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Abstract

Evidence suggests that prey can vary in their susceptibility to predation depending on their develop-
mental stage. Stage-dependent predation is of particular importance to integrated pest management,
because it is often a particular developmental stage of a pest that causes the majority of the damage
to the crop. An understanding of stage-dependent biocontrol is therefore important for predicting the
ultimate impact of herbivore populations. In this article, we addressed this issue by focusing on the
stage structure of Lygus hesperus Knight (Heteroptera: Miridae) populations in cotton as related to
the density of a specific generalist predator. We first demonstrated in a field experiment that Geocoris
spp. adults suppressed L. hesperus eggs and/or early instars (first through third), but did not suppress
fourth through fifth instars or adult L. hesperus. We then demonstrated that this stage-specific
predation translated into season-long shifts in the stage structure of L. hesperus populations in cotton
fields. Using weekly sweep counts across 21 separate cotton fields, we found a negative correlation
between season-long Geocoris spp. densities and season-long densities of L. hesperus nymphs. In
contrast, there was no such correlation between Geocoris spp. and L. hesperus adults. Taken together,
these results suggest that Geocoris spp. predators influence the stage structure of L. hesperus populations
in cotton, which in turn has the potential to affect patterns of cotton square damage and sampling

bias when monitoring L. hesperus populations.

Introduction

Parasitism or predation pressure can influence the stage
structure of a prey population when certain life stages
of prey are more susceptible than others (Murdoch et al.,
1987). Correspondingly, when certain developmental
stages of a pest inflict a higher per capita level of damage to
the crop, top-down effects on prey stage structure can
translate into changes in long-term patterns of plant
damage (Zink & Rosenheim, 2005). Generalist predators
are considered effective biocontrol agents, because they
often attack a wide range of developmental stages within
their prey species; however, the rates of predation can
vary dramatically across the developmental stages of a
particular prey (Dyer & Gentry, 1999). Therefore, a proper
characterization of stage-dependent susceptibility in prey
is essential for predicting the population dynamics and
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control of a given pest species (Murdoch & Briggs, 1996;
Grabenweger, 2003).

Lygus hesperus Knight (Heteroptera: Miridae) is a major
pest of cotton throughout the San Joaquin Valley of
California, CA, USA, responsible for large reductions in
yields (Falcon etal., 1971; Leigh et al., 1988; Rosenheim
etal.,, 2006). However, L. hesperus also shows ontogenetic
shifts in overall feeding behavior, with different life stages
causing different levels of damage to host plants (Ellsworth,
2000; Rosenheim et al., 2004; Zink & Rosenheim, 2005).
Both L. hesperus adults and nymphs feed on developing
cotton buds, injecting pectin-digesting salivary enzymes
that cause cotton plants to abscise buds from fruiting
branches (Strong & Kruitwagen, 1968; Strong, 1970; Cline
& Backus, 2002). Lygus hesperus nymphs, however, may
represent a particular problem for integrated pest manage-
ment (IPM) in cotton, because they can inflict great
damage to cotton flower buds while remaining relatively
undetected in sweep net samples relative to L. hesperus
adults (Zink & Rosenheim, 2004, 2005). Therefore, under-
standing the factors that influence L. hesperus stage structure
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(i.e., the ratio of nymphs to adults) should help to improve
the effectiveness of IPM for L. hesperus in cotton.

