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ABSTRACT

Agricultural production has intensified over the last century both across increasingly homogenized landscapes
and at the field level. This study analyzes the effects of land-use intensity at both landscape and local scales on
the main insect pests, predators and yield of grain sorghum as a summer crop in Uruguay. It represents one of
very few landscape studies focused on a reduced intensity production system other than organic agriculture and
adds information from an under-studied subtropical region. Piecewise structural equation models were used to
compare the direct and indirect effects of intensification at landscape scales and more sustainable practices at a
local scale on densities of Spodoptera frugiperda (fall armyworm) and Rhopalosiphum maidis (corn leaf aphid),
coccinellid abundance and yield over a two-year period in sorghum fields in western Uruguay. Greater landscape
intensity resulted in increased S. frugiperda densities. Lower intensity crop-grazing rotation production systems
reduced R. maidis densities compared to continuous cropping systems. Additionally, S. frugiperda and R. maidis
interacted indirectly through apparent commensalism in continuous cropping systems, but not in crop-grazing
rotational systems. Single cropping management resulted in lower S. frugiperda density, while insecticide use
had no effect on pest or predator species. Our analysis affirms that agricultural intensification benefits herbiv-
orous arthropod pests at the landscape scale, but that local management practices can mitigate some of these
effects.

1. Introduction

Ramankutty et al., 2018; Sirami et al., 2019; Tscharntke et al., 2005).
Landscape homogeneity has been shown to increase habitat connectiv-

Agricultural crops and livestock pastures cover approximately 38 %
of the ice-free land surface globally (Smith et al., 2014), and agricultural
production has continued to increase in intensity over the past 300 years
(World Resources Institute, 2005). An important consequence of the
intensification in agricultural ecosystems is the negative effect on
biodiversity and ecosystem services (Flynn et al., 2009; Landis, 2017;
Tscharntke et al., 2005). The abundance of vertebrates, invertebrates
and plants is nearly 40 % lower in intensively managed agricultural
landscapes than in sites with uncultivated vegetation (Newbold et al.,
2015). Primary consumers, like most insect pests, however, often benefit
from intensification (Rusch et al., 2016).

Agricultural intensification can occur at both the landscape scale and
the local field-scale. Landscape intensity is characterized by fragmented
natural habitats, larger crop fields with lower crop diversity and
increasingly homogeneous land-use types (Margosian et al., 2009;

ity, leading to greater population densities of pest species (Balzan et al.,
2016; Meehan et al., 2011; Rand et al., 2014) and altering food web
structure (Tylianakis et al., 2007). It can also reduce the biological
control services provided by natural enemies (Bianchi et al., 2006;
Gardiner et al., 2009; Perovic et al., 2010). Landscape intensification is
often correlated with local intensification (Meehan et al., 2011; Norton
et al., 2009).

Local intensity encompasses management practices, such as insecti-
cide use and cropping frequency, as well as production systems such as
organic versus conventional farming. Insecticide use can significantly
depress generalist predator abundance and alter the composition of
predator communities (Lee et al., 2001; Roubos et al., 2014). Cropping
frequency (harvests per year) is also a form of local intensification.
Double cropping requires greater inputs, increases disturbance and often
results in degradation of soil health (Brennan and Acosta-Martinez,
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2017; Erb et al., 2013; Laney, 2002; Shriar, 2000). The most common
metric of local intensification contrasts organic versus conventional
production systems (Barbieri et al., 2017; Crowder et al., 2010; Rusch
et al., 2014; Tuck et al., 2014; Winqvist et al., 2011). In many cases
lower intensity management strategies at the local scale do increase soil
health as well as the level of biodiversity supported by agricultural
systems (Brennan and Acosta-Martinez, 2017; Larsen and Noack, 2017;
Lichtenberg et al., 2017; Ponisio et al., 2016; Tscharntke et al., 2005),
but see Kleijn et al. (2011).

