaries (Rand and Louda 2006). In their study
of predatory coccinellid beetles in crops and grassland sites
in Nebraska, Rand and Louda found that coccinellid densi-
ties were 2.6-9.0 times higher in grassland sites in landscapes
containing mostly crops than in grassland sites surrounded
by more grassland (Rand and Louda 2006). At the same
time, they found that aphid density increased significantly
when predators were excluded from experimental aphid col-
onies via a mesh sleeve, suggesting that the coccinellids could
indeed suppress aphid populations and that the spillover of
beetles from cultivated areas could lead to lower aphid popu-
lations in the surrounding grasslands.

The sharp delineation between high and low plant patch
quality in our simulated landscapes may reasonably approxi-
mate production landscapes, but natural systems often
contain smoother gradients in plant quality and arthropod
population density over space (Salmore and Hunter 2001,
Pennings et al. 2007). For example, Salmore and Hunter
(2001) found that the concentration of defensive alkaloids
in Sanginaria canadensis (bloodroot) tended to decrease
with elevation along an elevational gradient from Georgia
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to North Carolina. Pennings et al. (2007) reported a latitu-
dinal gradient of plant palatability in their study of plant—
herbivore interactions in European salt-marshes. Leaves and
plant litter from higher latitudes were more palatable to sev-
eral insect species than were their low-latitude congenerics.
Several of the plant taxa studied also tended to suffer more
herbivory at lower latitudes than higher, suggesting that the
latitudinal gradient in plant palatability might result from
differing selective pressure from herbivory.

Such resource gradients, coupled with herbivore—natural
enemy interactions, have the potential to drive patterns in
insect herbivore populations over large spatial and temporal
scales. In their investigation of the periodic traveling waves
of larch budmoths Zeiraphera diniana across the European
Alps, Bjornstad et al. (2002) simulated the populations of an
herbivore host and its parasitoid along a resource gradient.
They found that, under a wide range of parameter values,
the addition of a spatial gradient in resource quality caused
the emergence of periodic traveling waves of hosts and para-
sitoids similar to those observed in larch budmoth popula-
tions or to the winter moth Operphtera brumata outbreaks
that periodically move across Europe (Tenow et al. 2013).



(A)

Local mean host density
Local mean parasitoid density

in host density
in parasitoid density

Dominant period of oscillations
Dominant period of oscillations

Position on transect

-
N

-
o

= N N w w
[, o a o o

-
o

(o]

2.0

1.5

N
o

Difference in quality (A,—A_)

0.5

0.0

15 30 45
Position on transect

60

Figure 6. Plots of (A) mean host density, (B) mean parasitoid density, (C) dominant period of oscillations in host density, (D) dominant
period of oscillations in parasitoid density during the last 200 of 1000 generations at each plant along a transect. Each line shows the aver-
age of 20 runs on identical fields starting from random initial conditions. Line color indicates the difference in host fecundity (A, — A_)
between the high and low quality plants. The border between high quality plants to the left of the boundary (host fecundity A.) and low
quality plants to the right of the boundary (host fecundity A_) is indicated with a blue, dashed line.

The magnitude and spatial scale of variation in plant
quality can depend on both abiotic factors, such as variation
in altitude and moisture, and life-history and dispersal traits
of plants (Loveless and Hamrick 1984). Different parasitoid
species respond to variation in host habitat quality at differ-
ent spatial scales, and it is likely that these differences stem at
least in part from differences in the dispersal patterns of the
parasitoids and their hosts (Roland and Taylor 1997). Both
in models (Comins et al. 1992, Rohani and Miramontes
1995) and in the field (Cronin and Reeve 2005), dispersal
of hosts and parasitoids can have strong effects on the stabil-
ity and spatiotemporal patterns of abundance. Not only do
host and parasitoid dispersal patterns have profound effects
on their population dynamics, but landscape structure and
diversity has been found to affect both herbivore (Hill et al.
1996) and parasitoid dispersal (Cronin 2003). Further, the
structure of spatial heterogeneities in resource quality may
influence the evolution of dispersal strategies, with different
landscapes selecting for different dispersal strategies (Johst
et al. 2002).

In previous studies on homogeneous landscapes, the
choice of dispersal parameters has been found to strongly
affect the stability of host—parasitoid interactions, the effi-

ciency of parasitoid control of hosts, and the emergent spa-
tial patterns of host and parasitoid populations (Hassell and
May 1973, Hassell et al. 1991, Comins et al. 1992, Rohani
and Miramontes 1995, Bjornstad et al. 2002, Hirzel et al.
2007). Though we have found that our main results hold for
a range of parameters where parasitoids disperse much more
frequently than their hosts and parasitoids preferentially
disperse to patches with higher host populations, our pre-
liminary exploration of a wider range of dispersal behaviors
suggest that host and parasitoid populations with different
dispersal may have qualitatively different responses to envi-
ronmental heterogeneity. The interplay between host and
parasitoid dispersal behaviors and spatial variation in patch
quality remains a rich avenue for future study.

Models similar to the one used here have been used to
simulate a variety of processes in homogenous landscapes.
These include a wide variety of demographic processes acting
on herbivores and their parasitoids, and the attack behavior of
foraging enemies (Ruxton and Rohani 1996, Hassell 2000).
We suggest that exploring such interactions on landscapes
that differ in resource quality for herbivores could provide
interesting insights into population dynamics of natural and
agricultural systems. For example, the combined effect of
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demographic stochasticity and a strong spillover effect might
make a low quality region effectively impermeable to hosts,
even if a deterministic model allowed very small densities of
hosts and parasitoids to colonize it.

The large scale consequences of other plant quality effects
on hosts and parasitoids also remain open to exploration.
For simplicity, we only modeled spatial heterogeneity in host
fecundity, but there is strong evidence to suggest that the size
and growth rate of hosts, which also vary with plant qual-
ity, can affect parasitoid reproductive success (Hunter 2003).
Additional factors contributing to parasitoid fecundity, such
as availability of overwintering sites or alternate food sources,
may also vary spatially (Cronin and Reeve 2005), but need
not correlate with plant quality. Further, plant quality is,
in turn, influenced by host and parasitoid populations. In
the short term, damage from host herbivory may reduce
plant quality for the next generation of hosts. In the longer
term, high levels of herbivory select for plants with stron-
ger defenses against hosts. Another potential extension of
our model would be to incorporate some of these tritrophic
interactions between plants, herbivore hosts and parasitoids.

Even without the additional complexity of these mecha-
nisms, we find that large scale population dynamics of hosts
and parasitoids depend both on the distribution of plant
qualities and their behaviors in space. Our results suggest
that fine-scale variation in plant quality may be particularly
important for supporting populations of parasitoids and
predators and that plant genetic variation in perennial pro-
duction systems could be managed to enhance biological
control of herbivores.
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