
Vol.:(0123456789)1 3

Oecologia 
https://doi.org/10.1007/s00442-017-4034-x

PLANT-MICROBE-ANIMAL INTERACTIONS - ORIGINAL RESEARCH

Host‑choice reduces, but does not eliminate, the negative effects 
of a multi‑species diet for an herbivorous beetle

William C. Wetzel1 · Jennifer S. Thaler2

Received: 24 July 2017 / Accepted: 26 November 2017 
© Springer-Verlag GmbH Germany, part of Springer Nature 2017

Abstract
A consequence of plant diversity is that it can allow or force herbivores to consume multiple plant species, which studies 
indicate can have major effects on herbivore fitness. An underappreciated but potentially important factor modulating the 
consequences of multi-species diets is the extent to which herbivores can choose their diets versus being forced to consume 
specific host-plant sequences. We examined how host-selection behavior alters the effects of multi-species diets using the 
Colorado potato beetle (Leptinotarsa decemlineata) and diets of potato plants (Solanum tuberosum), tomato plants (S. 
lycopersicum), or both. When we gave beetles simultaneous access to both plants, allowing them to choose their diets, 
their final mass was within 0.1% of the average mass across both monocultures and 43.6% lower than mass on potato, the 
superior host in monoculture. This result indicates these beetles do not benefit from a mixed diet, and that the presence of 
tomato, an inferior but suitable host, makes it difficult to use potato. In contrast, when we forced beetles to switch between 
host species, their final mass was 37.8% less than the average of beetles fed constant diets of either host species and within 
3.5% of the mass on tomato even though they also fed on potato. This indicates preventing host-selection behavior magni-
fied the negative effects of this multi-species diet. Our results imply that ecological contexts that constrain host-selection 
or force host-switches, such as communities with competition or predation, will lead plant species diversity to reduce the 
performance of insect herbivores.
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Introduction

How plant diversity influences higher trophic levels is a 
fundamental question in ecology with key implications for 
ecosystem management (Letourneau et al. 2011; Moreira 
et  al. 2016). Much research has focused on how plant 
diversity benefits natural enemies of herbivores or alters 

herbivore movement behavior (Root 1973; Barbosa et al. 
2009; Underwood et al. 2014). A relatively underappreci-
ated consequence of plant diversity is that it can allow 
or force herbivores to include mixtures of plant species 
in their diets, whereas herbivores in monocultures are 
restricted to one plant species. The literature on the effects 
of mixed-species diets on consumer performance is sur-
prisingly contentious, with two recent meta-analyses com-
ing to opposite conclusions (Lefcheck et al. 2013; Senior 
et al. 2015). In general, however, results tend to be related 
to herbivore mobility during the feeding stage (Bernays 
1999), with highly mobile dietary generalists, especially 
grasshoppers, performing better in plant-species mixtures 
(MacFarlane and Thorsteinson 1980; Bernays et al. 1992) 
and less mobile herbivores like caterpillars typically per-
forming worse in mixtures than in a monoculture of their 
preferred species (Bernays and Minkenberg 1997; Ber-
nays 1999; Singer 2001). Despite the recognition of the 
potential importance of mobility and host selection in the 
responses of herbivores to plant species-mixtures, very 
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little work has examined how diet-mixing effects vary 
with the degree to which herbivores are able to choose 
the amount and temporal pattern of the diet mixing they 
experience.

Our poor understanding of the relationship between host-
selection and the effects of multi-species diets exists in part 
because studies of multi-species diets have largely taken one 
of two independent approaches, and the two methods are 
rarely both done with the same species. The first type of 
study—the diet-mixing study—compares herbivore perfor-
mance on single-species diets versus on mixed-species diets, 
in which herbivores are allowed to feed on multiple plant 
species, presented side-by-side (Rapport 1980; Bernays 
et al. 1997). The second type of study—the diet-switching 
study—compares herbivore performance on single-species 
diets versus on a set schedule of switching between species, 
forcing herbivores to switch on a pre-determined schedule 
(Schoonhoven and Meerman 1978). Together, these two 
approaches represent opposite ends of the range of oppor-
tunities that herbivores could possibility have to determine 
the amount and pattern of diet mixing they experience, from 
maximal opportunity for choice (diet-mixing) to zero choice 
(diet-switching).

