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Abstract

In natural ecosystems, arthropod predation on herbivore prey is higher at lower lati-
tudes, mirroring the latitudinal diversity gradient observed across many taxa. This
pattern has not been systematically examined in human-dominated ecosystems,
where frequent disturbances can shift the identity and abundance of local predators,
altering predation rates from those observed in natural ecosystems. We investigated
how latitude, biogeographical, and local ecological factors influenced arthropod pre-
dation in Brassica oleracea-dominated agroecosystems in 55 plots spread among 5
sites in the United States and 4 sites in Brazil, spanning at least 15° latitude in each
country. In both the United States and Brazil, arthropod predator attacks on senti-
nel model caterpillar prey were highest at the highest latitude studied and declined
at lower latitudes. The rate of increased arthropod attacks per degree latitude was
higher in the United States and the overall gradient was shifted poleward as com-
pared to Brazil. PiecewiseSEM analysis revealed that aridity mediates the effect of
latitude on arthropod predation and largely explains the differences in the intensity
of the latitudinal gradient between study countries. Neither predator richness, preda-
tor density, nor predator resource availability predicted variation in predator attack
rates. Only greater non-crop plant density drove greater predation rates, though this
effect was weaker than the effect of aridity. We conclude that climatic factors rather
than ecological community structure shape latitudinal arthropod predation patterns
and that high levels of aridity in agroecosystems may dampen the ability of arthropod

predators to provide herbivore control services as compared to natural ecosystems.
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1 | INTRODUCTION

In the 19th century, Alfred Russell Wallace first proposed that biotic
interactions between many plants and animal taxa may be stronger
at lower latitudes, creating a latitudinal biotic interaction gradient
parallel to the latitudinal biodiversity gradient (Wallace, 1878).
Researchers in the 21st century continue to examine this Latitudinal
Biotic Interaction Hypothesis (LBIH), both to understand current
patterns in biodiversity and biotic interactions, and to anticipate the
effects of climate change on future global macroecological patterns
(Bale et al., 2002; Schemske et al., 2009). Recently, a meta-analysis
examined the accumulated empirical evidence on the LBIH and
found that both herbivory and predation decrease significantly with
increasing latitude and that this pattern was strongest for ectother-
mic predators (Zvereva & Kozlov, 2021). One potential explanation
for this biogeographic pattern is Paine's Predator Hypothesis, which
states that at lower latitudes, predator communities are more di-
verse, and that diversity creates redundancies and complementation
in prey consumption that drives equatorial increases in predation
(Paine, 1966; Pianka, 1966). However, Zvereva and Kozlov (2021)
suggest that climate may be the critical factor driving changes in
predation intensity observed in ectothermic predators. Local and re-
gional studies have explored how predator community composition
and climate influence predation, yet little is known about how both
factors may contribute to latitudinal predation gradients, particu-
larly in human-dominated ecosystems.

At least 45% of global land cover is dominated by human ac-
tivity including areas used for housing, transportation, and food
production (Hooke et al., 2012). Unlike most natural ecosys-
tems, human-dominated ecosystems experience frequent and
diverse disturbances, such as tillage, planting, and weed manage-
ment actions known to perturb ectothermic arthropod predators
(Schowalter, 2012). These disturbances make agroecosystems an
ideal setting in which to test the extent of latitudinal predation gradi-
ents and the proposed underlying mechanisms. If predator diversity
drives higher predation rates at lower latitudes, then the latitudinal
predation gradient may be much weaker in agroecosystems due to
the reduced plant and arthropod diversity characteristic of most
food production systems (Gonthier et al., 2014). Alternatively, the
homogenization of both global crop taxa and crop-associated cos-
mopolitan arthropod predators and herbivores may give rise to sim-
ilar predation rates regardless of location, resulting in no detectable
gradient (Bebber et al., 2014). Still, if the climate is the major factor
driving latitudinal predation gradients, then arthropod predation
gradients could exist with similar strength in agroecosystems as pre-
viously documented in primarily forest ecosystems (Jeanne, 1979;
Novotny, 2006; Roslin et al., 2017), given the large regional scale at
which climate acts.

Arthropod predators provide crucial herbivore pest control ser-
vices in agroecosystems. Therefore, considerable attention has been
directed toward understanding the ecological conditions associated
with stronger predation rates. Regional studies reveal that predation
on herbivore prey usually increases with greater arthropod predator

densities and diversity, both of which are supported by the provi-
sioning of key predator resources through plant diversity manage-
ment (Gurr et al., 2017; Root, 1973). Plant diversity within and near
crop fields is determined by a combination of cultivar selection and
tolerance for non-crop plants. When tolerated in-field, weed plants
may contribute significantly to overall plant richness and could fol-
low the latitudinal plant diversity gradient found in natural ecosys-
tems (Barthlott et al., 2007). The inclusion of diverse weed, crop, and
wild plants within and near crop fields often increases the availabil-
ity of shelter, nectar, alternative prey, and pollen resources required
by many arthropod predators to persist and reproduce (Gonzalez-
Chang et al., 2019). However, the effect of predator resource avail-
ability on predator diversity, density, and attack rates appears to
depend greatly on the specific arthropod and plant taxa present
(Andow, 1991; Schellhorn & Sork, 1997). It is unclear whether the
taxa associated with globally replicated cropping systems change
with latitude in ways that impact the effect of resource availability
on predation intensity.

Climate may influence latitudinal predation patterns indirectly
through shifts in arthropod predator resource availability and di-
rectly through effects on predator behavior, altering mortality
to predators and predator lifespans. Within a given ecosystem,
arthropod predator attacks on sentinel prey have been found to
peak during wet seasons when preferred prey are most abundant,
suggesting an indirect influence of climatic conditions on preda-
tion through prey resource availability (Molleman et al., 2016).
More directly, an experimental warming experiment showed that
increased temperatures can elicit increased interference and com-
petition among co-occurring predators such that predation rates
decrease (Barton & Schmitz, 2018). Yet, a globally distributed ex-
periment revealed that higher temperatures at lower latitudes are
correlated with increased predation rates (Romero et al., 2018).
The incorporation of community data into such globally distrib-
uted experiments could illuminate whether the effects of climate
on predation are due to shifts in resources, species distributions,
or behavior.

As emphasized by Roslin et al. (2017), standardized methods are
crucial to detecting large-scale biogeographic patterns in predation.
To evaluate the reach and drivers of latitudinal arthropod predation
patterns we assessed arthropod predator attack rates on uniform
sentinel caterpillar baits in organic agroecosystems dominated by
a single crop species, Brassica oleracea (L.). The B. oleracea system
is well-researched as a globally grown staple vegetable crop and
hosts a cosmopolitan pest-herbivore community, including Brassica-
specialist caterpillars upon which we modeled prey baits (Grzywacz
et al., 2010). By surveying arthropod and plant communities and
measuring predation intensity within Brassica study sites located
across 15° latitude in the United States and 21° latitude in Brazil
we assessed Paine's (1966) Predator Hypothesis which predicts that
predator attack rates increase with higher predator richness at lower
latitudes, against the hypothesis that climate factors mediate the ef-
fect of latitude on predation through direct effects on predator com-
munities and indirect effects on predator resources.
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2 | MATERIALS AND METHODS

