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Abstract

The outcome of species interactions may manifest differently at different spatial
scales; therefore, our interpretation of observed interactions will depend on the
scale at which observations are made. For example, in ladybeetle-aphid systems, the
results from small-scale cage experiments usually cannot be extrapolated to
landscape-scale field observations. To understand how ladybeetle-aphid interac-
tions change across spatial scales, we evaluated predator-prey interactions in an ex-
perimental system. The experimental habitat consisted of 81 potted plants and was
manipulated to facilitate analysis across four spatial scales. We also simulated a spa-
tially explicit metacommunity model parallel to the experiment. In the experiment,
we found that the negative effect of ladybeetles on aphids decreased with increasing
spatial scales. This pattern can be explained by ladybeetles strongly suppressing
aphids at small scales, but not colonizing distant patches fast enough to suppress
aphids at larger scales. In the experiment, the positive effects of aphids on ladybee-
tles were strongest at three-plant scale. In a model scenario where predators did not
have demographic dynamics, we found, consistent with the experiment, that both
the effects of ladybeetles on aphids and the effects of aphids on ladybeetles de-
creased with increasing spatial scales. These patterns suggest that dispersal was the
primary cause of ladybeetle population dynamics in our experiment: aphids increased
ladybeetle numbers at smaller scales because ladybeetles stayed in a patch longer
and performed area-restricted searches after encountering aphids; these behaviors
did not affect ladybeetle numbers at larger spatial scales. The parallel experimental
and model results illustrate how predator-prey interactions can change across spatial
scales, suggesting that our interpretation of observed predator-prey dynamics would
differ if observations were made at different scales. This study demonstrates how
studying ecological interactions at a range of scales can help link the results of small-
scale ecological experiments to landscape-scale ecological problems.

KEYWORDS
Aphids, Coccinellids, Cycloneda sanguinea, Iva frutescens, metacommunity, scale-dependent,

spatial scale, species interaction, Uroleucon ambrosiae

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2018 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.

Ecology and Evolution. 2018;8:6537-6546.

www.ecolevol.org | 6537


www.ecolevol.org
http://orcid.org/0000-0003-2313-8195
http://creativecommons.org/licenses/by/4.0/
mailto:wlin8@uh.edu

LIN anp PENNINGS

6538 WI LEY—ECOlOgy and Evolution

Open Access,

1 | INTRODUCTION

Patterns of population dynamics are usually spatial scale dependent:
Study outcomes might depend on the scale at which observations
and measurements are made (Levin, 1992; Wiens, 1989). Although
species interactions usually occur at relatively small spatial scales,
the consequences of species interactions may be more manifest at
larger spatial scales due to the dispersal of organisms (e.g., Bach,
1980; Seitz, Lipcius, & Hines, 2017). The issue of scale dependency
is most pressing for experimental studies. Although experiments
provide powerful insight into species interactions, they are usually
conducted at a single, arbitrary spatial, and temporal scale (Horne &
Schneider, 1995; Wheatley & Johnson, 2009) and fail to adequately
incorporate patterns of species dispersal. It is desirable to scale up
local observations to address larger scale ecological problems, such
as how environmental changes may affect landscape-scale ecological
patterns (Chave, 2013; Chesson, 2012). However, the effectiveness
of the “scaling up,” or extrapolation endeavor can easily be compro-
mised by the scale dependency of population dynamics (Hunsicker
et al., 2011; Miller, Turner, Smithwick, Dent, & Stanley, 2004).

In food web modules that involve predator-prey interactions, the
scaling up process is further complicated by the distinct life-history
traits of the interacting species. Predator and prey species usually dif-
fer in body size and dispersal ability and thus experience the environ-
ment at different spatial resolutions (Roland & Taylor, 1997). Moreover,
because many life-history traits scale with body size (Lawton, 1990;
Lindstedt & Calder, 1981), predator and prey species will have differ-
ent colonization and extinction dynamics in local patches. Therefore,
local food-web interactions do not simply dictate population dynam-
ics at larger scales. Theoretical analyses of metacommunities have
shown that dispersal of organisms among patches of suitable habitat
can promote the persistence of predator-prey modules that, if trapped
in a single patch, would crash (Briggs & Hoopes, 2004; Taylor, 1990).
Experimental and observational studies have also shown that the spa-
tial scale of the experimental system and habitat grain can be critical
for the coexistence of competitors, and the persistence and structure
of predator-prey systems (Holyoak & Lawler, 1996; Huffaker, 1958;
Janssen, van Gool, Lingeman, Jacas, & van de Klashorst, 1997). For ex-
ample, populations of Atlantic cod only correlated with their prey (cap-
elins) at scales larger than 15 km, when capelins were aggregated at a
thermal refuge (Rose & Leggett, 1990). Using spatial cross-correlation
methods, Fauchald, Erikstad, and Skarsfjord (2000) found that sea-
birds search for fish patches at two characteristic scales (~50 km and
~3 km). In a crab-clam system, Seitz and Lipcius (2001) found that
the top-down effect of crabs on clams was important at small scales
(~5 km long river) but not at larger scales (~50 km). These and other
studies have shown that analyses conducted at different spatial scales
can lead to different conclusions, emphasizing the importance of ex-
plicitly including scale in studies of species interactions.