All herbivore species that can feed on more than one plant 
species likely experience both ends of this choice continuum 
at different times or in different ecological contexts. Herbi-
vores have been repeatedly shown to be surprisingly adept 
at choosing their host plants (Gripenberg et al. 2010). There 
are, however, often costs and constraints to exerting choices. 
In general, individuals can easily choose among plant spe-
cies when the spatial scale of plant heterogeneity is small 
relative to herbivore movement ability and few other con-
straints are present to prevent herbivores from moving freely 
among plant species (e.g., predation risk). The opportunity 
to choose, however, will be low when herbivore movement 
is constrained by factors such as predation risk, competition, 
or neurological and behavioral limitations (Bernays 2001). 
For example, the opportunity to exert choice could decline 
with increasing herbivore population density as plants are 
defoliated and herbivores are forced to move to find addi-
tional plant tissue. In general, diet-switching studies tend to 
find more negative effects of multi-species diets than do diet-
mixing studies (Schoonhoven and Meerman 1978; Scriber 
1979; Stoyenoff et al. 1994; Yang et al. 2008; Desurmont 
and Weston 2014; Milanovic et al. 2016). These results sug-
gest that constraints on herbivore choice may alter the con-
sequences of multi-species diets from beneficial or neutral 
in the absence of constraints to harmful in their presence. 
Comparison across these study types is currently difficult 
because they have been conducted in different species, with 
dietary generalists dominating among diet-mixing studies 
and specialists being more common among diet-switching 
studies.

The hypothesis that foraging constraints increase costs 
associated with plant diversity is reinforced by two diet-
mixing studies with grasshoppers. These studies placed 
diet items either immediately adjacent or 20–80 cm apart 
and found that distance between diet items altered foraging 
behavior and induced small reductions in performance for 
some individuals (Bernays et al. 1997; Behmer et al. 2003). 
Given that these distances are small relative to the mobility 
of grasshoppers and are likely to impose only minor move-
ment costs, these studies suggest that more meaningful con-
straints on foraging may have large effects on how diverse 
plant communities influence herbivores.

Conducting both diet-mixing and diet-switching stud-
ies on a single herbivore species would reveal how choice 
behavior changes the effects of multi-species diets and 
would also help separate the physiological consequences of 
multi-species diets from the behavioral consequences. For 
example, if multi-species diets were physiologically ben-
eficial across a range of temporal patterns of mixing, even 
in the absence of herbivore choice, then herbivores would 
benefit in both diet-mixing and diet-switching treatments 
relative to single species diets. Alternatively, if multi-species 
diets were physiologically costly but herbivores used host-
selection behavior, when able, to increase their fitness by 
reducing the amount mixing they experience, then herbi-
vores would be unaffected by diet-mixing treatments and 
harmed by forced diet-switching treatments. If, however, 
host-selection behavior were ineffective or costly (Bernays 
2001), then herbivores may be harmed by both diet mix-
ing and diet switching. One key physiological cost of host 
switching could occur when herbivores expend energy or 
time to acclimate their gut phenotypes to their current host 
plant (Agrawal et al. 2002; Wetzel and Thaler 2016), and 
one behavioral strategy for avoiding repetition of acclima-
tion costs may be the induction of preferences for current 
host plants (Papaj and Prokopy 1989). An understanding 
of the costs and benefits of multi-species diets, and of the 
role of choice behavior in modulating these consequences, 
would improve our understanding of the consequences of 
plant diversity for the ecology of insect herbivores.

We conducted both a diet-mixing and a diet-switching 
study with the Colorado potato beetle (Leptinotarsa decem-
lineata; CPB) and two of its host plants, potato (Solanum 
tuberosum) and  tomato (S. lycopersicum). CPB, origi-
nally native to Mexico and now a global pest, is found on 
at least ten species in the genus Solanum, including potato 
and tomato (Hsiao 1978; Hare 1990). CPB is moderately 
mobile as larvae, typically moving on one to a few neigh-
boring plants during larval life, although individuals have 
been known to move tens of meters, especially when lar-
val densities are high and food availability is low (Harcourt 
1963, 1971). Based on the diet-mixing literature discussed 
above, we hypothesized that CPB, a specialist with lower 
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mobility than grasshoppers, would not benefit from having 
multiple species in its diet. There is little indication from the 
literature, however, as to how the opportunity to choose will 
modulate the consequences of a multi-species diet. In addi-
tion, because host-use depends not only on larval choices but 
also on adult oviposition choices, we examined the oviposi-
tion preferences of adult beetles in a choice assay.