2.1 | Site selection

We assessed predation rates in B. oleracea-dominated agroecosystems
across latitudinal transects in the central United States (30°-45°N) and
eastern Brazil (8°-30°S) during the 2017 growing season (Table S1).
We selected 5 study sites in the United States and 4 study sites in
Brazil. In each site, study plots were embedded in similar background
native ecosystems (grasslands and savannas) with access to a met-
ropolitan area market to minimize between-plot and site variation in
growing practices. All plots were located on practicing organic farms
that eschewed applications of insecticides that could interfere with ar-
thropod predator function (Bommarco et al., 2011). Variation in farmer
weed management and inter-cropping practices created a range of
within-field vegetational diversity among plots within each site. On
the high end of vegetation, diversity was plots planted in polyculture
cropping schemes with low weeding intensity whereas plots on the
low end of this spectrum practiced monoculture cropping and inten-
sively weeded to remove most additional plant diversity. Elevation av-
eraged 273 (SE = 14 m) meters in United States plots and 766 (SE = 84)
meters among Brazilian plots (Table S1). At each site, we established
study plots in production fields containing predominantly leafy kale
or collard cultivars in the mid- to late vegetative growth stage, with
each plot measuring approximately 20x20m. Fields planted in flower-
ing varieties of B. oleracea including broccoli and cauliflower were oc-
casionally used, and the open leaf structure of these cultivars closely
aligned with the architecture of leafy varieties. In total, we assessed
predation rates in 55 Brassica sites with an average of 6.11 (sd = 2.67)
distinct plots per site in nine sites (Table S1). This compares favorably
with previous studies, which assessed predation at two (Jeanne, 1979),
three (Novotny, 2006), or five (Roslin et al., 2017) sampling plots per

site with five to eight sites total.

2.2 | Predation assessment methods

We followed established methods to hand-roll 0.5x3 cm artificial
caterpillars, designed to mimic late-instar Trichoplusia ni (L.) larvae, an
important Brassica pest, from green plasticine (Van Aken Plastalina
10508) (Howe et al., 2009; Roslin et al., 2017; Sam et al., 2015). At
each study site, an average of 18.25 (sd = 3.33) caterpillar baits
were glued with Loctite™ Control Superglue to the underside of
the central vein of a lower leaf, a common location for late-instar
lepidopteran larvae on Brassica crops (Kumar & Omkar, 2018). Baits
were exposed for 2days, as in Roslin et al. (2017), collected into 2ml
centrifuge tubes, and stored on ice until scoring to avoid any non-
predatory indentations in the malleable plasticine material. We used
the scoring key developed by Low et al. (2014) to score caterpillars
as not-attacked or attacked by a mammal, bird, or arthropod preda-
tors (Figure S1). Missing caterpillar baits (n = 31, 3.1%) were removed
from the analysis as we could not confirm that the absence was due
to predation.
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2.3 | Local vegetation assessment

The same day we deployed the artificial caterpillars, we also sur-
veyed the plant and arthropod communities in each plot. We used
the point-quadrat method (Goodall, 1952) with 80 pins per plot ar-
ranged in two perpendicular 20 m rows of 40 vertical pins every half
meter, to characterize the plant community. Given the distinct row
structure and frequent weed removal in agricultural production,
we oriented transects diagonally across rows to capture between
and along row variation in vegetation and chose the half-meter
point interval based on the large size of the focal crop (diameter ap-
proximately 0.5-1 m) and sparsely vegetated space between rows
(1-1.5 m) and to minimize potential damage to crop through point-
dropping (Caratti, 2006). For each point dropped along the transect
we recorded if the point was intercepted with bare ground or a plant
and identified the plant to species. Plant community data were miss-
ing for two of our plots in the Minas Gerias (MG) site and were thus
omitted from any analysis using plant data. We then calculated the
density of B. oleracea and non-Brassica plants as a number of points
identified as B. oleracea or a non-Brassica plant divided by the num-
ber of points observed per plot and species richness for all plants

including B. oleracea (minimum plant richness = 1).

2.4 | Local arthropod assessment

To characterize the arthropod community, we randomly selected 12
non-adjacent Brassica plants within our study plot, avoiding plants
bordering the edge of the plot, and systematically visually identified
and counted arthropods from the foliage crown to stem base, turning
over all leaves top to bottom and within a 0.5 m radius around the
focal plant. In one site, the Federal District, 24 instead of 12 plants
were sampled per plot, therefore we corrected for this oversampling
by rarifying arthropod community count data to a random sample
of 12 plants per plot for this site prior to analysis. We simplified ant
counts to the presence/absence on a plant to account for recruitment
behavior and expressed this as the proportion of plants with ants. All
arthropods observed on the 12 focal plants were identified in the
field to family or species when possible and densities for each taxon
were recorded per site. We then characterized taxa by the trophic
guild (predator, parasitoid, herbivore, pollinator, and detritivore) and
calculated the density and family richness of all arthropod taxa pre-
sent, as well as for herbivore prey and predator groups. Previous
analyses compared results with all predators and those known to
specifically attack caterpillars, however, results were not significantly

different as most predator taxa observed to consume caterpillars.

2.5 | Statistical analyses

We performed all statistical analyses using R (R Version 4.1.1, R Core
Team, 2018). To examine the relationship between predation and bio-
geographic factors we used generalized linear mixed-effects models
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(GLMM) for proportions, modeling predation as the ratio of the num-
ber of baits attacked versus not attacked to assess daily predation
risk for each study plot. Assuming binomial distributed errors and a
logit-link function, we modeled predation response as a function of
country, latitude (absolute value), and the interaction of country and
latitude, adding site nested within the country as a random factor
to partition local variation among sampling plots within a site from
variation among sites at different latitudes. We included country as a
fixed effect in this model due to the lack of latitudinal range overlap
between study countries, as Zvereva and Kozlov (2021) found that
the strength of the latitudinal predation gradient changed distinctly
among distinct climates associated with different latitudinal ranges.
Initially, we constructed this model for each type of predator attack-
ing the model caterpillars (arthropod, bird, and mammal) as well as
a model for all predator attack types. However, when attacks by a
given type of predator occurred at one or fewer sites within a coun-
try, data from that country was removed from the model and the
model was simplified to include only latitude as a fixed effect and
site as a random effect. We fit all predation models with the “glmer”
function using adaptive Gauss-Hermite quadrature in the Ime4 pack-
age in R (Bates et al., 2015; Bolker et al., 2009). We assessed model
fit by examining plots of residuals versus fitted values and Pearson's
goodness of fit statistic and significance of predictors with Wald 42
type 3 test of main effects in R. To aid in model fit interpretation
we used the “r.squaredGLMM?” function in the MuMIN package to
calculate RzGLMM marginal and conditional values using methods de-
veloped by (Nakagawa et al., 2017) (Barton, 2010).

Next, we examined factors known to influence predation that
could not be adequately controlled for by site selection that may
influence observed latitudinal patterns; namely within-site vari-
ation in vegetational diversity and variation in elevation and cli-
mate among sites within a country. Agronomic practices of weed
removal, intercropping, and cover cropping are often regionally
influenced (Shennan, 2008), therefore we assessed whether veg-
etational diversity among plots within a given site would obscure
latitudinal differences in predation rates by modeling all predation
responses as a function of the site, plant richness, and the interac-
tion of site and plant richness, adding country as a random effect.
We assessed model fit and fixed effect significance with the same
methods as the latitude models above. To characterize climate gra-
dients in our study we collected data from the WorldClim database
(Fick & Hijmans, 2017) with the “getData” function in the package
raster (Hijmans, 2021). Temperature, measured as mean annual tem-
perature (MAT) correlated strongly with latitude among our study
sites (Pearson's X2 = 0.90, p<.001), therefore was not analyzed as
a potential confounding climate factor. Instead, we examined the
Képpen aridity index (Aridity Index = Mean Annual Precipitation/
[MAT +33], lower index values indicate greater aridity) as this index
is a good proxy for plant productivity across a gradient of humid
and arid climates in North and South America and was not signifi-
cantly correlated with the latitudes studied (Pearson's ;{2 = 0.13,
p =.341), (Quan et al., 2013). To examine if variation in elevation and
aridity could obscure latitudinal patterns in predation we modeled

predation response as a function of elevation, aridity, latitude, and
country, scaling all continuous variables, allowing for all fixed effect
interactions, and adding site nested within country as a random
factor. To assess the significance of fixed effect terms we used the
function “dropl” in the Ime4 package to sequentially simplify the
model, starting with the most complex interactions and computing a
likelihood ratio test (LRT) statistic at each step (Hertzog et al., 2017).
When removal of a given fixed effect did not significantly impact
model fit as indicated by LRT statistic, that term was removed. We
assessed the overall model fit as above and constructed new uni-
variate GLMMs with variables in significant interactions to estimate
unscaled impacts on predation rates.