Here we consider the issue of spatial scale using an aphid-
ladybeetle system. Aphids and their coccinellid predators are a model
system for studying biological control and predator-prey interaction
dynamics (Dixon, 2000). Spatial refuges are often important in aphid

population dynamics (Gonzéles, Gianoli, & Niemeyer, 2001; Hacker
& Bertness, 1995; Hopkins & Dixon, 1997), suggesting that import-
ant aspects of ladybeetle-aphid interactions manifest at larger
spatial scales that include both patches with predators and refuge
patches that lack predators. Aphid populations often possess strong
spatial turnover (e.g., Weisser & Harri, 2005), also indicating that the
colonization-extinction processes emphasized in metapopulation
models may be important for their population dynamics. Despite
the strong impact of individual ladybeetles on individual aphid col-
onies (Minoretti & Weisser, 2000), the effectiveness of ladybeetles
in suppressing aphid populations at large spatial scales is variable
(Kindlmann, Yasuda, Sato, Kajita, & Dixon, 2015). These different
lines of evidence suggest that some ladybeetle-aphid systems might
persist at large spatial scales as metacommunities consisting of
patches with and without predators, and that results from individual
patches cannot be scaled up to the landscape without understand-
ing the metacommunity dynamics.

At the landscape scale, the negative impacts of ladybeetles on
aphids are related to the ability of ladybeetles to find and aggregate
at dense patches of aphids (Costamagna & Landis, 2011; Kareiva,
1987). Ladybeetles can find appropriate habitat patches from a dis-
tance using visual cues; however, the ability of ladybeetles to visually
detect the presence of aphids is limited to a very small spatial scale
(<7 mm) (Nakamuta, 1984). When ladybeetles encounter aphids,
they tend to stay longer at a patch (lves, Kareiva, & Perry, 1993) or
perform area-restricted searches (Kareiva & Odell, 1987). These
behaviors promote the aggregation of ladybeetles at patches with
more aphids and create a positive relationship between aphid den-
sities and the change in ladybeetle densities. However, this aggre-
gation is not always found in the field, as a number of studies have
found that the spatial distribution of ladybeetles at large scales does
not track the distribution of aphids very well (Hacker & Bertness,
1995; Krivan, 2008; Kummel, Brown, & Bruder, 2013). Therefore, in
ladybeetle-aphid systems, it seems that both the effect of the pred-
ator on the prey and the effect of the prey on the predator poten-
tially vary with spatial scale. Understanding the scale dependency of
ladybeetle-aphid interactions would help us better interpret obser-
vations of this and similar predator-prey systems, and better scale
up small-scale experimental results to larger scale patterns.