In this article, we argue that previously documented
differences in L. hesperus stage structure across cotton
fields (Zink & Rosenheim, 2004) are influenced by the
culling of L. hesperus eggs and nymphs (but not adults) by
Geocoris spp. predators (Heteroptera: Miridae). It is generally
recognized that populations of the generalist predator
Geocoris spp. (big-eyed bugs) have the greatest potential to
suppress L. hesperus populations in California cotton fields
(University of California, 1996). Prey-selection experiments,
for example, have revealed that Geocoris punctipes Say
prefers L. hesperus over several other commonly encoun-
tered prey options (Hagler & Cohen, 1991). In field cage
experiments, Geocoris pallens Stal produced clear suppres-
sion of L. hesperus nymphal populations, although the
results for L. hesperus adults were inconclusive (Leigh &
Gonzalez, 1976). Other work has also suggested that the
effect of Geocoris spp. predation may be most pronounced
on L. hesperus nymphs; Hagler et al. (1992) uncovered very
low levels of L. hesperus egg antigen in the guts of Geocoris
spp., suggesting that Geocoris spp. may not be eating
L. hesperus eggs or female adults.

To resolve these questions surrounding stage-dependent
predation by Geocoris spp., we conducted a field experi-
ment that simultaneously examined the effects of Geocoris
spp. predators on L. hesperus nymphs and adults. We also
examined the population-level effect of this stage-specific
suppression of L. hesperus by taking weekly samples of
L. hesperus and Geocoris spp. nymphs and adults across 21
separate unsprayed cotton fields. To rule out the possibility
of alternative predators affecting L. hesperus population
structure, we also counted the numbers of Nabis spp.
(Heteroptera: Nabidae) and Zelus renardii Kolenati
(Heteroptera: Reduviidae) in these weekly samples. Together
these two experiments address the potential role that
Geocoris spp. is likely to play in cotton IPM through shaping
the overall stage structure of L. hesperus populations.

Materials and methods

For our field experiment, we used large bags of insect
netting to enclose the top six nodes of individual plants
of upland cotton Gossypium hirsutum L. (Malvaceae).
Twenty-four plants were chosen from each of two rows
(48 plants total) of unsprayed cotton at the West Side field
station, CA, USA on 7 August 2006. Before enclosing the
plant, we searched and removed all predators and all
visible L. hesperus (these were particularly abundant at the
early-instar stages). We did not remove L. hesperus eggs
and most likely missed some first instars of L. hesperus, as
these stages are extremely difficult to see on the plant.

Therefore, our treatments were performed across a natural
distribution of eggs and a reduced but non-zero density of
first-instar nymphs. We used a 2x2 factorial design,
manipulating Geocoris spp. (present vs. absent) and L. hesperus
stage (second—third instar nymphs vs. adults) for a total
of 12 replicates per treatment. For the Geocoris spp.
treatment, we added one male adult and one female adult,
collected on the same day from a cotton field at the Shafter
Research Station. Lygus hesperus were collected from
alfalfa fields on the University of California Davis campus
on 6 August and kept in a cooler for 24 h. For the adult
L. hesperus treatment, we added two adult L. hesperus (one
male and one female), and for the nymph L. hesperus
treatment, we added one second—instar nymph and one
third-instar nymph.

The number of Geocoris spp. and L. hesperus nymphs
and adults were counted for all plants after 1 week (on 14
August 2006). Previous work suggested that, over the
course of a week, the second- to third-instar nymphs that
were added to the cages would grow to fourth—fifth instars.
In our analyses, we examined the survival of adult L. hesperus
with and without Geocoris spp. present as well as the
survival of fourth- to fifth-instar L. hesperus nymphs with
and without Geocoris spp. present. We were also able to
compare the survival of first- to third-instar L. hesperus
nymphs in sleeves with and without Geocoris spp. added, as
these individuals were originally present in the natural
background of L. hesperus eggs and first-instar nymphs
that we did not remove.

The second study, involving season-long field correlations,
was conducted in both conventional and organic fields of
upland cotton, G. hirsutum, throughout the San Joaquin
Valley, CA, USA, from late June through September. None
of the fields were sprayed during the entire sampling
period. The sampling protocol involved repeated sampling
at weekly intervals in each of 10 fields in 1993 and 11 fields
in 1994. The number of L. hesperus nymphs and adults
were recorded for each sweep sample (irrespective of sex or
instar). In addition, we recorded the numbers of nymphs
and adults of Geocoris spp. predators, a mix of G. pallens
(most common) and G. punctipes (Say) (often around
20%). To rule out the possibility of alternative predators
affecting L. hesperus population structure, we also counted
numbers of Nabis spp. and Zelus renardii. In our samples,
‘Nabis’ was a mix of Nabis alternatus Parshley (most
common) and Nabis americoferus Carayon (much less
common).