To examine whether local biotic and climate effects mediate the
effect of latitude on arthropod predator attack rates we conducted
piecewise structural equation modeling (SEM) using the piecewise-
SEM package in R (Lefcheck, 2016). Piecewise SEM can test multiple
hypotheses in a single causal network and can incorporate a variety
of model structures, distributions, and assumptions (Lefcheck, 2016).
We constructed our causal network based on Paine's Predation
Hypothesis, ecological theory, and results from our biogeographic
pattern analysis. We tested the following predictions related to ar-

thropod predation rate as depicted in Figure 1:

1. Latitude drives the diversity of all taxa, including predators
(H1.1) and predation is stronger where predators are more
diverse (H1.2) (Paine, 1966).

2. Predator density is dependent on prey density (H2.1) and preda-
tion pressure increases with greater densities of predators (H2.2)
(Wangersky, 1978).

3. More diverse cropping systems contain a greater amount of di-
verse shelter, nectar, alternative prey, and pollen resources that
support more abundant and diverse predator communities (H3.1),
which enhances arthropod predation rates (H3.2) (Root, 1973).

4. Aridity, shown to mediate the effect of latitude on predation in
our biogeographic pattern analysis, influences the composition of
arthropod predator communities (Tsafack et al., 2019).

Prior to analysis, we rescaled all continuous predictor variables
to zero mean and unit variance using the “decostand” function in
the vegan package (Oksanen et al., 2020) so that our parameter esti-
mates reflect effect size among variables measured at very different
scales (Nieminen et al., 2013). We then used the car package (Fox
et al,, 2021) to run a variation inflation factor (VIF) analysis with all
predictor variables to check models for variable independence (Zuur
& leno, 2016). We found no variables to have a VIF score greater than
the conservative threshold of 3, thus all variables are included in our
causal network. The seven component models examined (1) the ef-
fect of aridity, predator richness, and predator density on arthropod
predation rates, (2) the effect of latitude on aridity, (3) the effect of
aridity, latitude, non-Brassica plant density and richness, and prey
density and richness on predator density and (4) richness, (5) the
effect of latitude and non-Brassica plant richness on prey richness,
(6) the effect of non-Brassica plant density on prey density, and (7)
the effect of non-Brassica plant density and latitude on non-Brassica
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FIGURE 1 A priori models tested with piecewise structural equation modeling (SEM). Our causal structure incorporates biogeographic
and ecological theories to explore the direct and indirect effects of latitude on arthropod predation. In our model, latitude can influence
arthropod predation indirectly through changes in predator richness associated with the latitudinal diversity gradient (arrows 1-4) or
through changes in aridity (arrows 4-9). Relationships between predators and the resources of predators can modify these indirect
latitudinal effects. Predation can be driven by predator richness (arrow 4) or density (arrow 9). Predators require diverse and abundant prey
and plant resources to persist in agroecosystems (arrows 10-17) and plant density can, directly and indirectly, influence prey communities
(arrows 18-20). Here plant density refers to the density of non-Brassica plants. Richness variables are indicated with the abbreviation S and
are measured at the family level for predator and prey richness and the species level for plant richness

plant richness. All component models were fit as GLMMs with site
nested within the country as a random factor. We examined tests of
directed separation to identify missing significant correlations in our
model and updated the component models to include any identified
missing interactions, and then evaluated the goodness of fit with
Fisher's C Test (Sudnick et al., 2021). For each endogenous variable,
we examined both the marginal and conditional R? values.

3 | RESULTS

3.1 | Attacks on model caterpillars

The mean recovery rate per site of model caterpillars was 96.9 +7%
(Table S1). Of the 974 recovered model caterpillars, we detected 276
instances of attack, the majority of which was attributable to arthro-
pods (90.2%). Birds accounted for the second most attacks (6.1%),
followed by mammals (3.2%). However, model caterpillars were only
attacked by birds and reptiles in one plot each in Brazil, and by mam-
mals in one plot in the United States (Table S1, Figure S1). Attack
rates on model caterpillars by arthropods were not significantly dif-

ferent between the two study countries (LRT 42 = 0.13, p = .71).

3.2 | Effect of latitude on predation

The prediction of Wallace (1878), and other ecological theoreti-
cians (Paine et al., 1966; Pianka, 1966), did not hold in our agricul-
tural ecosystem. Contrary to previous expectations and studies, we
found that daily arthropod predator attacks on model caterpillars
increased significantly with increasing latitude and that the strength

of this pattern varied by study country (Wald 4? = 8.65, p = .003)
(Figure 2b, Table S2). Our model of the effects of latitude and
country, controlling for sample site explained 75% of the variance
in arthropod predation (Table S2). In the United States, arthropod
predation increased significantly faster with latitude than in Brazil
(Table S2). For every 1° latitude increase in the United States, the
odds of arthropod attack increased by 44.4% (41.5-47.5%, 95% Cl)
from the odds of 0.03 at the lowest latitude studied (30.1°N; Austin,
Texas). In Brazil, the odds of arthropod attack increased more slowly,
by 39.4% per 1° latitude (37.8-41.1%, 95% Cl) reaching the odds of
0.37 at the highest absolute latitude studied in Brazil (29.7° S; Santa
Maria, Rio Grande do Sul). Moreover, the latitude of minimum preda-
tion differed by country, with less than 5% baits attacked at 30.1°N
in the United States and in Brazil at 8.3°S. We found a similar trend
in the effect of latitude on bird predator attacks in the United States,
with the odds of bird attacks increasing 43.6% (36.2%-52.5% Cl) per
degree latitude increase (Wald X2 = 3.19, p = .074, Table S2). In con-
trast, Brazilian mammal predator attacks did not vary with latitude
(Wald 42 = 0.19, p = .665, Table S2).

3.3 | Vegetation diversity, elevation, and aridity

Neither variation in local site vegetation richness (Tables S3 and S4)
nor elevation (Table S5) influenced predation patterns. However,
patterns of aridity were associated with the observed predation
gradients and may explain the equatorial shift in predation in Brazil
(Tables S5 and Sé6, Figure 3). Our simplified selected model of poten-
tial mediating biogeographic factors included all 2-way interactions
of country, latitude, and aridity except the interaction of latitude and
country, and explained more variation in arthropod predation as the
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FIGURE 3 Scatter plots showing (a) Képpen aridity index (higher values = less arid) by latitude and (b) the predation rate (proportion
of attacked model caterpillars) by Képpen aridity index for each study site in Brazil (black) and United States (gray) Brassica oleracea
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model of latitude alone (RZGLMM =0.90, Table S5). The model showed
a significant interaction of aridity and country (Wald ;(2 = 12.98,
p<.001) and a trending interaction of aridity and latitude (Wald
;(2 = 3.32, p = .068) influenced the odds of daily arthropod preda-
tor attack (Table S7). Because of differences in continental aridity
gradients between study countries, the study site at approx. 30°N
was twice as arid, as the study site at approx. 30°S (Figure 3a). In the
model to estimate unscaled effects of aridity on arthropod preda-
tion, the interaction of country and aridity was not significant (Wald
;(2 = 0.53, p = .467), and for a unit increase in Képpen aridity index
(higher values = less arid), odds of arthropod attack increased by
42.7% (37.5-48.6%, 95% Cl) (Figure 2b, Table Sé).