To understand the metacommunity dynamics of ladybeetles and
aphids in their natural habitat, we studied time series data of their
populations at two spatial scales. We calculated their interaction
strength at the scale of each patch, and we calculated the patch occu-
pancy and colonization rates at the metacommunity scale. To further
study how the interaction between ladybeetles and aphids changes
with spatial scale, we evaluated the effects of ladybeetles on aphids
and the effects of aphids on ladybeetles in an experimental system
where the habitat (host plants of the specialist aphids) was manipu-
lated to facilitate analysis across multiple spatial scales. To better un-
derstand the mechanisms driving the observed species abundance
patterns, and to explore the generality of the results, we also built
a spatially explicit metacommunity model parallel to the experimen-
tal system. We hypothesized that (H1) ladybeetles have stronger
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negative effects on aphids at smaller scales, and weaker effects
at larger scales. We reasoned that although ladybeetle predators
would suppress local aphid populations by feeding and induction of
aphid dispersal, ladybeetles might not control aphid populations as
effectively at larger scales because aphids can multiply on predator-
free patches. We further hypothesized that (H2) aphids have stron-
ger apparent positive effects on ladybeetles at smaller scales, due to
the adaptive movement of ladybeetles. We reasoned that because
both longer patch layover time and area-restricted searching by la-
dybeetles are triggered by physical encounters with aphids, ladybee-
tle population dynamics should respond to aphid population sizes at
smaller scales. In our experiment, we monitored short-term popula-
tion dynamics at a fine (daily) temporal grain and focused on within-
season dynamics; therefore, we assumed that ladybeetle growth
and death had little effect on their population dynamics. We tested
these two hypotheses with the field experiment and the metacom-
munity model. For the model, we also simulated an additional model
scenario that included predator demographic processes to explore

how this would change model outcomes.

2 | MATERIALS AND METHODS

2.1 | The plant-aphid-ladybeetle system

Field work was conducted in the Sapelo Island National Estuarine
Research Reserve on Sapelo Island, Georgia, USA (31°24'18" N,
81°16'32" W). Marsh elder (Iva frutescens, hereafter Iva) is a shrub
found at the terrestrial border of the high marsh. Insect food web
modules on Iva have been the focus of a number of previous stud-
ies of predator-prey interactions (Hacker & Bertness, 1995; Ho &
Pennings, 2008; Marczak et al., 2011). We studied a simple system
consisting of the most common herbivore on Iva, the aphid Uroleucon
ambrosiae (hereafter Uroleucon) (Hacker & Bertness, 1995), and its
major predator at our study site, the spotless ladybeetle Cycloneda
sanguinea (hereafter Cycloneda, Figure 1). Other predators of
Uroleucon at this site include other ladybeetles such as Coccinella
septempunctata, Harmonia axyridis, and Hippodamia convergens,
and an omnivorous crab Armases cinereum (Ho & Pennings, 2008;
Marczak et al., 2011; Pennings et al., 2009).

2.2 | Field observations

To document natural interactions between ladybeetles and aphids in
the field, we visually sampled the insect communities on 38 patches
of Iva every 3 days for a total of 59 days (19-20 samples from each
patch) in the summer of 2014. Each patch consisted of one or more
adjacent Iva plants with contiguous canopies; patches were sepa-
rated from one another and from other Iva plants by at least 0.5 m.
Adult and larval ladybeetles of Cycloneda sanguinea, Coccinella sep-
tempunctata and Naemia sp. were lumped as “ladybeetles” in the
analysis. We calculated the effect of ladybeetles on aphids and the
effect of aphids on ladybeetles at the scale of each patch (see below,
Section 2.5).
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FIGURE 1 Field experiment. The field experiment contained 81
potted Iva plants (gray circles), set up in a hierarchical spatial array.
The inset panel shows a nine-plant set. The distance between pots
is marked in the figure. The diameter of a pot is about 0.25 m. The
picture shows the study species: the host plant, marsh elder (Iva
frutescens), aphids (Uroleucon ambrosiae), and a spotless ladybeetle
(Cycloneda sanguinea)

To study the metacommunity dynamics, we then calculated the
average colonization rates over all the intervals. Colonization events
of ladybeetles (or aphids) could be detected when ladybeetles (or
aphids) were absent in a patch on one date and present on the sub-
sequent date. For each 3-day interval, the colonization rate was cal-
culated as the number of colonization events divided by the number
of empty patches at the beginning of that interval.