Methods

Organisms

The insects used in the experiments came from a lab col-
ony refreshed annually with wild individuals from Ithaca, 
NY, where CPB has 1–2 generations  year−1. The colony 
was raised on the Green Mountain cultivar of potato. In 
the experiments, larvae were fed the Yukon Gold cultivar 
of potato, the Castlemart cultivar of tomato, or both. All 
experiments occurred between Feb and Dec 2016. In all 
studies, we used wet mass as a response variable because 
wet mass was tightly correlated with dry mass for a subset 
of 250 larvae from the diet-mixing study (F1,248 = 6938, 
P < 0.001, R2 = 0.97). We were interested in the perfor-
mance of CPB on mixtures of potato and tomato because 
these crops can be grown in close proximity on diversi-
fied farms, and the rapid evolution of resistance of CPB 
to insecticides (Alyokhin et al. 2008; Szendrei et al. 2012) 
necessitates a focus on alternative management strategies, 
such as intercropping. Tomato is generally considered a less 
favorable host in monoculture than potato for most CPB 
populations (Hsiao 1978). Populations of CPB restricted to 
tomato monocultures have evolved higher performance on 
tomato in three or more generations (Lu et al. 1997), but lit-
tle is known about the ecological and physiological effects 
of within-generation host-switching. CPB has four larval 
instars, which last 10–20 days depending on temperature 
(Hare 1990). Individuals pupate in the soil, emerge as adults, 
and feed and mate before returning to the soil to overwinter.

Diet‑mixing study

We examined the effects of a mixed-species diet on larval 
performance using a greenhouse diet-mixing experiment in 
Mar–Apr 2016. In this experiment, beetles in the mixed-
species treatment had access to both host species and were 
able to move freely between them. This contrasts with the 
design of the diet-switching study (below), in which beetles 
in the mixed-species treatment were forced to switch on a 
pre-determined schedule.

We placed 4 potted plants of tomato, potato, or two of 
each species (approximately 30 cm tall) into 33-cm cages in 
a greenhouse at Cornell University in Ithaca, NY. We then 

added three first instar larvae to each plant, for a total of 12 
larvae per cage. We placed larvae on plants rather than plac-
ing them in between plants and letting them choose their first 
host because oviposition and egg eclosion occur on plants in 
nature. In other words, ovipositing females always choose 
the first host plant for their offspring, and larvae usually 
feed near their eclosion site before wandering. We examined 
selection of initial larval host plant using a complementary 
study of female oviposition choices, described below. More-
over, plants in experimental cages had interdigitated leaves, 
which facilitated larval movement among plants. All of the 
larvae within a given cage came from a single egg clutch. 
3, 7, and 10 days after we placed first instars on plants, we 
searched cages for larvae and recorded larval survival, mass, 
and host-plant identity. We ended the experiment on day 
10 of larval life, shortly before pupation. We repeated the 
experiment across three temporal blocks for a total of 18 
cages per plant treatment (potato monoculture, tomato mon-
oculture, and species mixture). In the third block, we also 
categorized all leaves as low damage (< 16 mm2), moder-
ate damage (16–900 mm2), or high damage (> 900 mm2). 
We log-transformed larval mass and analyzed log mass and 
relative growth rate using linear mixed models with random 
effects for cage using the lme4 package in R (Bates et al. 
2015; R-Core-Team 2017). We analyzed survival using bino-
mial generalized linear mixed models.

Diet‑switching study

We used a diet-switching experiment in Feb–Mar 2016 to 
examine the effects of forced host switches on beetle perfor-
mance. This design allowed us to examine how multi-species 
diets influence performance in the absence of host-selection 
behavior. Shortly after CPB 1st instar larvae closed from 
their eggs, we placed them individually on excised leaves of 
potato or tomato on filter paper in 12-cm round Petri dishes. 
Leaves came from plants grown in a greenhouse. Leaf peti-
oles were cut with a razor blade and placed in Eppendorf 
tubes with 0.4% agar-water to prevent desiccation (Bolter 
and Jongsma 1995). We replaced each leaf with a fresh leaf 
every 48 h until day 4 and then every 24 h until day seven, 
which was the end of the experiment. Using excised leaves 
may have altered patterns of induced plant responses to her-
bivore feeding. A comparison of excised leaves and whole 
plants, however, has found that they are similarly inducible 
(Schmelz et al. 2001), and using excised leaves allowed us 
to quantify consumption with greater accuracy and preci-
sion. The experiment started with 168 larvae split evenly 
between potato and tomato leaves. On day 4, half of the 
larvae in each group were switched to a leaf of the opposite 
host species. The rest were maintained on the same host 
species. This design resulted in 42 larvae per treatment: 
continuous potato (PP), continuous tomato diet (TT), potato 
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followed by tomato (PT), and tomato followed by potato 
(TP). The larvae came from 21 clutches, which were dis-
tributed evenly among treatments such that there were two 
larvae from each clutch in each treatment.

