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Abstract
BACKGROUND: Biological control by generalist predators can be mediated by the abundance and biodiversity of alternative
prey. When alternative prey draw predator attacks away from the control target, they can weaken pest suppression. In other
cases, a diverse prey base can promote predator abundance and biodiversity, reduce predator–predator interference, and beneﬁt biocontrol. Here, we used molecular gut-content analysis to assess how community composition altered predation of Colorado potato beetle (Leptinotarsa decemlineata (Say)) by Nabis sp. and Geocoris sp. Predators were collected from organic or
conventional potato (Solanum tuberosum L.) ﬁelds, encouraging differences in arthropod community composition.
RESULTS: In organic ﬁelds, Nabis predation of potato beetles decreased with increasing arthropod richness and predator abundance. This is consistent with Nabis predators switching to other prey species when available and with growing predator–
predator interference. In conventional ﬁelds these patterns were reversed, however, with potato beetle predation by Nabis
increasing with greater arthropod richness and predator abundance. For Geocoris, Colorado potato beetle predation was more
frequent in organic than in conventional ﬁelds. However, Geocoris predation of beetles was less frequent in ﬁelds with higher
abundance of the detritus-feeding ﬂy Scaptomyza pallida Zetterstedt, or of all arthropods, consistent with predators choosing
other prey when available.
CONCLUSION: Alternative prey generally dampened predation of potato beetles, suggesting these pests were less-preferred
prey. Nabis and Geocoris differed in which alternative prey were most disruptive to feeding on potato beetles, and in the effects
of farm management on predation, consistent with the two predator species occupying complementary feeding niches.
© 2021 Society of Chemical Industry.
Supporting information may be found in the online version of this article.
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Predation of pests by generalist predators is often inﬂuenced by
the abundance and identity of alternative prey.1,2 Sometimes, relatively attractive alternative prey will draw generalist predators'
attacks away from the target, disrupting biological control.3,4
However, over long periods, alternative prey can help build and
sustain predator populations that can also prey upon pests.3,5
Likewise, predators that develop in other agricultural or natural
habitats can disperse into a ﬁeld to attack pest herbivores
there.6–9 The ideal situation might be for non-pest prey to naturally decline as herbivore pests arrive, forcing generalists to switch
to attacking the pest.5 However, because apparent beneﬁt or
harm to biological control often reﬂects the spatiotemporal scale
at which the indirect effects of alternative prey are examined,
results from simple laboratory arenas may not yield insight into
net effects under open ﬁeld conditions.3,10
Prey and predator biodiversity can further interact to enhance
or weaken biological control by generalists. For example,

predators often feed on other natural enemies in addition to
pests, and in extreme cases this disrupts herbivore suppression.11–13 In turn, rates of intraguild predation may be mediated
by the diversity of alternative prey, with predators sometimes
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relaxing predation on one another when herbivorous or detritusfeeding prey are plentiful.14,15 Increasing predator biodiversity
can lead to stronger biological control when predator species differ in where, when, or how they hunt for prey,16–19 with these
complementary niches eliminating spatiotemporal refuges for
pests. When prey communities include relatively few species, as
might be the case, for example, where insecticide use is intense,
predators might have little choice but to forage among one
another for the few prey available. But, increasing prey biodiversity might allow predators to express natural differences in prey
preference that heighten complementarity and reduce
predator–predator encounters.20 While several laboratory or
ﬁeld-cage studies suggest these interactions between predator
and prey diversity may be impactful,21 in experimental arenas it
often is difﬁcult to capture the full complexity of arthropod communities typical of the open ﬁeld.
Here, we used molecular gut-content analysis to track predation of herbivorous Colorado potato beetles by the predatory
bugs Geocoris sp. and Nabis sp. in potato (Solanum tuberosum)
ﬁelds (molecular identiﬁcation of both predator species suggested that although each genus appears to contain just one
common species at the potato ﬁelds where we conducted our
work, we could not reach a conﬁdent species assignment in
either case).22 Crops were managed by growers using organic
or conventional management practices, which enhance natural
site-to-site differences in predator and prey communities;
organic farms tend to have more diverse and abundant arthropod communities.23,24 Both predator species are generalists that
presumably feed on a broad diversity of arthropods, with potato
beetles perhaps perceived as less appealing than other common
prey such as aphids.4,25 Our central hypotheses were that: (i) per
capita predation of potato beetles would be reduced with
increasing abundance and/or diversity of alternative prey; and
(ii) that predator–predator interference would increasingly disrupt potato beetle predation with increasing predator abundance and/or diversity. However, we acknowledge that greater
prey diversity might instead enhance complementarity between
predators, beneﬁtting biocontrol.20