2.3 | Field experiment

The field experiment was designed to assess the importance of
spatial scale on the ladybeetle-aphid interaction. Iva plants were
propagated from cuttings collected in September 2013 in pots in a
greenhouse adjacent to the marsh. In May 2014, we placed 81 pot-
ted plants (88.9 + 1.03 (SE) cm tall, with 141 + 3.9 (SE) leaves) in a
fractal-designed spatial array (Figure 1). These potted plants were
smaller than most plants studied in the field, but were comparable
in size to ones used in previous mesocosm experiments studying Iva
arthropod food webs (Ho & Pennings, 2008; Marczak et al., 2011).
The plants were set up in a grassy field (31°24'18" N, 81°16'32"
W), about 500 m away from the marsh so that omnivorous marsh
crabs (Armases cinereum) would have little access to the plants
(none were observed at the experimental site during the study). Six
additional pots of smaller Iva plants were put in the center of the
array to increase the overall habitat attractiveness, but these plants
were not sampled. This array allowed analysis at five spatial scales,
consisting of 1, 3, 9, 27, and 81 plants. Although habitat fragmen-
tation, between-patch distance and system area all may affect the
dispersal behavior and distribution of ladybeetles (Grez, Zaviezo,
& Rios, 2005; Grez, Zaviezo, Tischendorf, & Fahrig, 2004; Holt,
1985; Zaviezo, Grez, Estades, & Perez, 2006), we did not seek to
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investigate their isolated effects. Instead, the fractal design of our
experiment allowed a systematic increase in system area, average
between-patch distance, and total patch size with increasing spatial
scale and has been regarded as one neutral way to simulate complex
habitats (Halley et al., 2004).

When the experiment started (early-May 2014), the plants had
already been naturally colonized by aphids. Because the green-
house was adjacent to the marsh, we assumed aphid densities
were natural, and we did not manipulate the aphid populations
further. We stocked the experiment with field-captured Cycloneda
ladybeetles and their first-generation laboratory descendants. We
used the field occupancy rate from a pilot survey (0.106 ladybee-
tles/plant) to stock ladybeetles in the field experiment, with the
caveat that the potted plants were smaller than those sampled in
the field. One day before we started recording data, we placed one
ladybeetle on each of nine haphazardly chosen plants of the array.
Every day during the experiment, two additional ladybeetles were
put onto the plants in the center of the array to partially compen-
sate for emigration, which we assumed was higher than natural
because the experimental plants were isolated from natural, more
extensive stands of Iva plants. We recorded the number of aphids
and ladybeetles on each plant daily. If the total population of la-
dybeetles dropped to zero, or to one for two consecutive days,
we re-stocked the ladybeetles and started a new experimental
round. Between 17 May and 26 June 2014, we conducted four
rounds of the experiment, for a total of 34 study days. The full
data of Cycloneda ladybeetle and aphid population time series can
be found in Appendix S1 in Supporting Information.

Because the experiment was not enclosed in a cage, both the
target species and other arthropods could disperse in and out
of the system. In practice, ladybeetles tended to disperse out of
the system, creating an overall decline in ladybeetle population
density through each round of the experiment. We statistically
corrected for this trend by simulating null models with the same
temporal trend. We also recorded the number of immigrant pred-
ators (spiders and ladybeetle other than Cycloneda) each day when
we collected data.

2.4 | Mathematical model

We used a stochastic metacommunity model to simulate the lady-
beetle-aphid system in a habitat of 81 patches arranged in a trian-
gular array similar to the experimental system. Herbivore (aphid)
and predator (ladybeetle) populations (in terms of biomass) on
patch i at time t were described as Hi’t, P,.’t,
biomass was described by logistic growth, predation, and density-

respectively. Herbivore

independent mortality. We assumed a type Il functional response as
found in other ladybeetles and aphid species (Kummel et al., 2013;
Pervez & Omkar, 2005).

ky—Hi¢ epHifPit
Hitea=Hie+8uHi¢ Ko HotHo —Mp;eHie
epH;P;
P. =P..+dp—2* _m,..P.
it+1 it P HictHo Pithit (1)

Here, g, is the rescaled intrinsic growth rate, and ki, is the
carrying capacity of the herbivore, e, is the predation rate, H is
the half saturation density and a, is the assimilation rate, Mp; ¢ and
my,;are the density-independent per capita mortality rates of the
predator and herbivore, respectively. The local population dynam-
ics were described in terms of ordinary difference equations and
then translated into probabilities of stochastic events as described
below.

We simulated the model with two scenarios for predators.
In scenario (i), the predator did not have demographic dynamics
(Equation 1, but with Py = P“). This scenario focused on short-term
dynamics of the ladybeetle-aphid system and is better aligned with
our field experiment, where we did not observe a second generation
of ladybeetle adults (Appendix S3). In scenario (i), the predator had
demographic processes (Equation 1). This scenario represents more
general cases of predator-prey interactions.