We recorded survival daily and measured larval mass on 
days 4, 5, 6, and 7. The measurement on day 4 was just 
before implementation of the switching treatment. The sub-
sequent measurements were just before moving larvae to 
fresh leaves to prevent larvae from running out of food. We 
scanned all leaves with a flatbed scanner and used ImageJ 
to estimate area consumed. We measured the mass of known 
areas of tomato and potato leaves and used these estimates 
to convert leaf area to mass. We analyzed the effects of 
diet treatment on log larval mass and growth using linear 
mixed models with random effects for clutch. We analyzed 
survival using a random effects survival regression model 
with a Weibull distribution from the survival package in R 
(Therneau 2015).

Two key mechanisms by which host switching could 
reduce performance are acclimation and selection (Agrawal 
et al. 2002). In acclimation, insects modify their physiology 
for highest performance on their current host plant. In selec-
tion, there is high mortality among individuals that perform 
poorly on the current host plant, leaving individuals that 
perform well on the current host. To look for acclimation 
or selection, we used linear mixed models to ask if the rela-
tive growth rates of larvae on tomato or potato during days 
4–7 differed by initial diet species. For example, if growth 
rates on tomato were higher for larvae that started on tomato 
relative to larvae that started on potato, this would suggest 
that acclimation or selection was occurring. To test whether 
this result was due to acclimation or selection, we exam-
ined mean growth and survival rates for each genetic family 
(egg clutch) on tomato and potato. If selection were the pri-
mary cause of an increase in performance on a continuous 
diet, then we would expect a positive relationship between 
clutch-level survival rates on a given host and later perfor-
mance on a given host. If selection were not operating and 
variation in suitability of each host species among clutches 
were unimportant, then we would expect a positive relation-
ship between performance on tomato and performance on 
potato, such that relative performance was consistent among 
clutches regardless of host species.

Oviposition choice experiment

We used an oviposition choice study in Dec 2016 to examine 
how female beetles distributed their eggs between potato 
and tomato plants. This study mirrored the diet-mixing stud-
ies, except that we used adult females instead of larvae. We 
placed two potted plants with one of each host species and 
one previously mated female beetle per cage (33-cm cube; 
N = 30 cages total). We then counted and removed all eggs, 

recording their locations, once per day for 4 days. We esti-
mated the strength of oviposition preference for potato over 
tomato using a binomial generalized linear mixed model.

Results

Diet‑mixing study

Mass

Larvae reared on tomato had 71.8% lower final mass than 
larvae reared on potato, indicating that potato is a better host 
for larval performance than is tomato (χ2 = 42.1, df = 1, 
P < 0.001; Fig. 1). Larvae in the mixed plant species treat-
ment had on average 43.6% lower final mass than larvae in 
the potato treatment and 103.2% greater mass than larvae in 
the tomato treatment (χ2 = 53.3, df = 2, P < 0.001; Fig. 1). 
The mean larval mass in the mixed treatment was within 
0.1% of the mean larval mass across both monoculture treat-
ments (χ2 = 0, df = 1, P = 1.0). The equivalence in mean 
mass between mixture and monocultures could have resulted 
in two ways. First, larvae could have remained on the plants 
we placed them on, with larvae on potato doing well and 
larvae on tomato doing poorly, each group unaffected by 
the presence of the alternative host plant in the mixed spe-
cies treatment. Second, each larva could have been directly 
affected in some way by the presence of the alternative host 
plant in the mixed species treatment, indicating plant diver-
sity influenced larval performance. Our data supported this 
second mechanism: at the end of the experiment, larvae 
found on potato in the mixture treatment had 36.2% lower 
mass than larvae on potato in the monoculture treatment, and 
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Fig. 1  Final larval mass in the potato–tomato mixture (M), potato 
monoculture (P), and tomato monoculture (T) treatments. Each black 
point is one larva. Red points and lines show means and 95% confi-
dence intervals calculated from linear mixed models of log mass



Oecologia 

1 3

larvae found on tomato in the mixture treatment had 50.0% 
higher mass than larvae on tomato in the monoculture treat-
ment (Fig. 2; significant interaction between larval location 
and treatment: χ2 = 19.6, df = 2, P < 0.001). Similarly, the 
standard deviation of larval masses in a cage was not signifi-
cantly higher in mixtures versus monocultures (χ2 = 0.087, 
df = 1, P = 0.77), which it would have been if potato–tomato 
mixtures led to high and low performance larvae on potato 
and tomato, respectively.

Survival

On day 3, larval survival was not significantly different 
among treatments (χ2 = 0.85, df = 2, P = 0.65). By day ten 
and the end of the experiment, however, survival was sig-
nificantly higher in the potato treatment than in the tomato 
treatment [mean (95% CI), potato: 0.66 (0.43, 0.83), tomato: 
0.40 (0.21, 0.63)]. Survival in the mixture was intermediate 
between the potato and tomato and was not significantly dif-
ferent from them [0.54 (0.32, 0.75)].