2 MATERIALS AND METHODS
The work presented here is a complement to that of Krey et al.,22
who examined how arthropod community structure impacted
aphid predation. Here, we use the same individual predators considered by Krey et al.,22 and a previously developed prey speciesspeciﬁc polymerase chain reaction (PCR) primer,26 to examine
how abundance and biodiversity of arthropod predators and prey
impact feeding on Colorado potato beetles.

2

2.1 Natural history
Whereas elsewhere in their range, Colorado potato beetles have
evolved resistance to many insecticides, in the Northwestern
USA they are susceptible.27 In conventional ﬁelds this means beetles are killed by at-planting applications of neonicotinoids, a
main target of which is aphids, and by foliar treatments aimed
at other pests, rendering the beetle uncommon. Beetle management is challenging in organic systems where sprays are less frequent and fewer chemicals are available, and beetles are often
found at damaging abundances in organic ﬁelds.23 Colorado
potato beetles are also abundant on volunteer potatoes, and presumably regularly re-colonize potato ﬁelds even if in-ﬁeld residents are rare.28–30
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Both Nabis and Geocoris eat potato beetle eggs and larvae in
potato ﬁelds,25,30 and are among the most abundant predators.22,23 They are broad generalists, but appear to selectively
attack other prey such as aphids in preference to potato beetles.4,25 This might reﬂect the relatively effective chemical and
behavioral defenses of the beetles.31,32
In manipulative ﬁeld-cage experiments, and in the open ﬁeld,
Nabis and Geocoris seem to be more efﬁcient aphid predators
when they forage within diverse predator communities.22,24,33,34
This apparently is because species-rich predator communities
bring together species with complementary feeding niches,33
and greater predator evenness ensures these niches are fully
occupied.24 Other common predators in these ﬁelds include
anthocorid bugs, carabid and coccinellid beetles, a diverse community of spiders, and lacewings.22,23 In addition to aphids, particularly abundant possible prey include herbivorous western ﬂower
thrips, Frankliniella occidentalis Pergrande, and the detritusfeeding ﬂy Scaptomyza pallida.22,35 Nabis is relatively larger and
is likely a common intraguild predator of Geocoris,34 and both
predators appear to be highly cannibalistic.36 So, previous work
suggests that rates of potato beetle predation are likely to be
impacted by the abundance and biodiversity of both predators
and prey.
Previously, we described arthropod communities in the ﬁelds
considered here, while examining predation of aphids by these
same predator individuals.22 When comparing arthropods in
organic versus conventional ﬁelds, we found that both Nabis
and Geocoris were more abundant under organic management,
and total predator abundance, predator richness, and total
arthropod richness were also higher (Figure 1).22 Colorado
potato beetles were detected in D-vac samples in only 6 of the
21 organic potato ﬁelds, and none of the conventional ﬁelds,
although we recognize that suction sampling often poorly
assesses densities of Colorado potato beetle.23 We also note
that, for aphids in these ﬁelds, we have previously found evidence of predation in ﬁelds where aphids were too uncommon
to be collected in suction samples.35 Because of the many zeroes
in organic ﬁelds, however, potato beetle densities were not signiﬁcantly different between the two ﬁeld management types
(Figure 1).22 All other arthropod community attributes that we
considered (abundance of aphids, thrips and the detritusfeeding ﬂy S. pallida; and total arthropod abundance and predator evenness) did not signiﬁcantly differ.22

