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ABSTRACT Alfalfa (Medicago sativa L.) is a highly attractive plant host to Lygus spp. and is used
as a trap crop in California organic strawberries to inßuence the dispersion and dispersal of these pests,
particularly Lygus hesperus Knight. The abundance and distribution of Lygus spp. nymphs between
two trap crops separated by 50 strawberry rows was analyzed in 2008 and 2010. Nymphs demonstrated
a bimodal distribution in strawberries between trap crops, where nymphs were most abundant and
aggregated in alfalfa, when compared with interior strawberry rows, where nymphs were less abun-
dant. The majority of nymphs were concentrated in trap crops and nymphal densities in interior
strawberry rows were well below economic thresholds. The movement of Lygus spp. from a marked
alfalfa trap crop into adjacent strawberry rows or trap crops was also studied in 2008 and 2009 using
a chicken egg albumin enzyme-linked immunosorbent assay mark-capture technique. The majority
of marked-captured L. hesperus adults and Lygus spp. nymphs remained in alfalfa trap crops, rather
than dispersing out into strawberry rows at 24 h, 48 h, and 2 wk, postprotein application. The
attenuation ofLygus spp. movement in alfalfa associated with organic strawberries is a key component
of successful trap cropping. A small percentage of marked adults and nymphs were captured in
neighboring alfalfa trap crops, located 62 m from the point of protein application, highlighting the
dispersal capacity of this key pest.
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California produced 89% of all commercial strawber-
ries (FragariaananasaDuchesne) grown in the United
States in 2009 (California Department of Food and
Agriculture [CDFA] 2011). In the same year, Cali-
fornia organic strawberry growers claimed a sales
value of US$55.1 million on 884 ha (Klonsky and Rich-
ter 2011). This comprised 4.6% of CaliforniaÕs total
strawberry hectares (California Strawberry Commis-
sion [CSC] 2011). From 2005Ð2009, the declared value
of California organic strawberries more than doubled
and registered planted hectares increased by over 60%
(Klonsky and Richter 2011). In 2011, the SalinasÐ
Watsonville strawberry growing region, located in
Monterey and Santa Cruz Counties, accounted for
42% of all fall-planted conventional strawberry hect-
ares and 74% of organic fall-planted strawberry hect-
ares in California (CSC 2011).

Lygus spp. in the Monterey Bay region are com-
posed primarily ofLygus hesperusKnight (Hemiptera:
Miridae) or western tarnished plant bug, but also
include the less abundant Lygus shulli (Pickett et al.
2009). These polyphagous plant bugs distort straw-
berry fruit by feeding on, and destroying, immature
embryos located inside achenes, thereby preventing
proper development of the surrounding fruit tissue
(Handley and Pollard 1993). Consequently,Lygus spp.
are the key cosmetic strawberry pests in the Central
Coast production region (Zalom et al. 2012).

Pest distributions that are aggregated in monocul-
tures often generate greater crop losses than pest
populations that are uniformly or randomly distrib-
uted (Hughes and McKinlay 1988). However, in di-
versiÞed cropping systems, potentially aggregated
populations can be purposefully attracted to a pre-
ferred plant host with little or no harvest value,
thereby reducing their damage potential. This aggre-
gation also creates an opportunity for spatial targeting,
which efÞciently focuses treatments to pest clusters
(Weisz et al. 1995, SylvesterÐBradley et al. 1999).

On the central coast of California, vacuumed alfalfa
(Medicago sativa L.) trap crops are interplanted with
(primarily organic) strawberries to control Lygus spp.
A trap crop is an economically manageable preferred
host of a key pest intercropped with a more valuable
commercial crop. Swezey et al. (2007) demonstrated
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that western tarnished plant bug adults and nymphs
were much more abundant in alfalfa when compared
with nearby strawberries, and that strawberry damage
associated with western tarnished plant bug feeding
was reduced in nonvacuumed strawberries inter-
planted every 50 rows with vacuumed alfalfa. The use
of trap cropping in organic strawberries in the SalinasÐ
Watsonville growing region is increasing. We estimate
that in this region, �27% of certiÞed organic straw-
berry hectares were planted with alfalfa trap crops in
2011.

How alfalfa trap crops affect the dispersion ofLygus
spp. in the 50 strawberry rows located in between two
trap crops has not been documented. For example, in
strawberry rows equidistant from two trap crops, Ly-
gus spp. nymphal abundance could be highest away
from the trap crops (bell-shaped pattern), abundance
could be lowest away from the trap crops (U-shaped
or bimodal pattern) or nymphal abundance may be
random (straight line or no pattern). These patterns
could in turn produce clumped, uniform, or random
pest distributions, which would affect potential yield
losses in strawberries. Documenting pest dispersion
patterns in this system would complement our current
understanding of arrested movement by Lygus spp. in
polycultures (Sevacherian and Stern 1975, Bancroft
2005).