Distribution of larvae and damage among plants

Averaged across all three sampling periods, the proportion 
of larvae found on potato was 0.58 [0.48–0.67], suggest-
ing a slight but nonsignificant preference for potato. Within 
cages in the mixture treatment, the proportion of larvae on 
potato versus tomato did not change significantly through 
the course of the experiment (χ2 = 0.097, df = 1, P = 0.76), 
indicating that larvae did not move preferentially from one 
host species to the other through time. These results imply 
either larvae moved between plants very little or that their 

movement was not strongly influenced by host plant. We 
frequently observed larvae moving between plants through-
out the course of the experiment. Moreover, CPB larvae are 
known to move frequently among neighboring plants (Har-
court 1963), suggesting the latter case may be true. Even 
though larval movement and distribution was little influ-
enced by host plant, larvae did feed at somewhat higher rates 
when on potato than on tomato. In the monocultures, where 
larvae had no host-choice, larvae damaged 52.6% of potato 
leaves and 34.3% of tomato leaves more than minimally 
(> 16 mm2 leaf area). In mixtures where both hosts were 
present, this difference magnified significantly but mod-
estly, to 63.2 and 22.3%, respectively (χ2 = 10.3, df = 1, 
P = 0.0013) (Fig. 3), indicating that larvae fed on both hosts 
but fed preferentially on potato over tomato when both were 
present.

Diet‑switching study

Mass

In the diet-switching study, we forced individuals in the 
switching treatment to change host plant species half way 
through their larval stage. Beetles fed a continuous diet 
of tomato leaves had a 49.7% lower mass on average rela-
tive to larvae fed potato continuously (χ2 = 10.1, df = 1, 
P = 0.0015; Fig. 4a), which was similar to the result for 
the diet-mixing study. We found, however, that the forced 
switching exacerbated the negative effects on larval growth 
relative to the diet-mixing study above. Final mass was 
37.8% lower among larvae that were forced to switch host 
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Fig. 2  Final mass of larvae found on potato or tomato in the mono-
culture treatment or mixture treatment. This figure excludes larvae 
that were not on a plant at the end of the experiment, though those 
larvae were included in all analyses. Each black point is one larva. 
Red points and lines show means and 95% confidence intervals calcu-
lated from a linear mixed model of log mass
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Each black point is one plant. Red points and lines show means and 
95% confidence intervals calculated from a generalized linear mixed 
model
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plant species relative to the mean of larvae fed on con-
stant potato or tomato diets, regardless of whether larvae 
started on tomato and were switched to potato or vice versa 
(χ2 = 9.8, df = 1, P = 0.0018; Fig. 4a). This difference con-
trasts with the results from the diet-mixing study, where 
mean mass in the mixture treatment was nearly identical 
to the mass averaged across both monoculture treatments. 
Moreover, masses in the switching treatments were signifi-
cantly less than the mass in the constant potato treatment 

(χ2 = 22.5, df = 3, P < 0.001) and were nearly identical 
to mass in the constant tomato treatment (Fig. 4a). This 
result indicates that larvae that spent only part of their life 
on tomato had similar final mass to larvae that spent their 
whole life on tomato. In other words, larval performance 
on the switching diet was as poor as larval performance on 
the poor host plant. This indicates that forced diet diver-
sity makes the multi-species, switching diet worse than the 
average of the constant diets and as bad as the worst single 
host plant. This was possible because larvae that spent their 
whole life on tomato achieved a high relative growth rate 
on tomato by the second half of the experiment [mean (95% 
C): 3.05 (2.5, 3.6)], as high as larval growth in the continu-
ous potato treatment in the second half of the experiment 
[3.34 (2.9, 3.9)] (Fig. 4b). Moreover, switching larvae from 
tomato to the better host, potato, surprisingly did not lead to 
an increased relative growth rate [(2.90 (2.3, 3.5)] relative 
to larvae that started on tomato and stayed on tomato. In 
contrast, larvae that started on potato and were switched to 
tomato had a 53% lower relative growth rate after the switch 
relative to larvae that were continuously on tomato [1.43 
(1.0, 1.9); χ2 = 40.2, df = 3, P < 0.001] (Supplementary 
material Appendix 1 Fig. A1).