2.2 Arthropod survey and predator collections in
commercial potato ﬁelds
We sampled from six organic and six conventional ﬁelds in the
ﬁrst year (2009), nine organic and eight conventional ﬁelds in
the second year (2010), and six organic and six conventional
ﬁelds in the third year (2011), with all ﬁelds managed by cooperating growers in Adams, Benton and Grant counties in central Washington state (see Krey et al.22,35). Predators were
collected in July–early August of each year, from 50 plants
using a D-vac suction-sampling device as described previously.23,35 D-vac bags containing arthropods were immediately
placed on dry ice, and up to 80 individuals of Geocoris and
Nabis were removed using forceps, placed individually in 95%
ethanol in 1.5-ml microcentrifuge tubes on ice for transport,
and then transferred to a −80°C freezer to await DNA extraction; Chapman et al.37 found this method avoids contamination of predators with prey DNA.

© 2021 Society of Chemical Industry.
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FIGURE 1. Potato ﬁelds managed using conventional or organic practices: (a) aphids (all adults keyed as Myzus persicae), (b) Leptinotarsa decemlineata,
(c) Frankliniella occidentalis, (d) Scaptomyza pallida, (e) Nabis sp., (f) Geocoris sp., (g) total arthropod abundance, (h) total arthropod species richness, (i) total
predator abundance, (j) predator species richness, and (k) predator evenness. Data redrawn from Krey et al.,22 who examined aphid predation by these
same predator individuals. Dots indicate values outside 90% conﬁdence intervals. For clarity of presentation, one ﬁeld was excluded from panel a because
we found 7473 aphids at that site. Center lines indicate median value and box edges indicate 25th and 75th percentiles.
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are completed (see Krey et al.22 for a more detailed discussion).
All COI barcode sequences we generated for Leptinotarsa decimlineata and S. pallida matched that species unambiguously
on BOLD.
2.3 Molecular gut-content analysis
Total DNA was extracted from crushed ﬁeld-collected predators
using the QIAGEN DNeasy Blood & Tissue Kit following the manufacturer's animal tissue protocol (Qiagen). PCRs (25 μl) with the
Colorado potato beetle primers (Cpb5S (50 ‑CCTTTTCTCT
TGGGCAGTTAT‑30 ), Cpb6A (50 ‑TTATCCCAAATCCAGGTAGAAT
- 0 26
3 ) ; consisted of 1× Takara buffer (Takara Bio), 0.2 mM of each
dNTP, 0.25 mM of each primer, 0.625 U Takara Ex Taq™ (Takara
Bio), and template DNA (1 μl of total DNA). PCRs were carried
out in Bio-Rad PTC-200 and C1000 thermal cyclers (Bio-Rad). We
optimized these primers for PCR of Washington specimens. The
thermal cycling protocols we used began with an initial denaturation at 94°C, followed by 45 cycles of 94°C for 45 s (denaturing),

© 2021 Society of Chemical Industry.
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Following the removal of predators for gut-content analysis, all
other arthropods from each D-vac bag were retained from vacuum samples and stored in a −20°C freezer before being sorted
to allow us to describe overall prey community structure (predators removed from samples for gut-content analysis were
included in predator-density estimates for each ﬁeld). Arthropods
were generally identiﬁed to family, except for the speciﬁc species
included in our models, as described below. D-vac bags were
washed with a 10% bleach solution and air-dried before being
reused, to further minimize the risk of cross-contamination of
DNA from one sample to another.
Predators and prey were identiﬁed using DNA barcodes.
Brieﬂy, using the engine on the Barcode of Life Database
(BOLD),38 both Nabis and Geocoris cytochrome c oxidase subunit
1 (COI) sequences from our potato ﬁelds matched at least three
species of each genus with above 99% similarity, and no modern
taxonomy of these genera is available. Thus, we only identiﬁed
these taxa to the genus level until modern revisionary works
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FIGURE 2. A simple comparison of organic versus conventional ﬁelds, ignoring differences between the two in arthropod community structure. Probability of detecting Colorado potato beetle DNA in (a) Nabis sp. and (b) Geocoris sp. predators. Data are mean ± SE, and P values are from binomial GLMM
with only farming system and random effects.