There have been many studies tying the effects of landscape inten-
sification and local intensification with negative effects on ecosystem
services (Gagic et al., 2012; Gardiner et al., 2009; Liere et al., 2017;
Power, 2010; Thies et al., 2011; Tscharntke et al., 2012) and a few tie
those to crop yield (Liere et al., 2015; Perez-Alvarez et al., 2018). None,
to our knowledge, have included crop yield and also evaluated the ef-
fects of constrasting production systems other than organic versus con-
ventional. A production system more commonly used in South America
is the rotation between agricultural crops and pasture for livestock
grazing. This crop-grazing rotation involves winter and summer crops
planted in sequence for 2-3 years followed by 2-4 years of grazing. The
local intensity of a crop-grazing rotation is lower than for continuous
crop systems, and has been shown to reduce soil erosion and increase
soil community diversity (Molina and Perrachon, 2010). Though the
effect on above-ground arthropods at a local scale is unknown, other
studies have shown that sheep grazing in dryland grain production
systems can reduce pest abundance and support higher parasitoid pop-
ulations (Goosey et al., 2013, 2005).

In step with global trends of landscape homogenization (Margosian
et al., 2009; Ramankutty et al., 2018), across Uruguay soybean pro-
duction has been increasing for the past four decades resulting in
decreased landscape crop diversity (Food and Agriculture Organization
of the United Nations, 2018; Schnepf et al., 2001). Between 2002 and
2013 insecticide use in Uruguay jumped eight-fold (Food and Agricul-
ture Organization of the United Nations, 2018), leaching into waterways
(Ernst et al., 2018) and indicating an intensification of local agricultural
land management. There have been efforts to support soil conservation
and sustainable agriculture, however, with over 2.9 million ha managed
under crop-grazing rotation production systems (Ferrari et al., 2013).
The crop-grazing rotation system in Uruguay presents a valuable op-
portunity to examine the direct and indirect effects of intensification on
pests and natural enemies in an agricultural crop in the southern
hemisphere. The Paysandt region has a range of landscape homogene-
ities and intensities of local land use from which to study these effects at
multiple scales. Most landscape studies have been carried out in the
northern hemisphere (Chaplin-Kramer et al., 2011; Karp et al., 2018;
Wingvist et al., 2011), so this study from Uruguay also adds an impor-
tant contribution from an underrepresented region (New and Samways,
2014; Tuck et al., 2014). The goal was to evaluate the effects of agri-
cultural intensification at local and landscape scales on pest densities,
predator abundance and crop yield in the Paysandd region in western
Uruguay.

The study system used was grain sorghum, a less intensively
managed alternative summer crop to soybean, grown in both crop-
grazing rotations and continuous crop systems. The fall armyworm,
Spodoptera frugiperda (Lepidoptera: Noctuidae), and aphids, including
the corn leaf aphid, Rhopalosiphum maidis (Hemiptera: Aphididae), are
the main pests in sorghum. As is the case for agricultural crops in other
regions of South America Coccinellidae is the most abundant family of
aphid predators (Fidelis et al., 2019; Ximenez-Embun et al., 2014) and
R. maidis has been shown to elicit an aggregative response by cocci-
nellids (Michels and Burd, 2007; Park and Obrycki, 2004). Observations
from 59 sorghum fields collected over two years were used to examine
the effects of three different aspects of agricultural intensification at the
landscape and local scale using piecewise structural equation modeling.
Landscape intensity was quantified as the proportion of the landscape
under annual crop production within a 1 km radius of sorghum fields.
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Greater landscape intensification was expected to positively correlate
with local pest density (Rand et al., 2014) and to reduce the abundance
of coccinellids (Chaplin-Kramer et al., 2011). Local intensification was
represented by both production system (crop-grazing rotation versus
continuous crop systems) and management (cropping frequency and
insecticide use). We expected the lower intensity of crop-grazing rota-
tion production systems to result in lower pest density (Goosey et al.,
2005). Lower intensity management decisions were expected to have
variable effects with single cropping leading to decreased pest density
and predator abundance (Barros et al., 2010; Duyck et al., 2012; Fer-
guson et al., 1984; Groeneveld and Klein, 2015) and lack of insecticide
use leading to increased predator abundance (Roubos et al., 2014).