Consumption

The consumption of leaf tissue by larvae reflected what 
we found for larval growth. Mean consumption was 56.1% 
higher among larvae on the continuous potato diet relative 
to larvae on the continuous tomato diet (χ2 = 6.1, df = 1, 
P = 0.014; Fig. 4c). The mean consumption of larvae in 
the switching treatments was 27.3% lower than the mean 
consumption across both constant diets (χ2 = 7.2, df = 1, 
P = 0.0072). Consumption in the switched diet treatments, 
however, was similar to consumption in the continuous 
tomato treatment [PT: 73.1 (53.1, 93.1); TP: 62.7 (39.5, 
85.9); TT: 70.4 (46.8, 94.0)] (Supplementary material 
Appendix 1 Fig. A2). Again, this suggests that larvae that 
persist on tomato early in life do not experience negative 
effects from tomato later in life.

Survival

Survival differed significantly by plant treatment (devi-
ance = 20.6, df = 4.4, P < 0.001). Survival rates were high 
in the two treatments in which larvae started on potato and 
low in the two treatments in which larvae were started on 
tomato (Fig. 5). Indeed, initial host plant was a significant 
predictor of survival (χ2 = 20.4, df = 2.3, P < 0.001), but 
final host plant was not (χ2 = 0.02, df = 1.0, P = 0.90), indi-
cating that feeding on tomato led to high mortality early in 
larval life—but not late in larval life.
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Fig. 4  a Final mass of larvae in diet-switching experiment. b Lar-
val relative growth rate (g g−1 d−1) in the period after the diet switch 
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tion by larvae in the diet-switching experiment. Diet treatments are 
potato–potato (PP), potato–tomato (PT), tomato–potato (TP), and 
tomato–tomato (TT). Each black point is one larva. Red points and 
lines show means and 95% confidence intervals calculated from lin-
ear mixed models
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Clutch‑level results

If selection were the primary cause of the increase in per-
formance on tomato through time, then we would expect 
to see a positive relationship between mean survival rates 
on a tomato and later performance on a given host across 
beetle families (egg clutches). To the contrary, we found 
no relationship between early survival on tomato and sub-
sequent relative growth rate on tomato for larvae in the 
potato–tomato treatment (χ2 = 0.0005, df = 1, P = 0.98; 
Supplementary material Appendix 1 Fig. A3) or in the 
tomato–tomato treatment (χ2 = 1.04, df = 1, P = 0.60). 
This indicates that beetle families with higher early 
survival on tomato do not have higher subsequent per-
formance. Instead, we found a significant positive rela-
tionship among clutches between larval mass on tomato 
and potato on day 4 (F1,19 = 9.6, P = 0.0019, R2 = 0.30; 
Fig. 6). This result indicates that clutches that do better 
on potato also do better on tomato. Some clutches simply 
perform better than others regardless of diet. This relation-
ship, however, disappeared by the end of the experiment 
(F1,15 = 1.6, P = 0.23, R2 = 0.03), perhaps suggesting that 
early performance differences among clutches may be due 
to slight variations among clutches that decrease in impor-
tance through time. These family-level relationships sug-
gest that the relatively high performance of larvae reared 
continuously on tomato is not caused by high mortality of 
genotypes that perform poorly on tomato.

Oviposition choice study

Females laid a total of 41 clutches in the oviposition choice 
study. Of those clutches, only two were laid on cage walls 
and the rest were laid on plants, indicating that beetle ovi-
position is not indiscriminant. Of the 19 females that ovi-
posited on plants, four (21.1%) laid at least one clutch on 
tomato. Averaged across all ovipositing females, the rate of 
egg deposition on tomato versus potato was 16.6% (95% CI 
4–33%), indicating that females have a significant preference 
for ovipositing on potato over tomato, but that beetles still 
use tomato to a surprising degree even though it is an infe-
rior host. Moreover, oviposition on tomato did not appear 
to be a result of competition for oviposition sites on potato 
because the number of clutches laid per cage per day was on 
average less than one.