All samples, consisting of 8—10 runs of 50 sweeps each,
were taken in 1 day and averaged to get a weekly value for
a field. These weekly averages were then averaged across all
weeks sampled to obtain a season-long value. We returned
to the same subset of the field for each week of the entire



season so that this season-long average was representative
of dynamics within a particular portion of a field. Because
the individual sweeps were not conducted in the same
exact spot each week, we used weekly means (rather than
individual sweep samples within a week) as our sampling
unit. When examining the correlation between predators
and L. hesperus, we used the season-long values (averages
of weekly values) to obtain a conservative estimate of
overall L. hesperus suppression. Samples were taken across
6—15 weeks, depending on the field, a period that is long
enough to include between one and two complete
L. hesperus generations.

Due to the limited nature of our season-long correlative
data set (i.e., 21 fields), and the recognition that there may
be several predators that affect L. hesperus, we allocated
our statistical power (o0=0.05) to specifically test the
hypothesis that Geocoris spp. was correlated with L. hesperus
stage structure. We took this approach, because we knew
from previous work that Geocoris spp. was clearly the most
likely candidate for L. hesperus biocontrol (University of
California, 1996). However, in recognizing that Geocoris
spp. may not be the only explanation for variation in
L. hesperus stage structure, we allocated an additional o
(= 0.05) to test the hypothesis that other predators such as
Nabis and Zelus spp. may have an effect on L. hesperus.

Results

Using a 2 x 2 factorial analysis of variance (ANOVA), the
manipulative experiment revealed that the Geocoris spp.
treatment reduced the densities of early-instar nymphs
(first through third: F = 5.18, P = 0.028; n = 48; Figure 1).
The same ANOVA revealed that both the L. hesperus
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Figure 1 Means + SE of the number of individual Lygus hesperus
surviving, with and without Geocoris spp. predators in the field
cage experiment.
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treatment and the interaction term were non-significant
(P =1.0 and P = 0.572, respectively). Therefore, it appears
that these early-instar nymphs were originally present as
naturally occurring background eggs and first instars in all
48 plants, independent of treatment, at the beginning of
the experiment. The Geocoris spp. treatment had no effect
on the densities of later-instar nymphs (the nymph
treatment that grew to fourth and fifth over the duration
of the experiment: F = 0.000, P = 1.0; n = 48; Figure 1).
In this same ANOVA, the L. hesperus treatment was highly
significant (P<0.0001) and the interaction term was
non-significant (P = 0.669). The Geocoris spp. treatment
had no effect on L. hesperus adults in this experiment
(F=0.318, P=0.575; n=48; Figurel). In this same
ANOVA, the L. hesperus treatment was highly significant
(P<0.0001) and the interaction term was non-significant
(P =0.575).

Field-level correlations showed season-long differences
in the relative number of L. hesperus nymphs and adults,
resulting in a spread of the proportion of nymphs that
ranged from 33 to 71% nymphs. Across both years, there
was a negative correlation between the season-long density
of Geocoris spp. (nymphs plus adults) and the density of
L. hesperus nymphs (R =—0.470,P = 0.032; n = 21; Figure 2A).
This negative correlation also held when focusing on
Geocoris spp. nymphs alone (R =-0.483, P =0.026) or
Geocoris spp. adults alone (R =-0.419, P = 0.059). There
was no correlation between the season-long density of
Geocoris spp. (nymphs plus adults) and L. hesperus adults
(R =-0.051,P = 0.827; n = 21; Figure 2B). Similarly, there
was no correlation between L. hesperus adults and Geocoris
spp. nymphs alone (R =-0.156, P =0.499) or Geocoris
spp. adults alone (R = 0.038, P = 0.871).