3.4 | Directand indirect effects on arthropod
predation (piecewiseSEM)

The final piecewiseSEM model incorporating aridity, plant (Table
S3), predator (Table S7), and prey (Table S8) community vari-
ables explained 67% of the variation in arthropod predation rate
(AIC = 123.16, Fisher's C = 25.16, df = 24, p = .397, Table S9).
Reinforcing results from GLMM models, piecewiseSEM revealed
that aridity (higher Al values) decreased with latitude (standard es-
timate: f = 1.49, p = .001) and predation rates increased with lower
aridity (p = 0.58, p = .022) (Figure 4, Table S9). Despite this effect
of aridity on predator function, aridity did not influence the density
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(p=0.13, p = .391) or richness (p = -0.02, p = .995) of arthropod
predators. Most predator taxa observed in the field are known
to attack caterpillar prey (Table S7). Yet, neither predator density
(p = 0.10, p = .344) nor predator richness (f = -0.02, p = .857) in-
fluenced observed predation rates as expected by the theories that
informed our model construction (Figures 1 and 4). However, plots
with greater prey densities had greater predator richness (3 = 0.38,
p = .002) and predator densities (3 = 0.48, p = .001). Predator den-
sities were also enhanced in plots with greater predator richness
(p = 0.33, p =.045). Though not included in our original model, the
test of direct separation detected a missing significant relationship
between non-Brassica plant density and arthropod predation that
was included in the final model (Figure 4). Arthropod predation was
higher in plots with greater non-Brassica plant density (5 = 0.22,
p = .028). Latitude did not influence predator, prey, or plant rich-
ness in our study system and prey richness was neither a significant
predictor nor response of any other variable in our model (Figure 4,
Table S9).

4 | DISCUSSION

Utilizing a standardized agroecosystem and assessment protocol,
this study disentangled the influences of local ecological factors
and geographic context on latitudinal arthropod predation pat-
terns. In both the United States and Brazil, we found an overall
increase in daily arthropod attack rates on sentinel prey with lati-
tude in Brassica-dominated agroecosystems, a reversal of the gradi-
ent observed in natural ecosystems (Roslin et al., 2017; Zvereva &
Kozlov, 2021). The range of the fraction of sentinel prey attacked
daily (0-0.28) was commensurate with previous studies utilizing ar-
tificial caterpillar baits across a range of latitudes in natural ecosys-
tems (Roslin et al., 2017), and in agroecosystems studied at a single
latitude (Ferrante et al., 2017; Howe et al., 2015). Supporting the hy-
pothesis that climate drives latitudinal patterns in arthropod preda-
tion, our results show that the strength of the latitudinal arthropod
predation pattern varied significantly between study countries with
distinct climates. Specifically, we found that continental patterns in
aridity rather than local differences in arthropod predator richness
or density mediate the relationship between latitude and predation.

Our site selection methods which emphasized uniformity of back-
ground native ecosystems (grasslands and savannas) and production
methods (organic) precluded controlling for latitudinal variation in
aridity among sites. In central North America, the highest aridity is
associated with the desert belt at 27-33°N latitude, which includes
our lowest latitude site in central Texas (30°N). The South American
aridity gradient in Brazil is not associated with the southern des-
ert belt and is instead related to the climate of the South Atlantic,
with the aridest location at our lowest latitude site in Pernambuco
(8°S) (Franchito et al., 2014; Silva & Souza, 2018). For both historical
and economic reasons, Brazilian population density and agricultural
production remain highly concentrated along the Atlantic coast,
therefore it was not possible to select study sites with a range in
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aridity that more closely mirrored sites in the United States (Dias
et al.,, 2016). A twofold difference in aridity between study sites at
approximately 30° latitude in each country likely explains the stark
differences in the observed predation rates between those two sites
and the overall poleward shift in the predation gradient in the United
States (Figure 3a).

If temperature alone mediated the effect of latitude on preda-
tion, we would have seen a consistent effect of latitude in both coun-
tries due to the tight correlation between latitude and mean annual
temperature across the agricultural sites studied. A recent survey in
China found that carabid predator communities were less stable in
drier climates due to an increase in the dominance of single species
(Tsafack et al., 2019). It is unclear if similar subtle shifts in species
dominance occurred in the Brassica agroecosystem studied here, as
field constraints limited identification to the family level. Further, all
studied plots were irrigated to promote crop growth, therefore how
aridity influences predator plant and herbivore prey resources are
also unresolved by this study. Our piecewiseSEM model did not de-
tect any missing links between aridity and measures of plant, prey, or
predator variables, indicating that this climate variable may be act-
ing independently of community composition on predator function.
Under drier climates, arthropod predators may change behaviors to
avoid water loss or may benefit more from alternative shelters found
outside of the cropping areas such as leaf rolls (Romero et al., 2022).
Future studies that prioritize site selection based on contrasts in
aridity could better determine if the effect of aridity on arthropod
predation is due to shifts in community composition or predator
behavior.

Our results do not support Paine's Predator Hypothesis, spe-
cifically, that the latitudinal predation gradient arises due to higher
predator richness at lower latitudes following the latitudinal diversity
gradient. However, little data exists to contextualize why arthropod
predator richness in our model agroecosystem was not influenced
by latitude. To the best of our knowledge, only three other studies
(Jaffe etal., 2007; Jeanne, 1979; Privet & Pétillon, 2020) have applied
standardized sampling protocols to assess if arthropod predators are
more diverse at tropical latitudes. Results from these studies do sup-
port the latitudinal diversity gradient, however, each assessed just
one predatory taxon (ants or spiders) and only Jeanne (1979) exam-
ined a true latitudinal gradient across more than two sites. Without
knowledge of how entire predator assemblages change with latitude
in natural ecosystems, we can only conjecture that a failure to meet
the first assumption of the predator hypothesis could be attributable
to local ecological factors driven by management practices. While
we found within-site variation in weed tolerance and intercropping
practices thought to support arthropod predator richness, we did
not find variation in these practices among sites. This indicates that
the availability of predator resources thought to enhance predator
richness (Root, 1973) is independent of latitude in Brassica cropping
systems.

That neither higher predator richness nor density enhanced ar-
thropod attacks on sentinel prey contradicted our predictions based
on ecological theories (Paine, 1966; Root, 1973; Wangersky, 1978).
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FIGURE 4 Piecewise structural equation model showing significant (p <.05) direct and indirect effects of latitude and local community
structure on arthropod predation over all sampled plots (n = 55) controlling for the site (n = 9) nested within the country (n = 2) as a random
effect. Arrow width represents relative standardized effect sizes of significant causal paths (see Table S9 for a detailed model summary with
non-significant effects). Plant density refers to non-focal crop species (Brassica oleracea) plant community. Higher values of the Képpen
aridity index used in models indicate a less arid climate. Marginal (RZM) and conditional (RZC) are given for each component model

In a community context, arthropod predators exhibit a range of
interactions including niche complementation, redundancy, and
intraguild predation, with resultant positive, neutral, or negative
effects of predator richness and density on predation rates, re-
spectively (Casula et al., 2006). The two most abundant predator
groups found in our study system, coccinellid beetles and spiders
are known to engage frequently in complex intraguild and extragu-
ild interactions (Hodge, 1999; Finke & Denno, 2002). Further, in re-
sponse to environmental stressors such as heat or plant community
disturbances both coccinellids (Snyder, 2009) and spiders (Schmitz &
Barton, 2014) change foraging patterns in ways that may impact pre-
dation rates. Future experiments comparing the behavior of globally
distributed arthropod predators, such as the coccinellid Harmonia
axyridis (Pallas) (Roy et al., 2016) across a range of latitudes could
clarify if variation in intraguild interactions within predator assem-
blages in agroecosystems decouples global predation patterns from
predicted effects of predator richness and density.