Discussion

Our results indicate that a mixed-species diet can be difficult 
for Colorado potato beetles and that they can use host-selec-
tion behavior, when they are able, to reduce, but not elimi-
nate, the negative effects of mixtures. Larvae had reduced 
performance when they were reared on a mixture of tomato 
and potato plants relative to their performance on potato, 
the superior host in monoculture. This reduction occurred 
even when larvae were free to move among host-species and 
choose their diets, but it was considerably stronger when 
larvae were forced to switch host-species half way through 
their larval life. We discuss the results of the diet-mixing and 
diet-switching studies in turn, and then we integrate them.
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We found that performance of CPB larvae reared in a 
mixture of tomato and potato was only as high as the average 
performance across tomato and potato monocultures. This 
result was surprising because of the close proximity of plants 
in each cage and the moderately high mobility of CPB larvae 
(Harcourt 1963, 1971). Given these factors, one would have 
predicted that, if larvae did not benefit from diet-mixing, 
they would have demonstrated strong feeding preferences for 
potato, the better host in monoculture, and ignored the pres-
ence of tomato. Instead, larvae fed from both hosts and had 
reduced performance relative to the potato monocultures. On 
top of the low larval preferences, ovipositing adults also had 
surprisingly weak discrimination: potato was significantly 
preferred, but a substantial proportion of oviposition was 
on tomato. These findings suggest that poor or costly host-
selection ability leads CPB to use both tomato and potato 
when they are both present, and that use of both hosts causes 
performance to be below what it would be if CPB could 
specialize on potato, the superior host in monoculture. The 
inability of CPB to specialize on potato could be due to a 
poor ability to tell closely related hosts apart, especially in 
complex, mixed-species environments. Alternatively, CPB 
may need to sample potential hosts during host-selection, 
and even a small amount of tomato consumption could 
reduce larval performance. Finally, CPB may have fed on 
tomato despite the presence of potato in an effort to reduce 
competition with other larvae feeding on potato.

Our diet-mixing results are consistent with the results 
of a recent meta-analysis that found that diet-mixing is 
not beneficial on average to most consumers relative to a 
constant diet of the single best resource species, especially 
when resource species have chemical defenses (Lefcheck 
et al. 2013). And our results contradict the findings of a criti-
cism of the Lefcheck et al. (2013) meta-analysis, which re-
analyzed a subset of the same dataset to show that resource 
mixtures may reduce inter-individual variance in consumer 
performance by allowing individuals with different dietary 
needs to optimize their diets (Senior et al. 2015). For CPB, 
variance in performance was similar between monocultures 
and a multi-species treatment. Our results suggest that the 
negative relationship between plant diversity and variance 
in performance found by Senior et al. (2015), and beneficial 
effects of species-mixing in general, may be common only 
when different resource species provide complementary 
resources. For example, grasshoppers, the classic example 
of insects that benefit from diet-mixing, benefit when they 
are able to mix grasses and forbs, which are high in carbo-
hydrates and protein, respectively. In contrast, there is lit-
tle evidence that tomato and potato contain complementary 
resources for Colorado potato beetle. Instead, tomato and 
potato may differ for CPB primarily in secondary metabo-
lites, especially terpenes and glycoalkaloids, thought to be 
key chemical defenses (Lu et al. 1997, 2001). Our results 

suggest it may be naive to assume that different species 
within a consumer’s diet are likely to contain complemen-
tary nutrients, especially for oligophagous herbivores like 
the Colorado potato beetle.

In the diet-switching study, when larvae were forced to 
switch hosts and prevented from exerting choice behavior, 
their performance was as low as it was on a constant diet 
of tomato, the inferior host in monoculture. This result was 
surprising because larvae in the switching treatment spent 
half their time on each host, and one would have naively 
predicted performance would be similar to the mean of 
the two constant diet treatments. The apparent physiologi-
cal difficulty of this multi-species diet could arise because 
diet diversity is physiologically costly, diet homogeneity is 
physiologically beneficial, or a combination of these mecha-
nisms. Moreover, in each of these cases, the effect of diver-
sity or homogeneity could be due to disproportionately large 
effects from one influential plant species, or it could be due 
to diversity per se. In the parlance of the biodiversity-eco-
system functioning literature, the former is a sampling effect 
(Loreau 1998). Diet diversity per se could be physiologically 
costly if consumption of defensive compounds from multiple 
species has complementary or synergistic negative effects 
on herbivore performance. This, however, seems unlikely 
to be happening because if it were, we would expect lower 
performance on the multi-species diet than on either con-
stant diet alone.

Alternatively, diet homogeneity could be beneficial if 
herbivores pay a temporal or energetic cost to acclimate 
their physiology for highest performance on their current 
host plant. If this were true, host switches would be costly 
regardless of the identity of the host species because herbi-
vores would be required to pay a new cost to re-acclimate 
to each new host species (Wetzel and Thaler 2016). This 
mechanism would be driven by diversity per se and not a 
sampling effect because what matters is the number of spe-
cies encountered and not necessarily the identity of species. 
Our data are consistent with this hypothesis because larvae 
on the continuous tomato diets achieve high relative growth 
rates by the second half of larval life, indicating that larvae 
may be acclimating to tomato.