2. Material and methods
2.1. Natural history and life cycles

Spodoptera frugiperda and Rhopalosiphum maidis are important pests
of sorghum in Uruguay. Spodoptera frugiperda is a larval pest of many
plants belonging to the family Poaceae, it has no diapausing stage and is
unable to reproduce at mean temperatures below 10 °C (Luginbill,
1928). Consequently, populations do not survive year-round in Uruguay
and the furthest south that year-round populations have been found is
27 °S (Murua and Virla, 2004), almost 10° north of the study region.
Spodoptera frugiperda migrate each spring to regions in which they have
seasonal populations (Mitchell et al., 1991). There are likely 3-4 gen-
erations in Uruguay given the latitude (Luginbill, 1928). Rhopalosiphum
maidis is a globally ubiquitous aphid pest of over 30 genera of Poaceae,
including sorghum and maize, often aggregating in the leaf whorl
(Blackman, 2000; Gonzales et al., 2001). Barley, a common winter crop
in Uruguay, is also an important early season host and when no crops are
available R. maidis survives on weedy monocots. In regions with mild
winters R. maidis likely has 10-20 generations per year (Capinera,
2008). A key natural enemy group of R. maidis is Coccinellidae (Kring
and Gilstrap, 1986), which has an abundant and diverse species
assemblage in South America (Serra et al., 2013). Anthocoridae, Syr-
phidae and Chrysopidae can also be important predators of R. maidis.

2.2. Field sites and land-use intensity

To evaluate the effects of both local and landscape intensity on pest
and natural enemy abundance in sorghum as a summer crop in the
Paysandi region of Uruguay, a total of 59 sites were sampled over a
period of two summer field seasons in 2016 (n = 34) and 2017 (n = 25)
(see Supplementary Fig. 1 for a map of sample locations). None of the
sorghum fields were irrigated and the majority were under no-till sys-
tems, consistent with national trends in which more than 80 % of
cultivated land in Uruguay is no-till (Derpsch et al., 2010).

To address the effect of landscape intensity, the extent of the land-
scape planted with annual summer crops was quantified (Caballer-
o-Lépez et al.,, 2012; Gagic et al., 2017; Tuck et al., 2014). The
proportion of land under annual crops was estimated using the Plans of
Use provided to the authors as GIS shape files from the Ministry of
Agriculture (Ministerio de Ganaderia, Agricultura y Pesca or MGAP) for
the corresponding planting season. Plans of Use data were available for
only 41 of the 59 sites, however, and so for the other 18 sites the pro-
portion of annual crops was estimated from Google Earth satellite im-
ages for 2015 and 2016 followed up by ground-truthing for each site
(Midega et al., 2014). The software program QGIS (QGIS Development
Team, 2018) was used to delimit a 1 km radius around each site, a
distance found to be most relevant in other landscape studies for both
aphids and general predators (Caballero-Lopez et al., 2012; Rusch et al.,
2014; Thies et al., 2005; Winqvist et al., 2011). The proportion of land
planted to annual crops was analyzed as a continuous variable (Zhao
et al., 2014) ranging from less than 0.01 to 0.76 over the 59 sites with a
normal distribution.
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Local intensity was evaluated based on the agricultural production
system and management. Local production system intensity was based
on whether a field had a continuous crop or crop-grazing rotation his-
tory. Continuous crop fields had been under annual cultivation without
periods of grazing for five or more years. Crop-grazing rotation fields
had been grazed for at least three years and were subsequently transi-
tioned to annual crops a maximum of one year before sampling with no
more than one crop harvest prior to sorghum. Thirty-three sites were
under continuous crop production and 26 sites were crop-grazing rota-
tion production systems.

Local management intensity for each site was categorized by insec-
ticide use and cropping frequency (single vs double in the year of sor-
ghum planting). Winter crops planted prior to the summer sorghum in
double cropping fields included oat, wheat and barley. If a field was
grazed, fallow or planted to cover crops during the preceding winter it
was categorized as single crop. Insecticides applied to the sorghum crop
were either organophosphates or benzoylureas targeting S. frugiperda
larval populations. Peak abundance of S. frugiperda occurred early in the
growing season and all growers who applied insecticides did so only
once before the sampling period used in this study.