The strong attraction to alfalfa shown by western
tarnished plant bug may not only inßuence distribu-
tion, but also physical movement (dispersal). Black-
mer et al. (2004) and Williams et al. (2010) have
documented the basis of attraction by identifying vol-
atile plant odors in alfalfa that are highly attractive to
western tarnished plant bug females, which could
affect movement. For instance, western tarnished
plant bug was historically observed moving to an
alfalfa trap crop, when compared with the less-pre-
ferred cotton crop (Sevacherian and Stern 1975). Once
in the trap crop, Lygus spp. movement may also be
attenuated,suchthatmovementsfromthetrapcrop into
a strawberry crop would be delayed or less likely
(Potting et al. 2005). Arrestment behavior of L. hes-
perus and L. rugulipennis has been previously demon-
strated in alfalfa and scentless mayweed, Tripleuro-
spermum inodorum (L.), respectively (Sevacherian
and Stern 1975, Hannunen and Ekbom 2001).

The manner in which Lygus spp. move and are
distributed in trap-cropped strawberry systems inßu-
ences their potential to cause economic damage. High
spatial concentrations of Lygus spp. in alfalfa trap
crops are useful in developing effective and targeted
management programs (Swezey et al. 2007). Removal
efforts (via tractor-mounted vacuum) that can focus
on aggregated Lygus spp. distribution patterns in the
trap crop area are thereby more efÞcient.

We hypothesized that strips of alfalfa intercropped
with organic strawberries affectLygus spp. spatial pat-
tern development, distribution type and movement.
We tested the following: 1) Lygus spp. nymphal abun-
dance adopts a bimodal distribution between trap
crops, where abundance is greatest in alfalfa; 2) Lygus
spp. movement is not random in trap-cropped straw-

berry Þelds; and 3) when Lygus spp. movement out of
trap crops does occur, it is mostly limited to the straw-
berry rows in closest proximity to alfalfa.

Materials and Methods

Experimental Sites.This study was conducted from
2008 to 2010 at two certiÞed organic strawberry farms
in Prunedale, CA. In 2008 and 2010, experiments were
performed at the 40 ha Eagle Tree Farm. In 2009, a
marking experiment was conducted at the adjacent 20
ha Deadwood Farm. These farms were registered and
certiÞed under the provisions of the California Or-
ganic Products Act of 2003 (the California regulatory
and enforcement mechanism for the federal Organic
Food Production Act of 1990), and inspected and
certiÞed by an accredited third party certiÞer (Quality
Assurance International, Inc., San Diego, CA).

Alfalfa trap crop rows were established in both
study areas, one every 50 strawberry rows, comprising
2.0% of the farmÕs total area. In late October of each
sample year, Ameristand 802 or Ameristand 901 non-
dormant alfalfa varieties were planted by hand in sin-
gle-row beds as bare-root strawberry crowns were also
being planted in adjacent beds. Alfalfa and Þrst-year
ÔAlbionÕ strawberry beds were planted on 122 cm cen-
ters, were 46 cm wide, and 30 cm tall, and were drip
irrigated and fertilized with a single subsurface drip
tape.

Between May and June of each experimental year,
the collaborating grower began treating the alfalfa,
strawberries, or both with a 65 hp tractor, mounted
with three rectangular vacuum collector inlets (15 by
61 cm) as described in Swezey et al. 2007. Typically,
trap crops (and two adjacent strawberry rows) were
vacuumed once every 7Ð10 d from June through Sep-
tember. All other strawberry rows were infrequently
vacuumed by the grower and only when necessary.
Lygus spp. Nymph Dispersion. Dispersion is the

spatial arrangement of individuals, in this case based
on density per unit measure. To determine the in-Þeld
spatial patterns of Lygus spp. nymphs in strawberries
interplanted with alfalfa trap crops, transects were
established to record nymphal densities at various
distances from a trap crop in 2008 and 2010. Transect
plots of Þrst year strawberry plants were 0.28 ha in
area. Each of four replicated transect plots consisted
of two alfalfa trap crops separated by 49 rows of straw-
berries. Strawberry rows 1, 12, and 25 were selected
based on their respective position relative to the near-
est trap crop (adjacent, near, or equidistant). Five
strawberry rows and two trap crop rows were sampled
per replicate. Each row measured �46 m in length.
Adjacent plots were separated by a 4 m farm road.
Lygus spp. nymphs were collected using a hand-

held vacuum suction device (modiÞed reversed
Stihl BG75 leaf blower) Þtted with a 13 cm insect-
netted intake oriÞce. A sample consisting of 200
one-second suction points directed at ßowers was
taken from a continuous line walked along a trap crop
or strawberry row. We made the assumption that
timed suction collections on alfalfa and strawberry
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ßowers were comparable. Samples were collected ap-
proximately every 2 wk from June to October to re-
cord nymphal abundance, totaling nine sample dates
per year.