Emigration rates of predator and herbivore were both affected
by local herbivore density, but in opposite ways. For aphids, we as-
sumed the emigration rate increased if local aphid population density
exceeded a threshold. Crowding is known as a major cue for aphids
to produce alate (winged) offspring (Dixon, 1985; Hille Ris Lambers,
1966) and for alates to disperse (Walters & Dixon, 1982). For lady-
beetles, we assumed the emigration rate increased when local aphid
population dropped below a threshold. Ladybeetles prolong patch
retention and perform area-restricted searches after consumption
of or encounter with aphids (Kareiva & Odell, 1987). We assumed
that emigration was independent of patch location, although spatial
configuration was found to affect ladybeetle dispersal in other stud-
ies (Grez & Prado, 2000). We applied a logistic smoothing function
to make the dispersal more realistic.

We assumed that emigrating herbivores and predators settled
on patches indiscriminately. Immigration of ladybeetles was found to
be independent of aphid densities (Cardinale, Weis, Forbes, Tilmon,
& Ives, 2006), and a model with unconditional immigration of the
ladybeetle produced population distribution patterns that fit best
with field data (Krivan, 2008). The probability that each emigrant
from patch i would settle at patch j depended on the distance be-
tween patches i, j and was modeled as an incidence function (Hanski
& Woiwod, 1993). By implementing informed emigration and ran-
dom immigration, species in our model performed informed, but not
optimal habitat selection. In theory, less-than-optimal dispersal can
decrease the effectiveness of predators in suppressing prey at the
landscape scale (Holt, 1985); while informed dispersal would result
in higher aggregation of predators (Rubin, Ellner, Kessler, & Morrell,
2015).

We assumed that the birth, death, and dispersal of the two
species were Poisson’s stochastic events, with the probabilities
of each event described by the ordinary difference equations
(Equation 1 and equations in Appendix S2). We simulated the
model with Gillespie's algorithm (Gillespie, 1976), for 100 units of
time (days) and we recorded the populations once per day over the
last 10 days (at t = 91, 92...100). The simulation was run 300 times
with random initial values for herbivore and predator densities. In
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this way, we minimized the effects of initial population densities
and generated a population time series dataset similar in struc-
ture to the experimental data (see Appendix S2 for details of the
model).

2.5 | Data analysis

The same statistical method was used to analyze the data from
the field experiment and the model simulation. Both experiment
and model produced population time series data for predators and
herbivores at each plant (patch). Time series data at larger spa-
tial scales were generated by summing up the data for multiple
patches. We calculated the per capita effect of one species on the
other for each time series, and used this per capita effect as the
indicator of species interaction strength. The effect of ladybee-
tles on aphids, denoted Ry (“top-down”), was calculated as the
coefficient (R) of linear regression between the decrease in the
aphid population (the log ratio: log(H, + 1) - log(H,,, + 1)) and the
mean ladybeetle population (P, + Pt+1)/2. The effect of aphids on
ladybeetles, denoted Ry, (“bottom-up”), was calculated as the
coefficient (R) of the regression between the increase in the la-
dybeetle population (the log ratio: log(P,,, + 1) - log(P, + 1)) and
the mean aphid population (H, + HM)/Z. Data points where both
species were absent (P, = P, = H = H, , = 0) were removed from
the regression.

To assess the significance of species interactions at each spa-
tial scale, we compared the observed R, and Ry, values with their
corresponding bootstrap null probability distributions. The null
probability distribution, median, and the 95% confidence intervals

Fcology and Evolution o 6541
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(CI) of Ryp and Ry, at each spatial scale were generated by 10,000
resampling iterations. For each resampling iteration b, for each
time t, the resampled population data for patch i (denoted H(b)iyt)
was randomly drawn with replacement from the original data of
all patches (e.g., H(b)i,t = H,;, where k is any number from 1 to 81).
Aphid and ladybeetle data were resampled independently. We did
not analyze data at the largest possible scale (81 plants) because
at this scale the null model would be constrained to be very similar
to the data.