2.3. Sampling of field sites

The summer sorghum crops at each site were sampled within a 10 x
10 m sampling plot located 8 m from the edge of the field (following
Jonsson et al., 2012) every three weeks from December to April each
year. To estimate densities of the two key sorghum pests at each site
every 10th plant along two 10 m transects within the plot was visually
inspected on each sampling date and counts were recorded of R. maidis
(all instars) and S. frugiperda larvae per plant. The abundance and di-
versity of aphidophagous coccinellid predators at each site were moni-
tored using three half-sized yellow sticky traps (Alpha Scents, Inc., West
Linn, OR) placed on 2 m high posts attached just above plant height and
arranged along the diagonal of the sampling plot. Sticky traps were used
to sample the predators as they have been shown to both collect more
species and more mobile life stages than destructive or field-count
sampling methods (Schmidt et al., 2008). Counts of adult aphidopha-
gous coccinellids, anthocorids, syrphids and chrysopids on yellow sticky
traps from the same site and date were pooled by family and abundance
was estimated as mean number per trap.

In addition to sampling the insect pests and predators at each field
site, sorghum yield (kg/ha) for each site was provided by pest control
advisors from a variety of organizations. Other factors known to be
important for insects were also included as potential explanatory vari-
ables including field size, latitude, plant vigor, rainfall, temperature and
a soil productivity index using information from the National Commis-
sion for the Agronomic Study of Land (CONEAT) (Ministereo de Gana-
derfa Agricultura y Pesca, 2016). For plant vigor a mean chlorophyll
content index (CCI) was measured on young leaves from three repre-
sentative sorghum plants along the two transects at each site using a
chlorophyll meter (Apogee CCM-200, Apogee Instruments, Logan,
Utah). Measurements were taken from when the fifth leaf was visible at
all sites to the soft dough stage (Vanderlip and Reeves, 1972), after
which the chlorophyll content of leaves declines significantly as the
plant transfers resources to the head of grain (Oyier et al., 2017). The
CCI (a scale from 0 to 100 representing the transmission of light at
931/635 nm) has been shown to correlate well with plant nitrogen
status (Richardson et al., 2002), although both water stress and aphid
infestation are known to negatively affect CCI (Golawska et al., 2010;
Schepers et al., 1996). Daily rainfall (mm) and maximum and minimum
temperatures were obtained from three weather stations; all field sites
were within 50 km of one of these weather stations. Data from the
Glencoe Experimental Station and the Salto weather station was pro-
vided by the National Institute of Agro-fishery Research in Uruguay
(INIA). Data from the Paysandid weather station was provided by the
Mario A. Cassinoni Research Station (EEMAC) associated with the
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University of the Republic (UdelaR). The standard deviation of total
rainfall between sampling dates was used as a measure of seasonal
rainfall variation. Accumulated rainfall was also evaluated. The number
of days with a maximum temperature higher than 34 °C was used as a
measure of extreme temperatures above which the juvenile develop-
ment rates and survivorship of R. maidis and S. frugiperda decline (Early
et al., 2018; Kuo et al., 2006).