Mean nymphal abundance was pooled over sample
dates within sample years and compared by row using
a randomized complete block analysis of variance
(ANOVA) model. To meet assumptions of normality,
nymphal counts were analyzed using a log (n � 1)
transformation for 2008 data. Nymphal data from 2010
were ranked after failing to meet assumptions of nor-
mality. All post hoc multiple comparisons were done
using TukeyÕs Studentized Range (honestly signiÞcant
difference [HSD]) Test (SPSS Inc. 2010).
Lygus spp. Nymph Distribution. A distribution is a

mathematical description of a dispersion pattern. To
test the normality ofLygus spp. nymphal distributions,
a �2 goodness-of-Þt test was used to compare observed
and expected frequencies based on insect counts. To
identify nymphal distribution types in years where
observed and expected frequencies were signiÞcantly
different, LloydÕs Index of Patchiness (LIP) was used.
LIP values of �1, 1, and �1 indicate poisson, normal,
and aggregated distributions, respectively. If LIP was
�1, the degree of nymphal aggregation was deter-
mined using a negative binomial K using Ruesink
(1980), such that smaller K values represent a greater
degree of aggregation. Nymphal density data were
pooled over all alfalfa and strawberry sample locations
and dates.
Lygus spp. Movement. A protein mark-capture

technique (Hagler 1997a, b) was used to determine
the within-Þeld movement patterns of western tar-
nished plant bug adults and Lygus spp. nymphs in
strawberry Þelds with alfalfa trap crops in August of
2008 and 2009. Alfalfa trap crops were sprayed with a
12% chicken egg-albumin solution, as described by
Hagler and Jones (2010). Applications were made
using a gas-powered backpack sprayer (Mist Duster
MD155DX, Maruyama U.S., Inc., Denton, TX) at a rate
of 1 liter/6 m.

In 2008, protein sprays were applied on 19 August to
the center alfalfa trap crop of four block replicates.
Insects can be marked either directly, via protein ap-
plication (i.e., spraying), or indirectly, through sub-
sequent contact (i.e., walking or feeding) with marked
vegetation (Hagler and Jones 2010). Lygus spp. were
collected on 20 August, 21 August, and 9 September.
In 2009, protein sprays were similarly applied on 25
August andLygus spp. were collected on 26 August, 27
August, and 9 September. Replicates were �46 m in
length and were separated by a 4 m farm road. Samples
were taken from the adjacent strawberry rows and
alfalfa trap crops of each replicate (Table 1).
Lygus spp. were collected from strawberries using a

hand-held vacuum suction device (as described
above) to generate 200-suction samples from each
strawberry row. Sweep nets were used to collect
Lygus spp. from the entire length of each trap crop
(200 sweeps per sample). The comparability of these
two sampling methods in collecting mirids on the same
plant has been veriÞed (Byerly et al. 1978, BufÞngton

and Redak 1998, Doxon et al. 2011). However, to our
knowledge, no published studies have dealt with in-
terplant sampling comparability in strawberries. Col-
lection nets (both sweep and suction) were machine-
washed before each sample date and were only used
once per sample location to minimize the likelihood of
contamination. After each sample was collected, in-
sects were put in Ziploc bags (S. C. Johnson and Son,
Inc., Racine, WI) and were immediately placed on dry
ice to avoid in-bag mark contamination via insect
movement. While unlikely, there is a small chance
(�1%) of obtaining a false positive reaction because
of surface contact either in a net during collection or
in a plastic bag before immobilization (J.R.H., unpub-
lished data). Samples were then stored in a freezer
(�80�C) until individual adults and nymphs were
sorted and separated.

Each western tarnished plant bug adult or Lygus spp.
nymph was then examined for the presence of the
marker at the U.S. Department of Agriculture Labora-
tory in Maricopa, AZ, using an anti-chicken egg albu-
min enzyme-linked immunosorbent assay (ELISA)
described by Jones et al. (2006). If a Þeld-collected
lygus bug scored positive by ELISA for the presence
of egg albumin, we assumed that it originated from the
sprayed center trap crop.