Together, these relationships resulted in a significant
negative correlation between Geocoris spp. density (nymphs
plus adults) and the fraction of all L. hesperus individuals
in a given field that were nymphs (i.e., stage structure:
R =-0.488, P=0.025; n=21; Figure 2C). An angular
transformation of this percentage data (arcsine of square
root of percentage) revealed identical R- and P-values. This
negative correlation also held when focusing on Geocoris
spp. nymphs alone (R =-0.428, P = 0.053; n = 21) or
Geocoris spp. adults alone (R =—-0.495, P = 0.023; n = 21).
A multivariate model of the relationship between Geocoris
spp. and the number of L. hesperus nymphs including year
was marginally non-significant (P = 0.06), suggesting that
year-to-year variation may influence L. hesperus population
dynamics over and above variation due to Geocoris spp.

When examining the effects of alternative predators,
there was no correlation between the density of Nabis spp.
(adults plus nymphs) or the density of Z. renardii (adults
plus nymphs) and the number of L. hesperus nymphs in
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Figure 2 Correlations between season-long densities of Geocoris
spp. (adults plus nymphs) and season-long densities of

Lygus hesperus (A) nymphs, (B) adults, and (C) percentage of
nymphs [where percentage = nymphs/(adults + nymphs)]
across fields.

season-long sweep counts (r =—-0.164, P = 0.477 and
r =—0.076, P = 0.742, respectively; n = 21). This same lack
of relationship existed when examining correlations between
total number of Nabis or total number of Z. renardii and
the densities of L. hesperus adults (r = 0.076, P = 0.743 and
r=-0.231, P =0.313, respectively; n=21). In previous
observations, we have specifically observed Z. renardii
adults attacking and eating L. hesperus adults, so we also
looked for a correlation between the season-long densities
of L. hesperus adults and that of Z. renardii adults. There
does appear to be a marginally non-significant negative
relationship between the two, reflecting our observations
and expectations (r = —0.420, P = 0.058; n = 21).

Discussion

Our manipulative experiment revealed that, within mesh
enclosures, the earliest life stages of L. hesperus are
susceptible to predation by Geocoris spp. In this same
experiment, we found no such relationship with late-instar
L. hesperus nymphs or adults. A second experiment used
field correlations to examine the effects of stage-dependent
predation on population stage structure. These season-long
correlations suggested that Geocoris spp. nymphs and
adults are a major influence on the season-long stage
structure of L. hesperus populations in cotton fields via the
suppression of L. hesperus nymphs, but not adults.
Similarities of adult L. hesperus densities across cotton
fields are most likely due to a high dispersal rate, which
allows adults to continually colonize the fields that we
sampled (including those areas in which Geocoris spp. are
consistently culling L. hesperus nymphs). Even when
Geocoris spp. densities are high, L. hesperus adults probably
escape predation due to their large body size, as shown in
other species that shift susceptibility across development
(De Roos et al., 2003).

It is less clear that predators other than Geocoris spp. are
having a significant impact on the stage structure of
L. hesperus populations. In particular, we found no
evidence that Nabis spp. are an important predator of
L. hesperus nymphs or adults (Perkins & Watson, 1972).
However, our finding that Z. renardii adults are marginally
correlated with season-long densities of L. hesperus adults
in cotton fields matched our observations (on more than
one occasion) of Z. renardii adults eating L. hesperus
adults. In addition to the possibility that predators other
than Geocoris spp. are affecting L. hesperus population
structure, it may be that the non-consumptive effects of
Geocoris spp. on L. hesperus are contributing to the
correlations found in this study. While our manipulative
experiment clearly showed an effect of direct consumption,
it is possible that Geocoris spp. predators cause the



numbers of L. hesperus nymphs to decline through facultative
dispersal by L. hesperus nymphs or, more likely, avoidance
of plants with Geocoris spp. by egg-laying L. hesperus
females. Future work will need to examine these potential
effects of predators on L. hesperus foraging and oviposition.