2.4. Statistical analyses

The statistical environment of R was used for all data analyses (R
Development Core Team, 2017) and the direct and indirect effects of
landscape and local intensity on sorghum crop yield was investigated
using structural equation models (SEMs) (Gagic et al., 2017; Jonsson
et al., 2012). The R packages nlme (Pinheiro et al., 2018) and piece-
wiseSEM (Lefcheck, 2016) were used for SEM development and analysis.
Piecewise SEMs (pSEMs) were used as they have relaxed sample size
requirements and can manage nested and non-normally distributed data
(Lefcheck, 2016). The pSEMs were generated from a set of component
linear mixed effects models (LME) that were developed through stan-
dard model reduction using AIC and step-wise removal of
non-significant variables to evaluate path directionality and strength of
direct effects (Shipley, 2000). The assumption of normality was visually
checked with Q-Q plots of component model residuals and
Shapiro-Wilks tests (Thode, 2002). The component models were LMEs as
the effects of SD rainfall and number of days above 34 °C required the
inclusion of weather station as a random effect accounting for the lack of
independence among sampling sites. Both the marginal and conditional
R? values are reported for any component LME. Moran’s I statistic was
used to check for spatial autocorrelation in the residuals of each LME
(Rusch et al., 2013). No spatial autocorrelation was found in any models.
Cascading LMEs were pieced together using confirmatory path analysis
to estimate the full pSEM model (Lefcheck, 2016), with indirect as well
as direct effects. To determine standardized path coefficients raw co-
efficients were scaled using the standard deviation of x divided by the
standard deviation of y (Lefcheck, 2016). Fischer’s C statistic, based on
p-values calculated from a test of directed separation, was used to
evaluate full model fit (Shipley, 2009). A test of directed separation
evaluates whether missing paths, that is, paths not defined in the
component models, are significant (p < 0.05), but it controls for indirect
effects already in the full model. A chi-squared test of Fischer’s C with p
> 0.05 indicates that the full model represents the data well and that
there are no missing paths that could contribute additional explanatory
power. If p < 0.05 the full model does not represent the data sufficiently
and missing paths improve the fit. If significant missing paths were
identified during analysis associated variables were considered for their
ecological significance. If a case for ecological significance could be
made, the alternate model was compared using AIC. If the alternate
model had an AIC value more than two below the original model, the
alternate model with its additional specified path was accepted.

2.5. Development of sorghum yield pSEM

Of the 59 sites sampled over the two-year period, only 49 had suf-
ficient data available for all factors included in the sorghum yield pSEM.
Three sample periods covering the period of peak abundance of the two
key sorghum pests (weeks 4, 7 and 10) and the weeks of peak coccinellid
abundance (weeks 7, 10 and 13) were used for analysis (see Supple-
mentary Table 1 for all field sites and sample dates). A set of five hier-
archical linear models were used to capture the hypothesized predictive
relationships for sorghum yield (see Fig. 1). Linear models were devel-
oped for the density of the two key pests, coccinellid abundance, chlo-
rophyll content and sorghum yield. Coccinellid abundance and pest
densities were log transformed to reduce the influence of outliers and to
normalize the data (Beduschi et al., 2015). To account for observed zeros
in the data, prior to transformation a constant equal to the square of the
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Fig. 1. The diagram shows the hypothesized effects that were tested in the preliminary component LME models for the sorghum yield piecewise structural equation
model (pSEM). Factors are summarized by group and their hypothesized cascading influence on sorghum yield is shown. All tested factors listed by group can be

found in Supplementary Table 3.

first quartile divided by the third quartile was added to the ranked ob-
servations (following Burton et al., 2016). The following factors were
found to have significant effects in one or more of the hierarchical linear
models used to develop the sorghum yield pSEM: proportion of land
under annual crops within a 1 km radius (landscape intensity),
crop-grazing rotational system (local production intensity), single
cropping frequency (local management intensity), standard deviation of
accumulated rainfall between sampling periods and number of days
above 34 °C. The variation (standard deviation) in rainfall between re-
gions and years provided greater explanatory power than year alone in
all models. In all cases, the categorical variables were binary based on
level of agricultural intensity.

2.6. Development of pest and predator linear models

To investigate some of the unexpected relationships revealed by the
PSEM, the larger data set (n = 59) was examined using simpler linear
models and a reduced set of variables. These models examined the effect
of local production intensity on the relationship between R. maidis and
S. frugiperda density and the correlation between S. frugiperda density
and coccinellid abundance.

3. Results
3.1. Pest and predator abundance

Over the entire sampling period 292 S. frugiperda larva and 24,939
R. maidis were recorded from transects while 7,143 coccinellid beetles
were caught on yellow sticky traps, of which 6,455 belong to aphi-
dophagous species (see Supplementary Table 2 for details). Though
1,255 Orius sp. were caught on yellow sticky traps no linear model
explained more than 6% of the variation so they were excluded from the

pSEM. Too few adult Chrysopidae and Syrphidae (131 and 139,
respectively) were caught and so were also excluded from further
analysis.