Before the alfalfa trap crops were marked with pro-
tein, insects serving as negative controls were col-
lected and assayed for the presence of chicken egg
albumin as described above. Mean (�SD) absorbance
values were calculated for the negative controls; post-
spray Þeld-collected insects were scored positive for a
protein if the absorbance value was 6 SDs above the
negative control mean (Hagler 2011, Slosky et al.
2012). It should be noted that we used this very con-
servative critical threshold value (e.g., most studies to
date have used 3 SD; Jasrotia and BenÐYakir 2006,
Baker et al. 2007, Buczkowski and Bennett 2007) to
reduce likelihood of falsely scoring a bug positive for
the presence of the mark. Insects serving as positive
controls were collected from the marked alfalfa
shortly after the marker had been applied. These in-

Table 1. Experimental design for protein mark-capture study

Sample location
No. rows

from center
trap crop

Mean distance
from center

trap crop (m)
Direction

Alfalfa trap crop 50 62.30 West
Strawberry row 10 10 12.24 West
Strawberry row 3 3 3.85 West
Strawberry row 2 2 2.60 West
Strawberry row 1 1 1.40 West
Alfalfa trap crop

(marked)
0 0 Center

Strawberry row 1 1 1.23 East
Strawberry row 2 2 2.37 East
Strawberry row 3 3 3.57 East
Strawberry row 10 10 12.30 East
Alfalfa trap crop 50 62.58 East

Four replicates were marked as shown. Egg albumin protein sprays
were applied to center alfalfa trap crop in 2008. Insects were then
collected 24 h, 48 h, and 2 wk postapplication from Eagle Tree Farm,
in Prunedale, CA.

772 ENVIRONMENTAL ENTOMOLOGY Vol. 42, no. 4



sects (n 	 25 per species) were assayed by ELISA to
determine the proportion of marked insects at the
time the study was initiated. Mean protein-marked
Lygus spp. abundance by plant (alfalfa vs. strawber-
ries) was compared using the nonparametric KruskalÐ
Wallis test after data would not meet assumptions of
normality.
Average Distance Traveled. The average distances

traveled by Lygus spp. from marked alfalfa to un-
marked strawberry rows or neighboring trap crops
were based on global positioning system (GPS) co-
ordinates recorded on 19 August 2008, before protein
application. Measurements were taken between the
center of marked trap crops and the centers of adja-
cent strawberry beds and neighboring alfalfa. Be-
tween-row coordinates established in 2008 were used
to generate distance traveled averages during both
sample years. Marking data from 2008 to 2009 were
pooled to establish mean distance-traveled estimates
from a central marked trap crop to adjacent straw-
berry rows. All analyses were performed on SPSS 18
(SPSS Inc. 2010).

Results

Lygus spp. Nymph Dispersion. Lygus spp. nymphs
were not evenly distributed in trap-cropped straw-
berries. There were signiÞcant differences in nymphal
abundance by row in 2008 and 2010 (Table 2). In 2008,
nymphs were signiÞcantly more abundant in both
alfalfa trap crops than in all sampled strawberry rows
(Fig. 1). Nymphs were eight times more abundant in
these trap crops, relative to interior strawberry rows
(12 and 25).Lygus spp. nymphs were also signiÞcantly
more abundant in the eastern row 1 when compared
with rows 12 and 25. Of the 4,193 nymphs collected in
2008, 63% were collected from alfalfa, 24% were col-
lected from row 1, and 13% were collected from rows
12 and 25.

In 2010, Lygus spp. nymphal abundance in alfalfa
trap crops was signiÞcantly greater than in all sampled
strawberry rows, except for eastern row 1 (Fig. 1).
Nymphs were 12 times more abundant in these trap
crops, relative to interior strawberry rows (12 and 25).
Nymphs were also signiÞcantly more abundant in both

row 1 sample locations, when compared with rows
12 and 25. Of the 2,169 nymphs collected in 2010,
67% were collected from a trap crop, 24% were
collected from row 1, and 8% were collected from
rows 12 and 25.
Lygus spp. NymphDistribution.Lygus spp. nymphs

in trap-cropped strawberries were not normally dis-
tributed. Observed nymphal frequencies did not Þt
expected �2 goodness-of-Þt distributions in 2008 (�2 	
117.29; df 	 15; P� 0.001) and 2010 (�2 	 120.29; df 	
12; P � 0.001). Using a calculated LIP, nymphal dis-
tributions showed a high degree of aggregation in
trap-cropped strawberries in 2008 (2.21) and 2010
(2.37). Similarly, calculated negative binomial K val-
ues also demonstrated Lygus spp. nymph aggregation
in trap-cropped strawberries: K values for 2008 and
2010 were 1.04 and 0.81, respectively. The nymphal
variance exceeded the mean in all 20 sample dates
during this study. When K values were regressed
against sample means, there were no signiÞcant rela-
tionships in 2008 (slope 	 �0.025; r2 	 0.29; P 	
0.109). However, in 2010, there was a signiÞcantly
negative linear relationship (slope 	 �0.101; r2 	 0.66;
P 	 0.014) between nymphal densities and K.
Lygus spp.NymphMovement.Of the 810Lygus spp.