Because the observed Ry and Ry, in both the experiment and
the mathematical model included scale-irrelevant components, in-
ferences regarding how R and Ry, change with spatial scale should
be made relative to the median of the null model. For example,
synchronized environmental effects (Moran effect; Moran, 1953),
phenology, and experimental procedures could produce overall tem-
poral trends in populations for the two species. The gradual decline
in aphid population density in the field experiment is an example
of this (Appendix S1: Fig. S1). The decreasing predator population
through each round was an experimental artifact, but fluctuations in
the predator population are common in nature, and the scale-related
pattern should have been robust to the fluctuations. In particular,
because the null models included these scale-irrelevant effects, we
could filter them out of the analysis by comparing the observed Ry
and Ry, to the null models. To better understand the effect of the
decreasing predator population, we conducted two supplementary
analyses. First, we analyzed subsets of experimental data produced
using two different methods where ladybeetle declines were less se-
vere. Second, we simulated an additional model scenario where lady-
beetles could exit the system. Details are described in Appendix S4.
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Experiment
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3 | RESULTS subsets of data where the ladybeetle population declines were less

In the field, aphids were present in many more patches than were
ladybeetles (Figure 2a), and the average colonization rate was higher
for aphids than for ladybeetles (Figure 2b). Ladybeetles had a strong
negative effect on aphid populations at the patch scale (Figure 2c),
and aphids had a positive effect on ladybeetles at the patch scale
(Figure 2d).

In the experiment, the effects of ladybeetles on aphids (R;p)
were significant (different from the null model) at the three smaller
spatial scales, but not at the largest spatial scale (Figure 3a). The de-
viation of R, from the null median decreased with increasing spatial
scales. The effects of aphids on ladybeetles (Ry ) were significant at
the three smaller spatial scales, but not at the largest spatial scale
(Figure 3a). The deviation of Rgy from the null median was highest at
the three-plant scale. Spiders and other species of ladybeetles were
present in the experiment but did not qualitatively affect these re-
sults (Appendix S3). In the null model, both R and Ry, increased
with increasing spatial scale (Figure 3a). The deviation of R, and
Rgy values from zero were mostly caused by the overall temporal
trends (e.g., in each round of experiments, ladybeetle population
size decreased over time (Appendix S1; Fig. S1)). Interpretation of
the effects of spatial scale should therefore be based on comparing
the observed Ry and Ry values to the null models. We analyzed

pronounced, and the results were qualitatively similar to those ob-
tained from the full dataset (Appendix S4: Fig. S2, S4). We also sim-
ulated a model where ladybeetles could exit the system (i.e., decline
in abundance), and the model result was qualitatively similar to the
experimental result (Appendix S4: Fig. S6). These analyses suggest
that the scale-dependent patterns in Figure 3 were not solely caused
by decreasing ladybeetle population.

In the mathematical model scenario (i) (without predator demo-
graphic processes), both Ry and Ry, decreased with increasing spa-
tial scale and were significantly different from the null model at the
two smaller spatial scales (Figure 3b). Ry and Ry, in the null model
permutations of the simulation results were all close to zero and had
smaller confidence intervals at all spatial scales (Figure 3b) than did
the null model of the field experiment, reflecting the larger size of
the dataset generated by the mathematical simulations versus that
observed in the field experiment. In the mathematical model sce-
nario (ii) (with predator demographic processes), R decreased, and
Rgy increased with spatial scale from the one-plant to the nine-plant
scale, but not from the 9- to 27-plant scale. Both R and Ry, values
were significantly different from the null model at all spatial scales
(Figure 3c). The Ryp and Ry, in the null models increased slightly with
spatial scale (open circles in Figure 3c), suggesting that there were

some synchronized fluctuations in the simulated populations.
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In the field, we found that even though ladybeetles severely reduced
aphid populations when both species were present within a patch,
aphids had a much higher colonization rate and occupied many more
patches than did ladybeetles. This result implies that ladybeetles had
less of an effect on the overall aphid population at the metacommu-
nity scale, likely because the higher population level colonization rate
of aphids promoted the persistence of their metapopulation. The
population level colonization rate was low for ladybeetles, probably
because their population size was much smaller than the aphid popu-
lation size. These observations suggested that this ladybeetle-aphid
system persists at a larger spatial scale as a metacommunity, where
colonization-extinction dynamics play an important role in regulat-
ing population sizes. Thus, we needed to take a metacommunity ap-
proach to understand what happens at these larger spatial scales.