58°C for 45 s (annealing), and 72°C for 30 s (extension). Electrophoresis was used to conﬁrm ampliﬁcation using 10 μl of PCR
product in 1.5% SeaKem agarose (Lonza) stained with GelRed
(0.1 mg μl−1; Phenix Research). Thus, the data collected herein
are from gel-based PCR; testing for predation was done using Colorado potato beetle-speciﬁc primers developed and tested by
Greenstone et al.26
2.4 Data analyses
First, we made a simple comparison of the likelihood that potato
beetle DNA was detected in Nabis and Geocoris predators collected from organic versus conventional farms, using a generalized linear mixed models (GLMM) with a binomial distribution
and logit link function in the glmmTMB package in R.39,40 Field
and year were included as random effects. Next, we again examined the data using more complex models, because many aspects
of arthropod community structure differed between the two

farming systems (Figure 1) and this might truly be underlying
any differences detected in the simple organic versus conventional comparison. The factors we considered in our modeling
effort were: (i) individual abundances of three herbivores, aphids,
L. decemlineata and F. occidentalis; (ii) the detritus-feeding ﬂy
S. pallida; (iii) abundances of Nabis and Geocoris; (iv) total abundance, richness, and evenness of predators; and (v) total abundance and richness of all arthropods (Table S1).22 We assessed
the impact of arthropod community metrics and farming system
on predation of Colorado potato beetles by Geocoris and Nabis
using GLMMs with a binomial distribution and logit link function
in the glmmTMB package in R.39 Models included random effects
of ﬁeld and year. We constructed 35 candidate models testing the
importance of each of the arthropod community metrics and their
potential additive and interactive effects with farming system
(Table S1 and Figure S1). We then ranked models based on Akaike
Information Criterion (AICc) and identiﬁed the most supported
(ΔAICc below 2.0).41 AICc is a technique that selects the “best”
models among a set of candidate models. Changes (Δ) in AICc
values are on a continuous scale of information relative to other
models in the set, where low Δ values have higher relative support.41,42 We assessed multicollinearity for candidate models
using the performance package in R.43 Multicollinearity was not
an issue (variance inﬂation factor below 5).

3 RESULTS

4

FIGURE 3. From model ﬁts, the probability of detecting Colorado potato
beetle DNA in Nabis collected in organic versus conventional potato ﬁelds,
versus (a) total arthropod richness and (b) total predator abundance. Red
lines indicate conventional ﬁelds (red bands are 95% conﬁdence intervals)
and blue lines indicate organic ﬁelds (blue bands are 95% conﬁdence
intervals).
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In a simple comparison of the two farming systems without
including any arthropod community attributes, we found a significantly greater likelihood of potato beetle DNA being detected in
organic compared with conventional ﬁelds for both Nabis
(P < 0.0001; Figure 2a) and Geocoris (P = 0.005; Figure 2b).
Within more complex models, for Nabis predation on potato
beetles, we saw no signiﬁcant difference in detection in organic
versus conventional potato ﬁelds (Figure 3). However, two models
had high support and both of these included interactions
between a predator community attribute and farming system
(Table 1). The ﬁrst model included an interaction between predator richness and farming system, with potato beetle detections in
Nabis decreasing with increasing overall predator richness
in organic ﬁelds, but weakly increasing with increasing predator
richness in conventional ﬁelds (Table 1 and Figure 3a). The other
well-supported model included an interaction between total
predator abundance and farming system, with potato beetle
detections in Nabis increasing with greater total predator