nymphs collected in 2008, 244 (30.1%) had an egg
albumin critical threshold optical density value ex-
ceeding 0.065, which was six times above the variation
of the negative control lygus specimens. Captured

Table 2. Randomized complete block design ANOVA testing
differences in Lygus spp. nymph abundance between all rows (alfalfa
trap crops and strawberry rows 1–25)

df MS F p

2008a

Treatment 6 4.188 38.359 0.006
Block 3 0.833 7.630 0.002
Treatment 
 block 18 0.109 0.893 0.588
Error 215 0.122

2010b

Treatment 6 111,498.836 70.933 0.003
Block 3 14,268.074 9.077 0.001
Treatment 
 block 18 1,571.882 0.607 0.893
Error 224 2,590.303

a Log transformation used after not meeting normality.
bData ranked after not meeting normality.

Fig. 1. MeanLygus spp. nymph abundance in alfalfa trap
crops (TC) and adjacent strawberry rows, numbered based
on proximity to the closest trap crop. The left half of all three
graphs represents west-facing upwind sample locations,
while the right half represents east-facing downwind loca-
tions. Data collected from June through October in 2008 and
2010 at Eagle Tree organic strawberry farm, Prunedale, CA.
Different letters represent signiÞcant differences (ANOVA;
P � 0.05) between rows within a sample year.
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Lygus spp. nymphs with a protein mark were also
signiÞcantly more abundant in the central marked trap
crop, when compared with all combined adjacent
strawberry rows (KruskalÐWallis; n 	 108; df 	 1;
�2 	 24.92; P� 0.001) (Fig. 2). Of the 161 Lygus spp.
nymphs captured with a protein mark 24 h after the
egg albumin was applied, 74.5% were from the central
marked trap crop, 17.4% were taken from row 1, 3.1%
were from rows 2 and 3, none were found in row 10
and 5.0% were from east/west trap crops. Of the 72
Lygus spp. nymphs collected with an egg albumin
mark 48 h after application, 61.1% were from the cen-
tral marked trap crop, 30.5% were taken from row 1,
4.2% were from row 2, none were found in rows 3 and
10, and 4.2% were from east/west trap crops. Of the 11
nymphs captured with a protein mark 2 wk after the
egg albumin was applied, Þve were from the central
marked trap crop, three were taken from row 1, two
were from rows 2 and 3, none were found in row 10,
and one was from east/west trap crops.

Of the 683 Lygus spp. nymphs collected in 2009, 57
(8.3%) had an egg albumin critical threshold optical

density value exceeding 0.065. Captured Lygus spp.
nymphs with a protein mark were also signiÞcantly
more abundant in the central marked trap crop, when
compared with all combined adjacent strawberry
rows (KruskalÐWallis; n	 108; df 	 1; �2 	 33.08; P�
0.001) (Fig. 2). Of the 35 Lygus spp. nymphs captured
with a protein mark 24 h after the egg albumin was
applied, 48.7% were from the central marked trap
crop, 38.5% were taken from row 1, 5.1% from straw-
berry rows3and10, and7.7%were fromeast/west trap
crops. Of the 11 Lygus spp. nymphs collected with an
egg albumin mark 48 h after application, 90.9% were
from the central marked trap crop and 9.1% were from
strawberry row 2. Of the seven nymphs captured with
a protein mark 2 wk after the egg albumin was applied,
four were from the central marked trap crop, one was
from in strawberry row 1, and two were found in
strawberry row 3. No nymphs were found in straw-
berry row 10 or east/west alfalfa.
Western Tarnished Plant Bug Adult Movement.Of

the 532 western tarnished plant bug adults collected in
2008, 154 (28.9%) had an egg-albumin critical thresh-