In future work, it will be important to consider the
specific foraging arena used by Geocoris spp., as it relates to
aspects of cotton plant architecture. For example, other
work has revealed that Geocoris spp. tend to forage in the
middle nodes of cotton plants (Wilson & Gutierrez, 1980);
this corresponds with the plant stratum that harbors the
majority of square production. Early nymphal stages of
L. hesperus are more likely to spend time in the concealed
areas of squares (Rosenheim et al., 2004), so it is possible
that these early-instar nymphs have a high encounter rate
with Geocoris spp. Alternatively, these smaller nymphs may
be more likely to escape capture by other predators by
using concealed foraging locations, as has been demonstrated
for L. hesperus eggs that escape predation by Anaphes iole
due to aspects of host-plant structure (Udayagiri & Welter,
2000). Future work should consider the influence of
alternative predators of L. hesperus as well as alternative
prey of Geocoris spp., which feeds on a very wide range of
prey species (Crocker & Whitcomb, 1980).

Overall, the natural history of the Lygus—Geocoris system
conforms to theoretical assumptions dictating that
stage-specific predation will influence stage structure.
Specifically, (i) L. hesperus populations contain highly
mobile adults that are likely to move in and out of the
host-plant crop (Bancroft, 2005), and (ii) Geocoris spp.
appear to be eating the less mobile stage of L. hesperus
nymphs that remain in the field, independent of adult
L. hesperus dispersal (Leigh & Gonzales, 1976). What is the
long-term impact of this ability of Geocoris spp. to
influence and stabilize the stage structure of L. hesperus on
square retention and damage in cotton plants? Recent
work has shown that later instars of L. hesperus can cause
square shed that is comparable to that of adult L. hesperus
(Zink & Rosenheim, 2005). Therefore, it is possible that
higher Geocoris spp. densities will increase square retention
through the reduction of L. hesperus nymphs. This effect
may be a challenge to detect, however, as L. hesperus nymphs
(particularly the early instars) are both more difficult to
catch in a sweep net relative to adults and less frequently
counted by field scouts (Zink & Rosenheim, 2004). Therefore,
Geocoris spp. seems to play a particularly important role,
by suppressing a L. hesperus stage that is both damaging
and hard to detect through the standard sampling methods.
We suggest that because Geocoris spp. plays an important
role in cotton biocontrol, future work should focus on
helping growers modify their decisions about controlling
L. hesperus by incorporating Geocoris spp. abundance.

Stage-specific predation on Lygus hesperus 65

Acknowledgements

We thank all of the participating growers and extensive
field help during data collection in both 1993 and 1994.
The authors were supported by grants from Cotton
Incorporated, the University of California Integrated Pest
Management, and a US Department of Agriculture
post-doctoral fellowship (to A. Zink) during the early
stages of this manuscript. J. Harmon, P. Lester, S. Jepson,
C. Matthews, and K. Spence provided helpful comments on
previous drafts.

References

Bancroft JS (2005) Dispersal and abundance of Lygus hesperus in
field crops. Environmental Entomology 34: 1517-1523.

Cline AR & Backus EA (2002) Correlations among AC electronic
monitoring waveforms, body postures, and stylet penetration
behaviors of Lygus hesperus (Hemiptera: Miridae). Environmental
Entomology 31: 538—549.

Crocker RL & Whitcomb WH (1980) Feeding niches of the
big-eyed bugs Geocoris bullatus, G. punctipes, and G. uliginosus
(Hemiptera: Lygaeidae: Geocorinae). Environmental Entomology
9:508—-513.

De Roos AM, Persson L & McCauley E (2003) The influence of
size-dependent life-history traits on the structure and
dynamics of populations and communities. Ecology Letters 6:
473-487.