While global patterns of crop losses have not been well docu-
mented (Bebber et al., 2014), our finding that predation rates de-
cline with latitude aligns with indirect evidence that herbivory is
likely higher in lower latitude agroecosystems. Research on soybean
agroecosystems in the United States showed that pesticide appli-
cation rates decreased by 66% from Louisiana (30°N) to Minnesota
(45°N), a similar range of latitudes to those studied here (Deutsch
et al., 2018; Ziska, 2014). Much of the focus in temperate agroeco-
systems has been placed on modifying local and landscape man-
agement methods to enhance predation as an ecosystem service
(Chaplin-Kramer et al., 2011; Lichtenberg et al., 2017). However,
our results demonstrate that arthropod predation can be highly
variable across geographic ranges and is most strongly predicted
by aridity rather than management factors. While plots with more
area covered in non-crop plants were associated with greater attack
rates this effect was less strong than that of aridity. This suggests

that management recommendations aimed at enhancing arthropod

predation in agricultural systems likely have variable effectiveness
between regions with distinct climates.

The main strength of conducting our study of the Latitudinal
Biotic Interaction Hypothesis in a standardized agroecosystem
was the ability to examine the contribution of local ecological and
climatic factors on predation gradients. Our results suggest that
aridity, rather than predator and predator resource characteristics,
modulates the effect of latitude on arthropod predation in agroeco-
systems. This supports previous work that highlights the sensitivity
of biotic interactions involving ectothermic predators to changes
in climate (Romero et al., 2022; Zvereva & Kozlov, 2021). However,
we conclude that arthropod predation increases with latitude in
Brassica agroecosystems, the opposite pattern observed in natural
ecosystems. This distinct biogeographic pattern highlights the need
to examine how climate influences key biotic interactions in human-
dominated ecosystems to manage and maintain arthropod-mediated
ecosystem services.

AUTHOR CONTRIBUTIONS

Hannah L. Gray: Conceptualization (lead); data curation (lead); formal
analysis (equal); funding acquisition (lead); investigation (lead); meth-
odology (equal); project administration (equal); resources (equal);
visualization (lead); writing - original draft (lead); writing - review
and editing (equal). Juliano Farias: Investigation (equal); resources
(equal); writing - review and editing (equal). Madelaine Venzon:
Investigation (equal); resources (equal); writing - review and editing
(equal). Jorge Torres: Investigation (equal); resources (equal); writ-
ing - review and editing (equal). Lucas Machado Souza: Investigation
(equal); writing - review and editing (equal). Rafael Carlesso Aita:
Investigation (equal); writing - review and editing (equal). David A
Andow: Conceptualization (equal); formal analysis (equal); funding
acquisition (supporting); investigation (equal); methodology (equal);
project administration (equal); resources (equal); supervision (lead);

writing - review and editing (equal).



GRAY ET AL.

ACKNOWLEDGMENTS

We thank our collaborators, especially Débora Pires Paula, Edison
Sujii, and Alex Cortés at EMBRAPA-Cenargen for support in the
Brazilian fieldwork, and our many farmer cooperators for host-
ing our research. Luan Bento Rodrigues helped collect data from
one of the Brazilian locations. John Vandermeer, Ivette Perfecto,
George Heimpel, Marla Spivak, Elizabeth Borer, and Shalene
Jha provided important comments on early drafts of this manu-
script. We thank the US Borlaug Fellowship Program (207495);
Environmental Protection Agency (FP917780), the Graduate
School at University of Minnesota for funding, and USDA NIFA
Awards No. 2016-67030-24950 and 2020-67034-31758. We also
thank the three anonymous reviewers who provided comments

that critically improved this manuscript.

CONFLICT OF INTEREST
The authors declare no conflicting interests.

DATA AVAILABILITY STATEMENT
All datasets presented herein are available at https://doi.
org/10.5061/dryad.73n5tb30h

STATEMENT OF INCLUSION

Our study brought together both researchers and farmer-
stakeholders across the two study countries. Researchers in our
study countries were involved in the study design, execution, and
interpretation of results. Where relevant literature published by a
scientist from Brazil was cited and an effort was made to consider
research in Portuguese. In both countries, we met with farmer-
stakeholders prior to research activities and supplied reports for
each farmer within 3months of data collection on their property.
Wherever possible we sought to demonstrate our field methods as
the model caterpillar predation assessment method readily provides

tangible evidence of pest control benefits to farmer-stakeholders.

ORCID
Hannah L. Gray " https://orcid.org/0000-0002-1657-3976
https://orcid.org/0000-0001-9184-6818
https://orcid.org/0000-0002-0717-6493
https://orcid.org/0000-0001-8589-9534

https://orcid.org/0000-0002-9347-0196

Madelaine Venzon
Jorge Braz Torres
Lucas Machado Souza
Rafael Carlesso Aita

REFERENCES

Andow, D. (1991). Vegetational diversity and arthropod population re-
sponse. Annual Review of Entomology, 36, 561-586. https://doi.
org/10.1146/annurev.ento.36.1.561

Bale, J. S., Masters, G. J., Hodkinson, I. D., Awmack, C., Bezemer, T. M.,
Brown, V. K., Butterfield, J., Buse, A., Coulson, J. C., Farrar, J., Good,
J. E. G,, Harrington, R., Hartley, S., Jones, T. H., Lindroth, R. L.,
Press, M. C., Symrnioudis, ., Watt, A. D., & Whittaker, J. B. (2002).
Herbivory in global climate change research: Direct effects of rising
temperature on insect herbivores. Global Change Biology, 8, 1-16.
https://doi.org/10.1046/j.1365-2486.2002.00451.x

Barthlott, W., Hostert, A., Kier, G., Kiper, W., Kreft, H., Mutke, J.,
Rafigpoor, M. D., & Sommer, J. H. (2007). Geographic patterns of

Ecology and Evolution 90of11
=t S VY LEy- 2o

vascular plant diversity at continental to global scales. Erdkunde, 61,
305-315. https://doi.org/10.3112/erdkunde.2007.04.01

Barton, B. T., & Schmitz, O. J. (2018). Opposite effects of daytime and
nighttime warming on top-down control of plant diversity. Ecology,
99, 13-20. https://doi.org/10.1002/ecy.2062

Bartén, K. (2010). MuMIn: Multi-Model Inference. R package version
1.43.17. https://CRAN.R-project.org/package=MuMIn

Bates, D., Michler, M., Bolker, B. M., & Walker, S. C. (2015). Fitting linear
mixed-effects models using Ime4. Journal of Statistical Software, 67,
1-48. https://doi.org/10.18637/jss.v067.i01

Bebber, D. P., Holmes, T., & Gurr, S. J. (2014). The global spread of crop
pests and pathogens. Global Ecology and Biogeography, 23, 1398-
1407. https://doi.org/10.1111/geb.12214

Bolker, B. M., Brooks, M. E., Clark, C. J., Geange, S. W., Poulsen, J. R,,
Stevens, M. H. M., & White, J. S. S. (2009). Generalized linear
mixed models: A practical guide for ecology and evolution. Trends
in Ecology & Evolution, 24, 127-135. https://doi.org/10.1016/j.
tree.2008.10.008

Bommarco, R., Miranda, F., Bylund, H., & Bjorkman, C. (2011).
Insecticides suppress natural enemies and increase Pest damage in
cabbage. Journal of Economic Entomology, 104, 782-791. https://doi.
org/10.1603/ec10444

Caratti, J. F. (2006). Point intercept (PO). In D. C. Lutes, R. E. Keane,
J. F. Caratti, N. C. Benson, & C. H. Key (Eds.), FIREMON: Fire ef-
fects monitoring and inventory system (pp. 1-17). US Department of
Agriculture, Forest Service, Rocky Mountain Research Station.