Fig. 2. TotalnumberofLygus spp.nymphsandwestern tarnishedplantbug(WTPB)adults recoveredwithaneggalbumin
mark per time interval at each location. WTPB adults and Lygus spp. nymphs were collected from center (marked) alfalfa
trap crops, (strawberry) rows 1, 2, 3, and 10 adjacent to the marked location, east/west alfalfa trap crops (50 rows from center
trap crops). Numbers above data points refer to sample size (n) of all specimens collected from a given location per sample
date. Data collected in 2008 and 2009 from Eagle Tree Farm and Deadwood Farm, respectively, in Prunedale, CA.
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old optical density value exceeding 0.065. Captured
western tarnished plant bug adults with a protein mark
were signiÞcantly more abundant in the central
marked trap crop, when compared with all combined
adjacent strawberry rows (KruskalÐWallis; n 	 108;
df 	 1; �2 	 44.82; P � 0.001) (Fig. 2). Of the 74
western tarnished plant bug adults captured with a
protein mark 24 h after the egg albumin was applied,
87.8% were from the central marked trap crop, 8.1%
were from strawberry rows 1Ð3 and 10, and 4.1% were
from east/west trap crops. Of the 55 western tarnished
plant bug adults collected with an egg albumin mark
48 h after application, 76.4% were from the central
marked trap crop, 20.0% were from strawberry rows
1Ð3, none were found in row 10, and 3.6% were from
distant trap crops. Of the 25 adults captured with a
protein mark 2 wk after the egg albumin was applied,
92.0% were from the central marked trap crop and
8.0% were from east/west trap crops.

Of the 617 western tarnished plant bug adults col-
lected in 2009, 110 (17.8%) had an egg albumin critical
threshold optical density value exceeding 0.065. Cap-
tured western tarnished plant bug adults with a pro-
tein mark were signiÞcantly more abundant in the
central marked trap crop, when compared with all
combined adjacent strawberry rows (KruskalÐWallis;
n	 108; df 	 1; �2 	 33.53; P� 0.001) (Fig. 2). Of the
35 western tarnished plant bug adults captured with a
protein mark 24 h after the egg albumin was applied,
57.1% were from the central marked trap crop, 40.0%
were from strawberry rows 1Ð3, none were found in
row 10, and 2.9% were from east/west trap crops. Of
the 25 western tarnished plant bug adults collected
with an egg albumin mark 48 h after application, 88.0%
were from the central marked trap crop and 12.0%
were from strawberry row 1. Of the 50 adults captured
with a protein mark 2 wk after the egg albumin was
applied, 84.0% were from the central marked trap
crop, 10.0% were from strawberry rows 1, and 10 and
6% were from east/west trap crops.
Average Distance Traveled. The average distance

traveled by western tarnished plant bug adults from
marked alfalfa into strawberries was 0.48 � 0.14, 0.38 �
0.10, and 0.27 � 0.18 m at 24 h, 48 h, and 2 wk after
protein application, respectively. Lygus spp. nymphs
traveled an average distance into strawberry rows of
0.46 � 0.08, 0.52 � 0.09, and 1.10 � 0.35 m at 24 h, 48 h,
and 2 wk post protein-application, respectively.

Discussion

In 9 of 10 comparisons during 2008 and 2010, Lygus
spp. nymphs were signiÞcantly more abundant in al-
falfa trap crops, when compared with strawberry rows.
This result illustrates nymphal attraction for alfalfa
described in Blackmer and Cañas (2005). The con-
centration of Lygus spp. in alfalfa trap crops also dem-
onstrates relative plant host preference over commer-
cially relevant crops, such as cotton (Sevacherian and
Stern 1975) and strawberry (Swezey et al. 2007).
Lygus spp. nymphs in strawberry rows between

alfalfa trap crops displayed a U-shape or bimodal spa-

tial pattern in 2008 and 2010. Three of four strawberry
row 1 sample locations during this time had signiÞ-
cantly greater nymphal abundance when compared
with interior rows (12 and 25). Of the total collected
nymphs in 2008 and 2010, 87 and 91% were concen-
trated in alfalfa and strawberry row 1, respectively.
These data indicate that �90% of the Lygus spp.
nymph population was concentrated in only 6% of
total acreage of the study site (one row of alfalfa and
two adjacent strawberry rows). This phenomenon
lends itself to selectively targeting segments of a Þeld
for management. This efÞciency is further improved
by the compatibility of common tractor conÞgurations
(three vacuuming hoods) to this three-row area, so
that these three rowscanbevacuumedsimultaneously
during a single pass.