3.2. Sorghum yield pSEM

Landscape and/or local intensity factors had significant effects on
four of the five component linear models used for the sorghum yield
piecewise SEM, the exception being the model for chlorophyll content
(Table 1). A directed separation test indicated a missing path (factors
with p < 0.05 not included in an initial component linear model): a
direct positive effect of the proportion of land under annual crops within
1 km on sorghum yield. Since an ecological justification for the inclusion
of this factor could be made (see 4), it was included in the component
linear model. For the final pSEM (Fig. 2, AIC = 94.8) a Fischer’s C sta-
tistic of 32.8 (df = 40, p = 0.8) provided evidence of a good fit to the
data. The proportion of land under annual crops within a 1 km radius
around field sites, the metric used for landscape intensity, had a sig-
nificant positive effect on S. frugiperda density, coccinellid abundance
and sorghum yield (Fig. 2).

The pSEM analysis indicated that single cropping, a metric of lower
local management intensity, resulted in lower S. frugiperda density
(Fig. 2). Insecticide use aimed at S. frugiperda control, the other metric of
local management intensity, had no effect on S. frugiperda density. There
was a negative effect of crop-grazing rotation on aphid density
compared to that in the continuous crop systems (Fig. 2). Spodoptera
frugiperda density was positively associated with R. maidis density,
though this effect depended on crop production system as demonstrated
by the significant interaction (Table 1, Fig. 2).

Variation in rainfall (SD) had a strong negative effect on both chlo-
rophyll content and sorghum yield. The number of extreme heat days
(above 34 °C) had a positive effect on chlorophyll content, but a



S.E. Emery et al.

Table 1
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Direct effects of environmental and land-use intensity factors on the dependent variables of the five component models used for the piecewise SEM for sorghum yield
(NA = not applicable, NS = not significant, CCI = Chlorophyll content index, * p = 0.06).

Component model ~ R?,, R?. Intercept  Sf Rm CCI Proportion Rotation Interaction Sf Single SD seasonal Days >
density density annual crop system density: System crop rainfall 34 °C
S. frugiperda 0.40 0.62 —0.11 NA NS NS 2.64 NS NA -1.13 NS —0.13
density (In)
R. maidis density 0.44  0.45 5.53 1.06 NA NA NS -1.96 —0.96 NS NS -0.14
(In)
Coccinellid 0.25 0.25 2.31 —0.14 NS NA 0.63 NS NS NS —0.002* NS
abundance (In)
CCI 0.47 0.60 26.22 NS -1.07 NA NS NS NS NS -0.16 1.23
Yield (kg/ha) 0.35 0.58 3657.27 NS NS 54.17  2157.87 NS NS NS —10.84 NS
RZ,=0.35 Fig. 2. Environmental and land-use intensity (landscape and
R2=0.58 local) effects for the sorghum yield structural equation model

Sorghum
yield

Chlorophyll
content

(pSEM). The diagram shows the direct and indirect effects of
explanatory factors on yield in the final pSEM. Red arrows
indicate a negative effect, black arrows a positive effect and the
width of the arrow corresponds to the standardized path co-
efficient for each significant effect (p < 0.05). The grey arrow
shows a marginally significant negative effect (p = 0.06) that
improved the fit of the component model. Unfilled red arrows
indicate a significant interaction between variables. The
dashed arrow indicates two exogenous variables with signifi-
cant correlated errors. Marginal and conditional R values are
given for all component LMEs.

-0.5 -0.4 -0.3 1.2
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-
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negative effect on both S. frugiperda and R. maidis densities (Fig. 2).
3.3. Pest interaction linear models

The larger data set showed an even stronger pattern of the positive
relationship between R. maidis and S. frugiperda densities in continuous
cropping systems, but not in crop-grazing rotation production systems
(Fig. 3A). The larger data set was also consistent with the pSEM in
showing a negative correlation between aphidophagous coccinellid
abundance and S. frugiperda density across production systems (Fig. 3B).