Casula, P., Wilby, A., & Thomas, M. B. (2006). Understanding biodiversity
effects on prey in multi-enemy systems. Ecology Letters, 9, 995-
1004. https://doi.org/10.1111/j.1461-0248.2006.00945.x

Chaplin-Kramer, R., O'Rourke, M. E., Blitzer, E. J., & Kremen, C. (2011).
A meta-analysis of crop pest and natural enemy response to
landscape complexity. Ecoloy Letters, 14, 922-932. https://doi.
org/10.1111/j.1461-0248.2011.01642.x

Deutsch, C. A., Tewksbury, J. J., Tigchelaar, M., Battisti, D. S., Merrill,
S. C., Huey, R. B, Naylor, R. L., Battisti, D. S., Tewksbury, J. J.,
Tigchelaar, M., Merrill, S. C., & Huey, R. B. (2018). Increase in crop
losses to insect pests in a warming climate. Science, 361, 916-919.
https://doi.org/10.1126/science.aat3466

Dias, L. C. P, Pimenta, F. M., Santos, A. B., Costa, M. H., & Ladle, R. J.
(2016). Patterns of land use, extensification, and intensification of
Brazilian agriculture. Global Change Biology, 22, 2887-2903. https://
doi.org/10.1111/gcb.13314

Ferrante, M., Gonzilez, E., & Lévei, G. L. (2017). Predators do not spill
over from forest fragments to maize fields in a landscape mosaic in
Central Argentina. Ecology and Evolution, 7, 7699-7707. https://doi.
org/10.1002/ece3.3247

Fick, S. E., & Hijmans, R. J. (2017). WorldClim 2: New 1-km spatial res-
olution climate surfaces for global land areas. International Journal
of Climatology, 37, 4302-4315. https://doi.org/10.1002/joc.5086

Finke, D. L., & Denno, R. F. (2002). Intraguild predation diminished
in complex-structured vegetation: Implications for prey sup-
pression. Ecology, 83, 643-652. https://doi.org/10.1890/0012-
9658(2002)083[0643:IPDICS]2.0.CO;2

Fox, J., Weisberg, S., Price, B., Adler, D., Bates, D., Baud- Bovy, G., Bolker, B.,
Ellison, S., Firth, D., Friendly, M., Gorjanc, G., Graves, S., Heiberger, R.,
Krivitsky, P., Laboissiere, R., Maechler, M., Monette, G., Murdoch, D.,
Nilsson, H., ... R- Core. (2021). car: Companion to Applied Regression.
Retrieved from https://r-forge.r-project.org/projects/car/

Franchito, S. H., Fernandez, J. P.R., & Pareja, D. (2014). Surrogate climate
change scenario and projections with a regional climate model:
Impact on the aridity in South America. American Journal of Climate
Change, 3, 474-489. https://doi.org/10.4236/ajcc.2014.35041

Gontbhier, D. J., Ennis, K. K., Farinas, S., Hsieh, H. Y., Iverson, A. L., Batary,
P., Rudolphi, J., Tscharntke, T., Cardinale, B. J., & Perfecto, |. (2014).
Biodiversity conservation in agriculture requires a multi-scale


https://doi.org/10.5061/dryad.73n5tb30h
https://doi.org/10.5061/dryad.73n5tb30h
https://orcid.org/0000-0002-1657-3976
https://orcid.org/0000-0002-1657-3976
https://orcid.org/0000-0001-9184-6818
https://orcid.org/0000-0001-9184-6818
https://orcid.org/0000-0002-0717-6493
https://orcid.org/0000-0002-0717-6493
https://orcid.org/0000-0001-8589-9534
https://orcid.org/0000-0001-8589-9534
https://orcid.org/0000-0002-9347-0196
https://orcid.org/0000-0002-9347-0196
https://doi.org/10.1146/annurev.ento.36.1.561
https://doi.org/10.1146/annurev.ento.36.1.561
https://doi.org/10.1046/j.1365-2486.2002.00451.x
https://doi.org/10.3112/erdkunde.2007.04.01
https://doi.org/10.1002/ecy.2062
https://cran.r-project.org/package=MuMIn
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1111/geb.12214
https://doi.org/10.1016/j.tree.2008.10.008
https://doi.org/10.1016/j.tree.2008.10.008
https://doi.org/10.1603/ec10444
https://doi.org/10.1603/ec10444
https://doi.org/10.1111/j.1461-0248.2006.00945.x
https://doi.org/10.1111/j.1461-0248.2011.01642.x
https://doi.org/10.1111/j.1461-0248.2011.01642.x
https://doi.org/10.1126/science.aat3466
https://doi.org/10.1111/gcb.13314
https://doi.org/10.1111/gcb.13314
https://doi.org/10.1002/ece3.3247
https://doi.org/10.1002/ece3.3247
https://doi.org/10.1002/joc.5086
https://doi.org/10.1890/0012-9658(2002)083%5B0643:IPDICS%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(2002)083%5B0643:IPDICS%5D2.0.CO;2
https://r-forge.r-project.org/projects/car/
https://doi.org/10.4236/ajcc.2014.35041

GRAY ET AL.

100f 11 .
Ecol Evol
WI LE Y-Ecelogy and Evolution

approach. Proceedings of the Royal Society B: Biological Sciences, 281,
9-14. https://doi.org/10.1098/rspb.2014.1358

Gonzalez-Chang, M., Tiwari, S., Sharma, S., & Wratten, S. D. (2019).
Habitat Management for Pest Management: Limitations and pros-
pects. Annals of the Entomological Society of America, 112, 302-317.
https://doi.org/10.1093/aesa/saz020

Goodall, D. W. (1952). Some considerations in the use of point quadrats
for. Australian Journal of Biological Sciences, 5, 1-41. https://doi.
org/10.1071/B19520001

Grzywacz, D., Rossbach, A., Rauf, A., Russell, D. A., Srinivasan, R., &
Shelton, A. M. (2010). Current control methods for diamondback
moth and other brassica insect pests and the prospects for im-
proved management with lepidopteran-resistant Bt vegetable
brassicas in Asia and Africa. Crop Protection, 29, 68-79. https://doi.
org/10.1016/j.cropro.2009.08.009

Gurr, G. M., Wratten, S. D., Landis, D. A., & You, M. (2017). Habitat man-
agement to suppress Pest populations: Progress and prospects.
Annual Review of Entomology, 62, 91-109. https://doi.org/10.1146/
annurev-ento-031616-035050

Hertzog, L. R., Ebeling, A., Weisser, W. W., & Meyer, S. T. (2017). Plant di-
versity increases predation by ground-dwelling invertebrate preda-
tors. Ecosphere, 8, €01990. https://doi.org/10.1002/ecs2.1990

Hijmans, R. J. (2021). Raster: Geographic data analysis and modeling. R
package version 3.4-13. CRAN. https://CRAN.R-project.org/packa
ge=raster

Hodge, M. A. (1999). The implications of intraguild predation for the role
of spiders in biological control. Journal of Arachnology, 27, 351-362.