The bottom of this spatial “U” was encompassed by
low nymphal abundance in a sample representing 26
interior strawberry rows. Interior strawberry rows
(rows 12 and 25) averaged 4.20 and 1.70 nymphs per
200 suctions in 2008 and 2010, respectively. As eco-
nomic thresholds are often set at one nymph per 10
suctions (Zalom et al. 2012), these nymphal densities
per 10 suctions (0.21 nymphs in 2008 and 0.09 nymphs
in 2010) fell well below this threshold. Consequently,
pest management costs incurred by the grower were
greatly reduced in this portion of the Þeld: interior
rows required vacuuming approximately once every 2
wk in 2008 and only three times in all of 2010.

Trap crops can generate aggregated herbivore dis-
tributions (Potting et al. 2005, Shelton and BadenesÐ
Perez 2006). In trap-cropped strawberry Þelds, Lygus
spp. nymphs demonstrated a highly aggregated distri-
bution. The K of the negative binomial of Lygus spp.
nymphs in strawberries and alfalfa during 2008 and
2010 was 1.0 and 0.8, respectively, compared with
Lygus spp. nymph K values in cotton (4.3) and lentils
(4.9) (Sevacherian and Stern 1972, Schotzko and
OÕKeeffe 1989). In this diversiÞed organic strawberry
system, aggregation is associated with host preference,
such that nymphs are aggregated in and around alfalfa.
This may be because of differing capacities for straw-
berry and alfalfa to feed and nourish Lygus spp.
nymphs. For instance, L. lineolaris nymphs caused a
decreasing proportion of damaged strawberry fruit
when exposed to increased fruit densities, thereby
exhibiting a saturating functional response to a non-
preferred host (Rhainds and EnglishÐLoeb 2003).

The alfalfa-strawberry system has also created a
unique set of circumstances for lygus bug aggregation
with regard to mean population size. In a lentil mon-
oculture, greater Lygus spp. densities were positively
correlated with the negative binomial K (Schotzko
and OÕKeeffe 1989). In trap-cropped strawberries,
however, the attractiveness of a preferred host drives
aggregation; hence, larger population sizes in this sys-
tem were correlated with higher degrees of clumping,
which were observed in 2010 when there was a sig-
niÞcant negative linear correlation between K and
mean nymphal abundance.

High spatial concentrations of lygus bug nymphs
may also improve the impact of biological control
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agents, which is particularly important in organically
managed systems. The recently introduced Lygus spp.
parasitoid Peristenus relictus (Ruthe) displays density-
dependent responses to greater host abundance pres-
ent in alfalfa (Pickett et al. 2009). In addition, gener-
alist predators, including Nabis, Geocoris, and Orius,
which are all common in this strawberry growing re-
gion, increase consumption rates when exposed to
greater prey densities (Propp 1982, Shrestha et al.
2004, Desneux and OÕNeil 2008) that are generated
through spatial aggregation (Mangan and Wutz 1983).

The majority of egg albumin-marked Lygus spp.
nymphs were captured in the central trap crop area
(west row 1, alfalfa trap crop, and east row 1). Col-
lectively, these three rows accounted for 91 and 86%
of captured-marked nymphs in 2008 and 2009, respec-
tively. These limited movement patterns correspond
with the nymph dispersion patterns (in which 87 and
91% of nymphs were collected in these three rows in
2008and2010, respectively)andreinforce the strategy
of efÞciently targeting these three rows with a tractor-
mounted vacuum.

Nymphs were much more likely than adults to mi-
grate into the adjacent row of strawberries. For in-
stance, of the total marked nymphs captured in 2008
and 2009, 22 and 28% were collected in strawberry row
1, respectively. Two weeks after protein application,
the mean nymphal distance traveled from a marked
trap crop into strawberries was equivalent to one row.
This spill-over of nymphs out of trap crops and into the
adjacent strawberry row was an expected outcome
(Potting et al. 2004, Swezey et al. 2007). We speculate
that this short-distance dispersal behavior may be at-
tributable to excessive competition and/or predator/
parasitoid avoidance.

While a majority of Lygus spp. nymphs remained in
the central three row area (west row 1, alfalfa trap
crop, and east row 1) during this study, a small
percentage of nymphs dispersed east and west. Of the
captured-marked nymphs that dispersed from this
central area, 55% (12 nymphs) and 38% (3 nymphs)
were collected 50 rows away, in neighboring trap
crops in 2008 and 2009, respectively. Detecting addi-
tional nymphs may have been affected by molting.
Nymphs will likely lose their mark at their next molt
(J. R. Hagler, personal observation). Without the
marked alfalfa in close proximity to facilitate addi-
tional self-marking, nymphs would be less likely to be
captured with a positive mark. Nonetheless, the ability
of these ßightless nymphs to travel 62 m in as little as
24 h was unexpected and underscores their dispersal
potential. Previously, marked L. lineolaris nymphs
were recaptured 50 m away in potatoes from the point
of release in pigweed, after 48 h (Khattat and Stewart
1980).