A third, non-mutually exclusive hypothesis for why diet 
diversity appears difficult for CPB is that tomato consump-
tion has disproportionately large negative effects on herbi-
vore performance. In other words, there may be a nonlin-
ear relationship between performance and consumption of 
tomato, such that even a small amount of tomato consump-
tion yields the full negative consequences of tomato (Stock-
hoff 1993; Ruel and Ayres 1999; Wetzel et al. 2016). With 
this mechanism, plant diversity would have negative effects 
on herbivore performance, but it would be driven by the 
sampling effect—more diverse habitats would be more likely 
to include plant species with disproportionately large effects 
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on herbivore performance. Our results suggest that this may 
be happening because in the diet-mixing treatments where 
herbivores were allowed to forage freely among hosts, per-
formance was half way between the performance on tomato 
and potato monocultures, even though larvae consumed 
significantly more potato than tomato. In contrast, if effects 
on performance were proportional to consumption, then we 
would expect performance to be influenced predominantly 
by the more-consumed host plant.

Taken together, the mixing and switching studies indi-
cate that a multi-species diet of potato and tomato reduces 
CPB performance, especially in ecological contexts that 
prevent or reduce CPB from exerting host-selection abil-
ity. The negative effects of this multi-species diet may arise 
through both an effect of diversity per se—the costs of re-
acclimation to new hosts—and through a sampling effect—
the high cost of even a small amount of tomato consump-
tion. A key implication is that the greater the constraints on 
host-selection behavior—the closer constraints are to our 
forced switching scenario—the worse the negative effects of 
plant diversity for herbivore performance. These constraints 
are likely to arise when herbivores are forced to move from 
their current host to a neighboring plant because of compe-
tition, predation risk, or food limitation. In monocultures, 
forced movements to neighboring plants will always be to a 
host plant of the same species, whereas forced movements 
in diverse environments are likely to be towards host plants 
of different species, depending on the spatial pattern of the 
diversity. The corollary of this is that negative biotic interac-
tions, including competition and predation, may be easier for 
insect herbivores to cope with in monocultures of their pre-
ferred host species than in polycultures because herbivores 
in monocultures can move to neighboring plants without 
needing to exercise host selection.

A second key implication of our finding that environ-
ments that facilitate choice behavior diminish the negative 
effects of multi-species diets is that past diet-mixing studies 
may have underestimated the negative effects of multi-spe-
cies diets for insect herbivores. Diet-mixing studies present 
herbivores with unusually easy access to potential resource 
species and allow them to determine the amount and pat-
tern of diet-variability they experience. In reality, herbivores 
will face movement costs, competition, predation, and other 
constraints on their ability to choose their hosts. This sug-
gests that the neutral and modest negative effects of mixed-
species diets found by a meta-analysis of diet-mixing studies 
(Lefcheck et al. 2013) may in fact be underestimates of the 
true negative effects of plant diversity on herbivore perfor-
mance. Of course, constraints on resource selection behavior 
in nature are not absolute, and herbivores can be surprisingly 
adept at selecting diets that enhance performance. It seems 
likely that herbivores in nature will typically experience sce-
narios somewhere between the two extremes of diet-mixing 

and diet-switching studies, which means that multi-species 
diets will have more negative effects than is suggested by 
diet-mixing studies but not typically as bad as is suggested 
by our diet-switching study, except when herbivores are 
forced to switch hosts because of defoliation or other factors.

Our results imply that intercropping related crop species 
that share pests could be a potentially useful tool for insect 
pest management. Research on intercropping for pest con-
trol has focused on mixing distantly related crop species 
that do not share pests (Vandermeer 1989). Much of this 
work has either treated the non-focal plant as a matrix that 
makes herbivore foraging more difficult or as a source of 
alternative resources for natural enemies (Root 1973). These 
approaches can fail when pests ignore the matrix, or when 
the natural enemy community is depauperate (Thies et al. 
2003; Tscharntke et al. 2005). Our results suggest that inter-
cropping tomato and potato could contribute to the control 
of Colorado potato beetle because larvae and adults have a 
relatively weak ability to discriminate between them, and 
beetle performance is reduced by feeding on a mixture of 
both species. In essence, a tomato–potato polyculture sac-
rifices a small increase in beetle performance on tomato in 
return for a large overall reduction in beetle performance 
averaged across both hosts, which should promote pest regu-
lation at the population scale. A tomato–potato intercropping 
system would be feasible if early- and late-season varieties 
are intercropped to ensure temporal separation between har-
vests. Intercropping at this scale diversifies farms without 
requiring the sacrifice of land to non-crop plants without 
economic value. An analogous approach of intercropping 
multiple varieties of one crop has been used successfully to 
reduce diseases in rice and other crops at commercial scales 
(Zhu et al. 2000; Tooker and Frank 2012; Grettenberger and 
Tooker 2015).
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