Hooke, R. L., Martin-Duque, J. F., & Pedraza, J. (2012). Land transfor-
mation by humans: A review. GSA Today, 12, 4-10. https://doi.
org/10.1130/GSAT151A.1

Howe, A., Lovei, G. L., & Nachman, G. (2009). Dummy caterpillars as a
simple method to assess predation rates on invertebrates in a trop-
ical agroecosystem. Entomologia Experimentalis et Applicata, 131,
325-329. https://doi.org/10.1111/j.1570-7458.2009.00860.x

Howe, A. G., Nachman, G., & Lévei, G. L. (2015). Predation pressure
in Ugandan cotton fields measured by a sentinel prey method.
Entomologia Experimentalis et Applicata, 154, 161-170. https://doi.
org/10.1111/eea.12267

Jaffe, K., Horchler, P., Verhaagh, M., Gomez, C., Sievert, R., Jaffe, R., &
Morawetz, W. (2007). Comparing the ant fauna in a tropical and a
temperate forest canopy. Ecotropicos, 20, 74-81.

Jeanne, R. (1979). A latitudinal gradient in rates of ant predation. Ecology,
60, 1211-1224. https://doi.org/10.2307/1936968

Kumar, B., & Omkar, S. N. (2018). Insect Pest Management. In S. N.
Ombkar (Ed.), Pests and their management (pp. 1015-1078). Springer
Singapore. https://doi.org/10.1007/978-981-10-8687-8_27

Lefcheck, J. S. (2016). piecewiseSEM: Piecewise structural equa-
tion modelling in r for ecology, evolution, and systemat-
ics. Methods in Ecology and Evolution, 7, 573-579. https://doi.
org/10.1111/2041-210X.12512

Lichtenberg, E. M., Kennedy, C. M., Kremen, C., Batary, P., Berendse, F.,
Bommarco, R., Bosque-Pérez, N. A., Carvalheiro, L. G., Snyder, W.
E., Williams, N. M., Winfree, R., Klatt, B. K., Astrém, S., Benjamin, F.,
Brittain, C., Chaplin-Kramer, R., Clough, Y., Danforth, B., Diekotter,
T., ... Crowder, D. W. (2017). A global synthesis of the effects of di-
versified farming systems on arthropod diversity within fields and
across agricultural landscapes. Global Change Biology, 23, 4946-
4957. https://doi.org/10.1111/gcb.13714

Low, P, Sam, K., McArthur, C., Posa, M., & Hochuli, D. (2014).
Determining predator identity from attack marks left in model cat-
erpillars: Guildelines for best practice. Entomologia Experimentalis et
Applicata, 152, 120-126. https://doi.org/10.1111/eea.12207

Molleman, F., Remmel, T., & Sam, K. (2016). Phenology of predation
on insects in a tropical Forest: Temporal variation in attack rate
on dummy caterpillars. Biotropica, 48, 229-236. https://doi.
org/10.1111/btp.12268

Open Access,

Nakagawa, S., Johnson, P. C. D., & Schielzeth, H. (2017). The coefficient
of determination R2 and intra-class correlation coefficient from
generalized linear mixed-effects models revisited and expanded.
Journal of the Royal Society, Interface, 14, 20170213. https://doi.
org/10.1098/rsif.2017.0213

Nieminen, P., Lehtiniemi, H., Vdhdkangas, K., Huusko, A., & Rautio,
A. (2013). Standardised regression coefficient as an effect
size index in summarising findings in epidemiological studies.
Epidemiology Biostatistics and Public Health, 10, e8854. https://doi.
org/10.2427/8854

Novotny, V. (2006). Why are there so many species of herbivorous in-
sects in tropical rainforests? Science, 313, 1115-1118. https://doi.
org/10.1126/science.1129237

Oksanen, A. J., Blanchet, F. G., Friendly, M., Kindt, R., Legendre, P.,
Mcglinn, D., Minchin, P. R., Hara, R. B. O., Simpson, G. L., Solymos,
P., Stevens, M. H. H., & Szoecs, E. (2020). Vegan: Community ecology
package version 2.5-7. CRAN. https://CRAN.R-project.org/packa
ge=vegan

Paine, R. T. (1966). Food web complexity and species diversity. American
Naturalist, 100, 65-75. https://doi.org/10.1086/282400

Pianka, E. (1966). Latitudinal gradients in species diversity: A review of
concepts. American Naturalist, 100, 33-46.

Privet, K., & Pétillon, J. (2020). Comparative patterns in taxonomic and
functional spider diversities between tropical vs. temperate forests.
Ecology and Evolution, 10, 13165-13172. https://doi.org/10.1002/
ece3.6907

Quan, C., Han, S., Utescher, T., Zhang, C., & Liu, Y.-S. (2013). Validation
of temperature-precipitation based aridity index: Paleoclimatic im-
plications. Palaeogeography, Palaeoclimatology, Palaeoecology, 386,
86-95. https://doi.org/10.1016/j.palaeo.2013.05.008

R Core Team. (2018). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing. https://www.R-proje
ct.org

Romero, G. Q., Gongalves-Souza, T., Kratina, P, Marino, N. A. C. C,,
Petry, W. K., Sobral-Souza, T., & Roslin, T. (2018). Global preda-
tion pressure redistribution under future climate change. Nature
Climate Change, 8, 1087-1091. https://doi.org/10.1038/s4155
8-018-0347-y

Romero, G. Q., Gongalves-Souza, T., Roslin, T., Marquis, R. J., Marino,
N. A. C., Novotny, V., Cornelissen, T., Orivel, J., Sui, S., Aires, G.,
Antoniazzi, R., Dattilo, W., Breviglieri, C. P. B., Busse, A., Gibb, H.,
I1zzo, T. J., Kadlec, T., Kemp, V., Kersch-Becker, M., ... Koricheva, J.
(2022). Climate variability and aridity modulate the role of leaf shel-
ters for arthropods: A global experiment. Global Change Biology, 28,
3694-3710. https://doi.org/10.1111/gcb.16150

Root, R. (1973). Organization of a Plant-Arthropod Association in
simple and diverse habitats: The Fauna of collards (Brassica
oleracea). Ecological Monographs, 43, 95-124. https://doi.
org/10.2307/1942161

Roslin, T., Hardwick, B., Novotny, V., Petry, W. K., Andrew, N. R.,
Asmus, A., Barrio, I. C., Basset, Y., Boesing, A. L., Bonebrake, T.
C., Cameron, E. K., Dattilo, W., Donoso, D. A., Drozd, P., Gray,
C. L, Hik, D. S., Hill, S. J., Hopkins, T., Huang, S., ... Slade, E. M.
(2017). Higher predation risk for insect prey at low latitudes and
elevations. Science, 356, 742-744. https://doi.org/10.1126/scien
ce.aajl631

Roy, H. E., Brown, P. M. J,, Adriaens, T., Berkvens, N., Borges, |., Clusella-
Trullas, S., Comont, R. F., de Clercq, P., Eschen, R., Estoup, A., Evans,
E. W., Facon, B., Gardiner, M. M., Gil, A., Grez, A. A., Guillemaud, T.,
Haelewaters, D., Herz, A., Honek, A., ... Zhao, Z. (2016). The harle-
quin ladybird, Harmonia axyridis: Global perspectives on invasion
history and ecology. Biological Invasions, 18, 997-1044. https://doi.
org/10.1007/s10530-016-1077-6