© 2021 Society of Chemical Industry.
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TABLE 1. Model selection results for arthropod community and farm management systems (conventional = 0, organic = 1) that inﬂuence the probability of detecting Colorado potato beetles in Nabis guts

Model

Management

Total richness

Management ×
Total richness

Management ×
Total richness
Management ×
Predator
abundance

8.90 (2.12)***

0.12 (0.040)**

−0.20 (0.057)***

3.12 (0.58)***

Management ×
Predator
abundance

Predator
abundance

0.0038 (0.0015)*

−0.0058 (0.0016)***

ΔAICca

df

Weight

0

6

0.51

0.8

6

0.34

Only models having more than 5% of model weights are shown. Numbers in the columns Management to Management × Predator abundance indicate model estimate ± SE. Values in bold indicate P < 0.05. Year and ﬁeld were included as random effects. The next-best model not shown had
ΔAICc = 5.0 and weight = 0.042. ***P < 0.001, **P < 0.01, *P < 0.05, P < 0.10 but >0.05.
a
Akaike Information Criterion with a correction for small sample sizes.

TABLE 2. Model selection results for arthropod community and farm management (conventional = 0, organic = 1) that inﬂuence the probability of
detecting Colorado potato beetles in Geocoris guts

Model
Management + Total
abundance
Management
+ Scaptomyza
abundance
Management + Aphid
abundance
Management ×
Total

Management
Total
Scaptomyza
Aphid
× Total
Management abundance abundance abundance abundance

Predator
abundance

Management
×
Scaptomyza
abundance ΔAICca df Weight

1.63 (0.56)** −0.0004
(0.0002)*
1.43 (0.57)*
−0.0005
(0.0002)*
−0.0053
(0.0040)

1.64 (0.57)**
1.21 (1.23)

abundance
Management + Predator 1.74 (0.56)**
abundance
Management ×
0.69 (0.76)
Scaptomyza
abundance
Management
1.61 (0.57)**

−0.0005
(0.0005)

0.0002
(0.0005)

−1.00018
(0.0010)†
−0.0010
(0.0005)*

0.00076
(0.00056)

0

5 0.25

1.4

5 0.12

2.1

5 0.086

2.5

6 0.070

2.6

5 0.067

2.7

6 0.064

2.9

4 0.057

Only models having more than 5% of model weights are shown. Numbers in the columns Management to Management × Scaptomyza abundance
indicate model estimate ± SE. Values in bold indicate P < 0.05. Year and ﬁeld were included as random effects. The next-best model not shown had
ΔAICc = 4.0 and weight = 0.034. **P < 0.01, *P < 0.05, †P < 0.10 but >0.05.
a
Akaike Information Criterion with a correction for small sample sizes.
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feeding ﬂy S. pallida correlated with decreasing likelihood that
potato beetle DNA would be detected in Geocoris (Table 2 and
Figure 4c), a factor that appeared alongside system in the second
best-supported model.

4 DISCUSSION
For Nabis, we found an interesting interaction between arthropod
richness and farming system (Table 1 and Figure 3). In organic
ﬁelds, increasing arthropod species richness correlated with
reduced likelihood that we would detect Colorado potato beetle

© 2021 Society of Chemical Industry.
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abundance in conventional ﬁelds, but decreasing with greater
total abundance in organic ﬁelds (Table 1 and Figure 3b).
Results were more straightforward for Geocoris. In general,
potato beetle DNA was more often detected in Geocoris collected
from organic compared with conventional potato ﬁelds (Table 2
and Figure 4a), and this effect appeared in all of the bestsupported models. When accounting for farming system, detection of potato beetle DNA in Geocoris generally decreased with
increasing overall arthropod abundance (Table 2 and Figure 4b),
a factor that appeared alongside system in the best-supported
model. Likewise, increasing abundance of the common detritus-
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FIGURE 4. From model ﬁts, the probability of detecting Colorado potato
beetle DNA in Geocoris: (a) collected in organic versus conventional potato
ﬁelds (± 95% conﬁdence intervals), (b) with increasing total arthropod
abundance, and (c) with increasing abundance of the ﬂy Scaptomyza pallida. Gray bands are 95% conﬁdence intervals.