In the experiment, we found that the effect of ladybeetles on
aphids (R;p) was more distinct from the null model at the two smaller
spatial scales, and the effect of aphids on ladybeetles (Ry,,) was most
distinct from the null model at the three-plant scale. The importance
of these results is that they suggest that our interpretation of ob-
served predator-prey dynamics in this system would differ depending
on at which spatial scale observations were made. Ry and Ry, were
not significantly different from the null models at the larger scales,
in part because of the reduced sample sizes, and thus increased con-
fidence intervals, at larger scales (Figure 3a). The pattern for the ef-
fects of ladybeetles on aphids was consistent with hypothesis H1, that
the negative effect of the predator on the prey would decrease with
increasing spatial scale. This result suggests that ladybeetles could
strongly suppress aphids in a single patch, but could not colonize all
the plants fast enough to suppress aphids at larger scales. This result
was similar to findings from a crab clam system in which the effects
of predation were only significant at smaller spatial scales (Seitz &
Lipcius, 2001). We expect this pattern be generalized across systems
in which the prey is less mobile than the predator and lacks a spa-
tial refuge. In such systems, predators can strongly suppress the prey
within given patches; however, prey persist at larger spatial scales by
occupying patches that lack predators for extended periods of time.

In the experiment, the pattern for the effects of aphids on la-
dybeetles partially supports hypothesis H2, that the positive effect
of the prey on the predator would decrease with increasing spatial
scale. But instead of monotonically decreasing with spatial scale as
expected, Ry, was most divergent from the null model at the three-
plant scale. However, we should be conservative when interpreting
results from the two largest scales due to the increased variations.
The observed positive relationship between ladybeetle population
change and aphid population size at smaller scales was caused by
reduced dispersal of ladybeetles in patches with higher aphid densi-
ties. Given the relatively short timescale of the experiment, demo-
graphic processes were not important: even though 10 clutches of
eggs were found, none developed to adults, and including the larva
into the analysis did not qualitatively change the result (Appendix
S3). We expect a similar pattern to be found in systems where the
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predator performs area-restricted searching (or volume-restricted
searching; e.g., Adachi et al., 2017) and prey are less mobile than
predators. In such systems, predators can aggregate at patches
where prey are abundant. Our results contrast with those from a
dragonfly-tadpole system, where the prey (the tadpole) were mobile
and moved to avoid predation. In this case, the predator population
were only positively correlated with the prey at larger spatial scales
(Hammond, Luttbeg, Brodin, & Sih, 2012).

In model scenario (i) where predators did not have demographic
dynamics, we found that both types of species interaction decreased
with increasing spatial scale. This result was consistent with our ex-
perimental results and was also consistent with hypotheses H1 and
H2. As in the experiment, the observed relationship between lady-
beetle population change and aphid population size was caused by
aggregation of ladybeetles to patches with high aphid densities, with
aggregation caused by reduced dispersal from aphid-rich patches.
The qualitative consistency between the experiment and the model
suggests that the model captured the most important factors con-
trolling predator-prey interactions for this system, and how these
factors varied with spatial scale.

In model scenario (ii) where predators had demographic dynam-
ics, the differences between the effects of ladybeetles on aphids
(R1p) and null model results generally decreased with increasing spa-
tial scale, as predicted in hypothesis H1. The effect of aphids on lady-
beetles (Rg,) increased with increasing spatial scales. This contradicts
hypothesis H2. We reasoned that because ladybeetles disperse and
feed on multiple patches, their reproduction should be less sensitive
to local scale prey density. The two model scenarios correspond to
the “behavioral response” and the “intergeneration relationships,” re-
spectively (Hassell, 1966). Our result suggests that the patterns of
scale-dependent species interaction, especially the effects of prey
on predators, could be sensitive to whether predator demographic
processes are considered. Even in models without predator demo-
graphic processes, movement of predators alone can create spatial
patterns in predator-prey metacommunities. For example, using par-
tial differential equations, Lewis and Murray (1993) showed that the
territorial patterns of wolf packs can be predicted by urination mark-
ing and prey-taxis movements of the wolves (also see White, Murray,
& Lewis, 1996). In our case, we show that movement of ladybeetles
alone can create scale-dependent population dynamics patterns.