Dyer LA & Gentry G (1999) Predicting natural-enemy responses
to herbivores in natural and managed systems. Ecological
Applications 9: 402-408.

Ellsworth PC (2000) Lygus Control Decision Aids for Arizona
Cotton. 2000 Arizona Cotton Report. University of Arizona
College of Agriculture, Tucson, AZ, USA.

Falcon LA, Bosch RVD, Gallagher J & Davidson A (1971)
Investigation of the pest status of Lygus hesperus in cotton in
central California. Journal of Economic Entomology 64: 56—
61.

Grabenweger G (2003) Parasitism of different larval stages of
Cameraria ohridella. Biocontrol 48: 671-684.

Hagler JR & Cohen AC (1991) Prey selection by in vitro-reared
and field-reared Geocoris punctipes. Entomologia Experimentalis
et Applicata 59: 201-205.

Hagler JR, Cohen AC, Bradley-Dunlop D & Enriquez FJ (1992)
Field evaluation of predation on Lygus hesperus (Hemiptera:
Miridae) using a species- and stage-specific monoclonal
antibody. Environmental Entomology 21: 896—900.

Leigh TF & Gonzalez D (1976) Field cage evaluation of predators
for control of Lygus hesperus Knight on cotton. Environmental
Entomology 5: 948—952.

Leigh TF, Kerby TA & Wynholds PF (1988) Cotton square
damage by the plant bug, Lygus hesperus (Hemiptera:
Miridae), and abscission rates. Journal of Economic Entomology
81:1328-1337.

Murdoch WW & Briggs CJ (1996) Theory for biological control:
recent developments. Ecology 77: 2001-2013.



66 Zink ¢» Rosenheim

Murdoch WW, Nisbet RM, Blythe SP, Gurney WSC & Reeve JD
(1987) An invulnerable age class and stability in delay-differential
parasitoid-host models. The American Naturalist 129: 263 -282.

Perkins PV & Watson TF (1972) Nabis alternatus as a predator of
Lygus hesperus. Annals of the Entomological Society of
America 65: 625—629.

Rosenheim JA, Goeriz R & Blanco ET (2004) Omnivore or herbivore?
Field observations of foraging by Lygus hesperus (Hemiptera:
Miridae). Environmental Entomology 33: 1362-1370.

Rosenheim JA, Steinmann K, Langellotto G & Zink AG (2006)
Estimating the impact of Lygus hesperus on cotton: the insect,
plant, and human observer as sources of variability. Environ-
mental Entomology 35: 1141-1153.

Strong FE (1970) Physiology of injury caused by Lygus hesperus.
Journal of Economic Entomology 63: 808 —814.

Strong FE & Kruitwagen C (1968) Polygalacturonase in the
salivary aparatus of Lygus hesperus (Hemiptera). Journal of
Insect Physiology 14: 1113—1119.

Udayagiri S & Welter SC (2000) Escape of Lygus hesperus
(Heteroptera: Miridae) eggs from parasitism by Anaphes iole
(Hymenoptera: Mymaridae) in strawberries: plant structure
effects. Biological Control 17: 234-242.

University of California (1996) Integrated Pest Management for
Cotton, 2nd edn. University of California DANR Publication
3305, Oakland, CA, USA.

Wilson LT & Gutierrez AP (1980) Within-plant distribution of
predators on cotton: comments on sampling and predator
efficiencies. Hilgardia 48: 3-11.

Zink AG & Rosenheim JA (2004) State-dependent sampling bias
in insects: implications for monitoring western tarnished
plant bugs. Entomologia Experimentalis et Applicata 113:
117-123.

Zink AG & Rosenheim JA (2005) Stage-dependent feeding behavior
by western tarnished plant bugs influences flower bud
abscission in cotton. Entomologia Experimentalis et Applicata
117:235-242.