6

DNA in Nabis. This would be consistent with the predators switching from attacking potato beetles when other options were available, in line with earlier experimental work in laboratory and ﬁeld
cages suggesting that potato beetles are less-preferred prey.4,25,32
By contrast, in conventional ﬁelds, the likelihood of detecting
potato beetle DNA in Nabis increased with increasing arthropod
richness. Arthropod richness was lower in the conventional
ﬁelds,22 and an initial increase beyond low prey diversity may trigger greater predator foraging; hunting predators may then incidentally encounter potato beetles. At the higher species
richness levels typical of organic ﬁelds, perhaps other prey
become so plentiful that potato beetles are ignored. Low
prey richness in conventional ﬁelds may also indicate that recent
insecticide sprays had sublethal effects that reduced predator foraging.44,45 In any case, alternative prey appeared to have a different impact on potato beetle predation by Nabis in organic
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compared with conventional ﬁelds, such that understanding biocontrol in one farming system might not predict what occurs in
the other.
Farming system and alternative prey also impacted the likelihood we detected potato beetle DNA in Geocoris, although the
speciﬁcs differed from Nabis (Table 2 and Figure 4). Overall, Geocoris from organic ﬁelds were more likely to contain potato beetle
DNA than those from conventional ﬁelds. This is consistent with
generally higher potato beetle densities under organic
management,23,46,47 although potato beetle abundance did not
appear in any well-supported models (Table 2). The suction sampling used to assess foliar arthropod communities may be inefﬁcient at collecting potato beetle eggs on leaf surfaces or heavy
later stage larvae.23 So, the simplest explanation is that farm management served as an effective proxy explaining true differences
in potato beetle abundance. In addition to farming effects, evidence of potato beetle predation by Geocoris was less likely with
increasing arthropod abundance, suggesting that bountiful alternative prey reduced potato beetle consumption. This, again, is
consistent with earlier evidence that Colorado potato beetles
are relatively unattractive prey for these and other generalist
predators.4,25 Of course, we cannot exclude the possibility that
potato beetles altered their behavior and/or spatial distribution
when other arthropods were more abundant, for example due
to greater competition. That is, it could be the herbivores, rather
than the predators, that experienced a niche shift.
It is noteworthy that greater arthropod richness corresponded
with reduced predation by Nabis, whereas it was reduced total
abundance that led to a similar effect for Geocoris. These two prey
community attributes did appear correlated, such that there may
not be a true difference between the two generalists in their
response to background prey communities (Figure S1). Finally,
Geocoris predation of potato beetles was reduced in ﬁelds that
contained higher densities of the detritus-feeding ﬂy S. pallida,
by far the most abundant arthropod.22 Detritus-feeding prey have
sometimes been shown to beneﬁt biological control by building
populations of generalists that later switch to attacking pests.5,48
Results in our case appear most closely aligned with those of Halaj
and Wise,49 who found that an experimental increase in detritivores did not strengthen pest suppression by spiders and carabid
beetles, apparently because detritivores were appealing prey. This
suggests that higher potato beetle predation in ﬁelds with a straw
mulch groundcover might reﬂect an improved microclimate and
refuge for the predators, rather than greater abundance of detritivores50–52 (but see Szendrei et al.53).
A second complex interaction seemed to inﬂuence potato beetle predation by Nabis (Figure 3b). When Nabis was collected from
organic potato ﬁelds, the percentage positive for potato beetle
DNA decreased in ﬁelds with increasingly higher total predator
abundance. This would be consistent with more predator–
predator encounters leading to less Nabis foraging.54–56 Of
course, it also is possible that Nabis were feeding on other predators when they were easily available, in preference to potato beetles. However, the relationship was reversed in conventional
ﬁelds, where greater predator abundance correlated with
increased detection of potato beetle DNA in Nabis (Figure 3b).
One possibility is that here, again, higher predator abundance relative to other conventional ﬁelds indicates lower sublethal pesticide exposure.44 Of course, the apparent relationships seen
across our data set could reﬂect covariance with other factors that
impact predator abundance and Nabis feeding activity. Among
the predatory arthropods, Geocoris is a small species that faces