4. Discussion

This two-year study including nearly 60 field sites showed that
higher landscape intensity benefitted the insect pests, but that lower
intensity local production systems and management decisions decreased
pest densities with cascading effects on sorghum yield in the Paysandi
region of Uruguay. A higher proportion of annual crop acreage within a

1 km radius, representing greater landscape intensity, resulted in higher
S. frugiperda density as found in other studies of pests with high dispersal
ability in increasingly homogeneous landscapes (Andow, 1983;
Tscharntke et al., 2005). Higher pest densities in a homogeneous crop
landscape could also be facilitated by lower predator populations (Atuo
and O’Connell, 2017). There was no link, however, between aphi-
dophagous coccinellids and aphids in this study and coccinellids typi-
cally do not attack S. frugiperda under field conditions, though eggs can
be a suitable alternative food source for captive rearing of Eriopis con-
nexa (Silva et al., 2013). As we did not monitor natural enemies of
S. frugiperda in this study we can only speculate that this may also have
been a factor. Studies have found contrasting effects of landscape di-
versity on aphids (O'Rourke and Petersen, 2017; Roschewitz et al.,
2005), but we found no effect of landscape intensity on R. maidis density
in the pSEM. It is possible that 1 km was not the ideal spatial scale to
examine landscape effects on R. maidis densities in this system (Thies
et al., 2005) or that the sample size of the pSEM may have been inad-
equate to capture the nuance of a landscape intensity effect on patchy
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Fig. 3. The influence of S. frugiperda density in (A) on R. maidis density in continuous crop systems (filled circles and solid line, y = 1.34x + 4.2, R = 0.48, p < 0.001,
n = 33) and in crop-grazing rotational systems (open circles and dashed line, y = -0.007x + 1.47, R? < 0.001, p = 0.98, n = 26), and in (B) on coccinellid abundance

for both production systems (y = -0.08 + 2.32, R% =0.11, p = 0.01, n = 59).

and variable R. maidis densities. Other research has shown that para-
sitoids can benefit from diversified landscapes (Roschewitz et al., 2005),
but our results show that in contrast coccinellids benefit from greater
landscape homogeneity (Fig. 2). However, aphids also have other
functional groups of predators including Carabidae and Staphylinidae,
which, as ground dwellers may respond differently to landscape in-
tensity. Greater landscape intensity also had a positive influence on
sorghum yield. The direct effect of landscape annual agriculture on yield
was not anticipated. The missing path analysis indicated that landscape
intensity had a positive effect on yield. As this effect was likely due to a
latent variable that was not directly measured, but can be inferred, like
better soil quality in more intensively managed landscapes, it was
included in the final model.

The lower local agricultural intensity of the crop-grazing rotation
production system had a significant negative effect on R. maidis density
that ultimately increased sorghum yield via a negative effect of R. maidis
density on plant chlorophyll content (Fig. 2). Spodoptera frugiperda
density had a significant positive effect on R. maidis density, but this
effect was mitigated by a signifcant interaction between S. frugiperda
and production system (Fig. 2). The larger data set supported the finding
in the pSEM that R. maidis and S. frugiperda are significantly positively
correlated, but only in continuous cropping systems (Fig. 3A). Insecti-
cide use early in the season aimed at control of S. frugiperda had no effect
on S. frugiperda density. Secondary pest outbreaks, facilitated by early-
season use of insecticides, are a well-known phenomenon (Andow,
1983; Crowder and Jabbour, 2014; van den Bosch et al., 1973), but in
our study this did not appear to be a factor. Other landscape research has
shown that insecticide use disrupts natural enemy communities (Hill
et al., 2017), but in our study we did not see any effect of insecticide use
on aphidophagous coccinellid abundance.

Another metric for local agricultural intensity that had a significant
effect in the pSEM was cropping frequency. Double cropping can result
in greater disturbance and degradation of soil health (Brennan and
Acosta-Martinez, 2017; Erb et al., 2013). The finding, however, that
single cropping resulted in lower S. frugiperda densities was not unex-
pected. Since single cropping is often associated with earlier planting
date (Can and Yoshida, 1999) it is likely that the sorghum plants in
single cropped fields provided older less desireable plants for the return
migration of S. frugiperda populations. Other research has also shown
that S. frugiperda populations occur at higher densities and cause greater
damage to late-planted summer crops (Ayala et al., 2014) underscoring
the importance of local management decisions.