In route to east or west alfalfa trap crops, Lygus spp.
nymphs dispersed through a suitable, albeit less-pre-
ferred host, until they reached alfalfa. This behavioral
response: 1) provides an example of habituation,
where previous feeding establishes plant host prefer-
ences and can inßuence movement (Bancroft 2005),
2) illustrates that nymphs with relatively rapid dis-

persal speeds have a greater likelihood of coming in
contact with a trap crop (Potting et al. 2005), and 3)
lends credence to Blackmer and Cañas (2005), who
hypothesized that nymphs may rely more on volatile
cues than visual cues at further distances, which may
help explain how these small insects moved through 50
rows of vision-obstructing strawberry plants to arrive
at alfalfa.

Similar to Lygus spp. nymphs, western tarnished
plant bug adult movement out of, or away from, a
central marked alfalfa trap crop was infrequent during
this study. The majority of marked captured adults
were collected from central alfalfa at 24 h, 48 h, and 2
wk after albumin application. Ninety-two percent and
84% of albumin-marked adults were still found in al-
falfa 2 wk after marking in 2008 and 2009, respectively.
This plant host is well suited for western tarnished
plant bug feeding (Strong 1970), reproduction (Cave
and Gutierrez 1983), and trapping (Swezey et al.
2007).

Small recorded dispersal distances from central trap
crops also reinforce the notion that the western tar-
nished plant bug adults were largely arrested on this
plant host. At every sample interval, pooled data pro-
duced average western tarnished plant bug adult dis-
persal distances into strawberries of �0.5 m (�1 row).
Arrestment may be strengthened by host preference
that is limited to small spatial areas (2% of total acre-
age) in a broader heterogeneous system. In homoge-
neous alfalfa Þelds, Bancroft (2005) estimated that
marked western tarnished plant bug adults dispersed
7.3 m/day. A GPS/geographic information system-
based study estimated western tarnished plant bug
movement to cotton from managed forage alfalfa up to
375 m away during 1 mo (Carrière et al. 2006). While
direct comparisons between studies may be difÞcult
because of the inßuence of experimental design on
potential dispersal outcomes, the comparatively low-
level dispersal recorded in this study independently
suggests strong arrested behavior of western tarnished
plant bug adults in trap-cropped strawberries.

The arrested movement displayed by western tar-
nished plant bug adults contributes to its retention in
alfalfa. Pest retention in trap crops has not been ex-
tensively studied, yet may strongly inßuence a trap
cropÕs effectiveness (Holden et al. 2012). Sevacherian
and Stern (1975) documented trap crop retention by
releasing marked western tarnished plant bug adults in
alfalfa trap crops interplanted with cotton: �85% of
marked adults were recaptured in alfalfa 8 d postre-
lease.

A small number of western tarnished plant bug
adults dispersed away from the central marking-zone.
Of the total marked-captured western tarnished plant
bug adults in this study, 16 and 24% dispersed from the
central trap crops in 2008 and 2009, respectively. Of
these migrating adults, 29% (5% of total) and 15% (4%
of total) traveled to neighboring alfalfa trap crops, 50
strawberry rows from the central marking zone in 2008
and 2009, respectively. The remaining adults that were
collected from adjacent strawberry rows constituted
11 and 20% of all collected protein-positive adults.
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Within the 10 sampled strawberry rows to the east and
west of a central trap crop, marked adults were slightly
more numerous in row 1, when compared with rows
2, 3, and 10.

For western tarnished plant bug adults that are
dispersing within a network of trap crops, it is unclear
how this movement is facilitated. A combination of
alfalfa-based odors and visual cues may help distin-
guish single rows of alfalfa among large blocks of
strawberry rows. At further distances, however, visual
cues may be more useful than volatile signals for west-
ern tarnished plant bug adults (Blackmer and Cañas
2005), as volatiles may be less easily detected (Finch
and Collier 2000). Cues to this preferred plant host
likely generate the basis of attraction, which is a crit-
ical component of trap cropping and strongly contrib-
utes to improved pest control efÞcacy (Banks and
Ekbom 1999).

Swezey et al. (2007) documented the economic
success of trap cropping in California organic straw-
berries. The current study provides indications of the
behavioral elements important to trap cropping:Lygus
spp. show strong aggregation in alfalfa and are atten-
uated in their movements out of alfalfa. These Lygus
spp. behaviors are highly compatible with an alfalfa-
strawberry trap cropping system and importantly al-
low for optimized targeting of this key pest.
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