In our model, we incorporated studies on the movement behavior
of herbivorous aphids and predatory ladybeetles, and used this to
scale up an understanding of their interactions. The model we used
can be viewed as a continuous-time patch model of a predator-prey
metacommunity (Briggs & Hoopes, 2004). By incorporating body
size as a parameter into the individual-based stochastic simulation,
our model emulates the ladybeetle-aphid system better than tradi-
tional patch dynamic models. For example, body size is negatively
correlated to the population size (number of individuals). Population
size is important in metacommunity dynamics (Orrock & Watling,
2010), because larger populations are less susceptible to demo-
graphic stochasticity and contribute more migrants that can colonize
new patches. As we observed in the field, the aphids in the model
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are not individually more mobile than the ladybeetles, but because
aphids are much more abundant, they are better patch colonizers at
the landscape level. Also, our model is consistent with field observa-
tions that ladybeetles usually leave a patch before all aphids are eaten
(e.g. Minoretti & Weisser, 2000). The remaining small population of
aphids might then recover without the input of new aphid colonists.
In this study, we only simulated the model in scenarios similar to our
experimental system. Our results imply that including different body
sizes into spatially explicit metacommunity models could produce
emergent scale-related patterns (e.g., Figure 3b,c). The range of pos-
sibilities is large and beyond the scope of this study; however, we
argue that it would be a promising direction for future efforts.

Despite the consistency in general trends between the experi-
ment and the model scenario lacking predator demography, the re-
sults of the experiment and model differed at the smallest spatial
scale. In the model, the strongest species interactions were observed
at the smallest scale of single plants, but in the experiment, species
interactions at this scale were equally or less strong versus those
observed at the second-smallest spatial scale of three-plant sets.
One possible explanation for this discrepancy between model and
experiment results is that our model did not explicitly describe how
ladybeetles detect plant patches. Because the ability of ladybeetles
to detect vegetation is limited to about 1-3 m (Banks & Yasenak,
2003), ladybeetles may have been able to see the other two plants
in a three-plant group before leaving their current plant. This is con-
sistent with previous studies showing that movement of ladybee-
tles between plants 2 m apart is much greater than when plants are
6 m apart (Grez et al., 2005). Thus, in our experiment, ladybeetles
may have perceived the three-plant sets as the true “patches,” and
moved repeatedly among plants within a three-plant set in a single
day. We expect the model would fit the experimental data better if
more detailed information about ladybeetle dispersal behavior were
included.

Ladybeetles are often viewed as effective biological control
agents of aphids, and small-scale experiments frequently show that
they strongly suppress aphid populations (Cardinale, Harvey, Gross,
& lves, 2003; Minoretti & Weisser, 2000; Snyder, Finke, & Snyder,
2008). However, in larger scale field experiments and observations,
ladybeetles often fail to control aphid populations (Dixon, 2000;
Iperti, 1999; Kindlmann et al., 2015). This discrepancy could be due
not only to the spatial aggregation of ladybeetles and aphids associ-
ated with spatial scale, as we have shown in this study, but perhaps
also to differences in methodology of studies conducted at different
spatial scales. In particular, it is likely that the experimental devices
used in most small-scale studies introduced significant artifacts that
were not present in the large-scale studies. For example, cages both
prevent dispersal and exclude top predators, which could do as much
harm to the ladybeetles as to the aphids (e.g., Ho & Pennings, 2008).
A major problem, then, in synthesizing past results across spatial
scales is that the effects of scale and the effects of methodology
could be hard to disentangle. In our experiment and model, however,
we demonstrated a gradual change from the strong predation effects
commonly found in small-scale laboratory/cage studies to the weak

effects commonly found in field/landscape studies. Importantly, as
we used a consistent methodology as we “scaled up” our observa-
tions, our results can be understood as due to spatial scale alone.

The issue of spatial scale presents a significant and under-
appreciated problem for ecology. For the purposes of management
and conservation, we usually need information on larger, landscape-
scale patterns. Most experimental studies, however, are performed at
small (Englund & Cooper, 2003) and often rather arbitrary (Wheatley
& Johnson, 2009) scales, and thus, if not scaled up properly might not
provide the best insight into the problems that they were intended to
address. Studies in other systems have shown that predator-prey in-
teractions and abundance patterns vary with observational scale (e.g.,
bivalves: Seitz & Lipcius, 2001; fishes: Rose & Leggett, 1990; seabirds
and fish: Fauchald etal., 2000). Spatially explicit models have also
demonstrated that the population dynamics of a predator-prey meta-
community can be scale dependent (e.g., De Roos, Mccauley, & Wilson,
1991). However, to the best of our knowledge, the present study is the
first using parallel experimental and model approaches to study the
scale dependency of predator-prey interactions. We argue that a bet-
ter and more general understanding of how ecological processes vary
with spatial scale would help bridge the gap between typical ecological
experiments conducted at small scales and ecological problems that
often are at the landscape scale, and we encourage more studies that
explicitly incorporate analyses at a range of spatial scales.
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