The negative effect of R. maidis density on chlorophyll content is
consistent with previous research demonstrating a direct negative effect
of aphid feeding on chlorophyll a, chlorophyll b and total chlorophyll

(Burd and Elliott, 1996). It is also worth noting that the variation in
rainfall among sites is likely indicative of the effects of El Nino -
Southern Oscillation (ENSO) weather patterns. During the first summer
season (December 2015 - March 2016) the ENSO event was considered
quite extreme (Hu and Fedorov, 2017) and the conditions in Paysandd,
Uruguay were unusually dry and warm during the sampling period,
though the spring and fall were extremely wet, consistent with past
ENSO effects found in the region (Bidegain and Krecl, 1998). This
resulted in greater variation in rainfall between years and sites in 2016
compared to 2017 though accumulated rainfall was not statistically
different between years. There are implications for climate change in
these data as well since both R. maidis and S. frugiperda densities were
negatively affected by a greater number of very hot days. Both summer
temperatures and variability in summer rainfall are projected to increase
in climate change models for Uruguay (Cabre et al., 2016).

The most surprising finding from this research was a direct negative
effect of S. frugiperda density on the abundance of aphidophagous coc-
cinellids (Figs. 2, 3B) and the absence of a direct link between R. maidis
density and coccinellid abundance in the pSEM (Table 1, Fig. 2). Coc-
cinellid abundance was tested both downstream of aphids to allow for a
response to prey density and also upstream of aphids to account for their
potential role as biological control agents though neither of these re-
lationships showed any significance. As these predators are not known
to feed on lepidopteran larvae under field conditions, no linkage be-
tween S. frugiperda and coccinellids was initially considered. Recent
studies have suggested, however, that cross-talk between the plant de-
fense signaling pathways induced by leaf chewers and phloem feeders
can not only lead to indirect interactions among insect herbivores that
share the same plant, but also to indirect interactions with natural en-
emies (Rodriguez-Saona et al., 2010; Soler et al., 2012; Blubaugh et al.,
2018). In a field study of dual-guild herbivory, lepidopteran caterpillars
were found to interfere with the top-down suppression of aphid pop-
ulations on brassica plants, with disruption of aphid-induced plant
signaling considered the most likely explanation (Blubaugh et al., 2018).
As it is known that coccinellid species can respond to aphid-induced
plant volatiles (Xiu et al., 2019), and that plant volatiles induced by
S. frugiperda herbivory can disrupt those induced by R. maidis (Rodri-
guez-Saona et al., 2010) this could help explain the direct negative effect
of S. frugiperda density on aphidophagous coccinellid abundance. Thus
the dual-herbivore facilitation that we observed in continuous cropping
systems (Fig. 3A) can be considered a type of apparent commensalism in
which R. maidis density benefitted from S. frugiperda supression of coc-
cinellid abundance, an indirect interaction between herbivore species
that may have been mediated by the plant rather than a shared predator.
It is increasingly accepted that indirect interactions affect the potential
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for biological control (Culshaw-Maurer et al., 2020; Emery and Mills,
2020), but bottom-up indirect effects deserve more study.

In conclusion, this study parses the effects of local and landscape
level intensification on insect abundance and biological control in an
agricultural crop and provides further evidence that greater land-use
intensity benefits agricultural pests at landscapes scales, but that local
production systems and management decisions can mitigate these ef-
fects. It also demonstrates how intensification can have unexpected ef-
fects on indirect community interactions such as the dual herbivore
facilitation resulting in apparent commensalism between S. frugiperda
and R. maidis in more intensely managed continuous crop systems. This
research provides an important foundation for further work in an under-
studied geographic region focused on the links for arthropod commu-
nities between landscape intensity and a crop-grazing lower intensity
production system.
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