© 2021 Society of Chemical Industry.
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particular risk of intraguild predation.12,34,36 Thus, it is surprising
that we did not ﬁnd strong support for a direct effect of predator
abundance or diversity on Geocoris predation of potato beetles
(Table 2). Open-ﬁeld data such as these are noisy, and it may be
that any response of Geocoris to other predators was too subtle
to detect.
There are several limitations of molecular gut-content analysis
that must be acknowledged. First, because we did not directly
manipulate any aspect of predator or prey community structure,
the correlations that we detected may result from the two factors
co-varying with other unknown factors rather than indicating a
causal relationship. Second, detection of DNA within a predator
could result from consumption of another predator that ate the
prey, reﬂecting disruptive intraguild predation, or from scavenging.57,58 Finally, our study examines per capita possible predation
of potato beetles, and cannot determine which pest life stage was
consumed or in what quantity, such that it is difﬁcult to extrapolate to net pest suppression. Nonetheless, carefully controlled
manipulations of arthropod biodiversity in cages or other experimental arenas have limitations, and it is reassuring that the patterns reported here so often aligned with earlier experimental
work.4,25
In many parts of the world, the frequency of insecticide applications to control Colorado potato suggests that this pest is not
under biological control.27,59 Our results, and other published
work, suggest several reasons why this might be the case. First,
both generalist predators appeared to respond to abundant and
biodiverse prey by reducing per capita predation of potato beetles (Figures 3 and 4). In addition, Nabis appeared to reduce its
attacks when foraging within communities where other predators
were relatively abundant, suggesting that predator–predator
interference might also sometimes limit biocontrol (see also Mallampalli et al.60,61). This could be why, although many predator
species are feeding on potato beetles,26,53,62–64 the pest often
escapes biological control.46,47,52,53 This suggests that predator
conservation schemes such as adding ﬂowering refuge strips
alongside potato ﬁelds will be most effective if other appealing
food options are not also conserved.65–67 For example, Middleton
and MacRae67 report an epic attempt at conservation biological
control of Colorado potato beetle, with several kilometers of ﬂoral
refuges established around large production potato ﬁelds. They
found a more than 50% increase in the abundance of generalist
predators in the ﬂoral plantings, a dramatic enhancement of predator abundance, but this did not translate into higher predator
abundance in the adjacent crop or greater predation of potato
beetle eggs. Apparently, predators found prey and other
resources in the refuge to be more attractive than those in the
potato ﬁelds67 (see also Werling and Gratton7). More generally,
the complexity of apparent feeding links that we uncovered
might help explain why higher natural enemy abundance and
diversity on organic farms68–70 does not often lead to the low pest
densities typical of conventional farms.71–75

5

CONCLUSION
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predator–predator interference. We found mixed support for this
view. The Nabis and Geocoris predators that we examined broadly
responded differently to farming system, predator abundance,
and the abundance, biodiversity and species identity of other
alternative prey (Figures 3 and 4). This conﬁrms that these predators do occupy distinct feeding niches, as suggested by earlier
experimental work.33,34 However, increasing abundance or biodiversity of alternative prey generally weakened per capita predation of Colorado potato beetles by these generalists, which
suggests that any enhancement of niche differences did not
translate into more efﬁcient foraging. In a study paired with this
one, we found that predation of aphids, which are preferred prey
of these and other generalist predators,32 instead generally
increased, rather than decreased, as alternative prey abundance
and diversity increased.22 This suggests that prey quality may be
another factor mediating biodiversity–biocontrol relationships.
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