Sam, K., Remmel, T., & Molleman, F. (2015). Material affects attack rates
on dummy caterpillars in tropical forest where arthropod predators
dominate: An experiment using clay and dough dummies with green


https://doi.org/10.1098/rspb.2014.1358
https://doi.org/10.1093/aesa/saz020
https://doi.org/10.1071/BI9520001
https://doi.org/10.1071/BI9520001
https://doi.org/10.1016/j.cropro.2009.08.009
https://doi.org/10.1016/j.cropro.2009.08.009
https://doi.org/10.1146/annurev-ento-031616-035050
https://doi.org/10.1146/annurev-ento-031616-035050
https://doi.org/10.1002/ecs2.1990
https://cran.r-project.org/package=raster
https://cran.r-project.org/package=raster
https://doi.org/10.1130/GSAT151A.1
https://doi.org/10.1130/GSAT151A.1
https://doi.org/10.1111/j.1570-7458.2009.00860.x
https://doi.org/10.1111/eea.12267
https://doi.org/10.1111/eea.12267
https://doi.org/10.2307/1936968
https://doi.org/10.1007/978-981-10-8687-8_27
https://doi.org/10.1111/2041-210X.12512
https://doi.org/10.1111/2041-210X.12512
https://doi.org/10.1111/gcb.13714
https://doi.org/10.1111/eea.12207
https://doi.org/10.1111/btp.12268
https://doi.org/10.1111/btp.12268
https://doi.org/10.1098/rsif.2017.0213
https://doi.org/10.1098/rsif.2017.0213
https://doi.org/10.2427/8854
https://doi.org/10.2427/8854
https://doi.org/10.1126/science.1129237
https://doi.org/10.1126/science.1129237
https://cran.r-project.org/package=vegan
https://cran.r-project.org/package=vegan
https://doi.org/10.1086/282400
https://doi.org/10.1002/ece3.6907
https://doi.org/10.1002/ece3.6907
https://doi.org/10.1016/j.palaeo.2013.05.008
https://www.r-project.org
https://www.r-project.org
https://doi.org/10.1038/s41558-018-0347-y
https://doi.org/10.1038/s41558-018-0347-y
https://doi.org/10.1111/gcb.16150
https://doi.org/10.2307/1942161
https://doi.org/10.2307/1942161
https://doi.org/10.1126/science.aaj1631
https://doi.org/10.1126/science.aaj1631
https://doi.org/10.1007/s10530-016-1077-6
https://doi.org/10.1007/s10530-016-1077-6

GRAY ET AL.

colourants on various plant species. Entomologia Experimentalis et
Applicata, 157, 317-324. https://doi.org/10.1111/eea.12367

Schellhorn, N. A, & Sork, V. L. (1997). The impact of weed diversity on
insect population dynamics and crop yield in collards, brassica
oleraceae (Brassicaceae). Oecologia, 111, 233-240. https://doi.
org/10.1007/s004420050230

Schemske, D. W., Mittelbach, G. G., Cornell, H. V., Sobel, J. M., &
Roy, K. (2009). Is there a latitudinal gradient in the importance
of biotic interactions? Annual Review of Ecology, Evolution, and
Systematics, 40, 245-269. https://doi.org/10.1146/annurev.ecols
ys.39.110707.173430

Schmitz, O. J., & Barton, B. T. (2014). Climate change effects on
behavioral and physiological ecology of predator-prey in-
teractions: Implications for conservation biological control.
Biological Control, 75, 87-96. https://doi.org/10.1016/j.bioco
ntrol.2013.10.001

Schowalter, T. D. (2012). Insect responses to major landscape-level
disturbance. Annual Review of Entomology, 57, 1-20. https://doi.
org/10.1146/annurev-ento-120710-100610

Shennan, C. (2008). Biotic interactions, ecological knowledge and ag-
riculture. Philosophical Transactions of the Royal Societyof london,
Series B, Biological Sciences, 363, 717-739. https://doi.org/10.1098/
rstb.2007.2180

Silva, A. C., & Souza, A. F. (2018). Aridity drives plant biogeographical sub
regions in the caatinga, the largest tropical dry forest and wood-
land block in South America. PLoS One, 13, €0196130. https://doi.
org/10.1371/journal.pone.0196130

Snyder, W. E. (2009). Coccinellids in diverse communities: Which niche
fits? Biological Control, 51, 323-335. https://doi.org/10.1016/j.
biocontrol.2009.05.010

Sudnick, M., Brodie, B. S., & Williams, K. A. (2021). Nature versus nur-
ture: Structural equation modeling indicates that parental care
does not mitigate consequences of poor environmental conditions
in eastern bluebirds (Sialia sialis). Ecology and Evolution, 11, 15237~
15248. https://doi.org/10.1002/ece3.8207

Ecology and Evolution 110f 11
=t e W1 LEY- 1o

Tsafack, N., Di Biase, L., Xie, Y., Wang, X., & Fattorini, S. (2019). Carabid
community stability is enhanced by carabid diversity but reduced
by aridity in Chinese steppes. Acta Oecologica, 99, 103450. https://
doi.org/10.1016/j.actao.2019.103450

Wallace, A. R. (1878). Tropical nature, and other essays. Macmillan and
Company.

Wangersky, P. J. (1978). Lotka-Volterra Population Models. Annual
Review of Ecology and Systematics, 9, 189-218.

Ziska, L. H. (2014). Increasing minimum daily temperatures are associ-
ated with enhanced pesticide use in cultivated soybean along a
latitudinal gradient in the mid-western United States. PLoS One, 9,
€98516. https://doi.org/10.1371/journal.pone.0098516

Zuur, A. F., & leno, E. N. (2016). A protocol for conducting and present-
ing results of regression-type analyses. Methods in Ecology and
Evolution, 7, 636-645. https://doi.org/10.1111/2041-210X.12577

Zvereva, E. L., & Kozlov, M. V. (2021). Latitudinal gradient in the intensity of
biotic interactions in terrestrial ecosystems: Sources of variation and
differences from the diversity gradient revealed by meta-analysis.
Ecology Letters, 24, 2506-2520. https://doi.org/10.1111/ele.13851

SUPPORTING INFORMATION
Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: Gray, H. L., Farias, J. R., Venzon, M.,
Torres, J. B., Souza, L. M., Aita, R. C., & Andow, D. A. (2022).
Predation on sentinel prey increases with increasing latitude
in Brassica-dominated agroecosystems. Ecology and Evolution,
12,e9086. https://doi.org/10.1002/ece3.9086



https://doi.org/10.1111/eea.12367
https://doi.org/10.1007/s004420050230
https://doi.org/10.1007/s004420050230
https://doi.org/10.1146/annurev.ecolsys.39.110707.173430
https://doi.org/10.1146/annurev.ecolsys.39.110707.173430
https://doi.org/10.1016/j.biocontrol.2013.10.001
https://doi.org/10.1016/j.biocontrol.2013.10.001
https://doi.org/10.1146/annurev-ento-120710-100610
https://doi.org/10.1146/annurev-ento-120710-100610
https://doi.org/10.1098/rstb.2007.2180
https://doi.org/10.1098/rstb.2007.2180
https://doi.org/10.1371/journal.pone.0196130
https://doi.org/10.1371/journal.pone.0196130
https://doi.org/10.1016/j.biocontrol.2009.05.010
https://doi.org/10.1016/j.biocontrol.2009.05.010
https://doi.org/10.1002/ece3.8207
https://doi.org/10.1016/j.actao.2019.103450
https://doi.org/10.1016/j.actao.2019.103450
https://doi.org/10.1371/journal.pone.0098516
https://doi.org/10.1111/2041-210X.12577
https://doi.org/10.1111/ele.13851
https://doi.org/10.1002/ece3.9086

	Predation on sentinel prey increases with increasing latitude in Brassica-­dominated agroecosystems
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Site selection
	2.2|Predation assessment methods
	2.3|Local vegetation assessment
	2.4|Local arthropod assessment
	2.5|Statistical analyses

	3|RESULTS
	3.1|Attacks on model caterpillars
	3.2|Effect of latitude on predation
	3.3|Vegetation diversity, elevation, and aridity
	3.4|Direct and indirect effects on arthropod predation (piecewiseSEM)

	4|DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	STATEMENT OF INCLUSION
	REFERENCES


