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Abstract

Primary consumers are under strong selection from resource (‘bottom-up’) and consumer (‘top-
down’) controls, but the relative importance of these selective forces is unknown. We performed a
meta-analysis to compare the strength of top-down and bottom-up forces on consumer fitness,
considering multiple predictors that can modulate these effects: diet breadth, feeding guild, habi-
tat/environment, type of bottom-up effects, type of top-down effects and how consumer fitness
effects are measured. We focused our analyses on the most diverse group of primary consumers,
herbivorous insects, and found that in general top-down forces were stronger than bottom-up
forces. Notably, chewing, sucking and gall-making herbivores were more affected by top-down
than bottom-up forces, top-down forces were stronger than bottom-up in both natural and con-
trolled (cultivated) environments, and parasitoids and predators had equally strong top-down
effects on insect herbivores. Future studies should broaden the scope of focal consumers, particu-
larly in understudied terrestrial systems, guilds, taxonomic groups and top-down controls (e.g.
pathogens), and test for more complex indirect community interactions. Our results demonstrate
the surprising strength of forces exerted by natural enemies on herbivorous insects, and thus the
necessity of using a tri-trophic approach when studying insect-plant interactions.
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INTRODUCTION

Insect herbivores are one of the most diverse groups of organ-
isms known and are important model organisms for studies of
resource specialisation and niche breadth (e.g. Futuyma &
Moreno 1988), ecological speciation (e.g. Funk et al. 2002;
Rundle & Nosil 2005), coevolution (e.g. Ehrlich & Raven
1964), and food web dynamics (e.g. Schmitz 1994). Herbivo-
rous insects are under strong selection from bottom-up forces
via their host plants and top-down forces via natural enemies
(Ehrlich & Raven 1964; Singer & Stireman 2005). Today it is
accepted that both bottom-up and top-down selective forces
influence an herbivore’s evolution, distribution and population
dynamics; however, we still do not know how the relative
importance of these selective forces varies across habitats, diet
breadth and feeding guilds. The comparative importance of
resource (‘bottom-up’) and consumer (‘top-down’) controls
have been investigated for primary producers in terrestrial
(Gruner et al. 2008) and marine (Poore et al. 2012) ecosys-
tems, but not yet for higher trophic levels. Thus, we per-
formed a meta-analysis to test the relative importance of
bottom-up and top-down forces on the fitness of primary con-
sumers, which have significant effects on abundance of pri-
mary producers (Gruner et al. 2008; Poore et al. 2012); we
focused our analysis on herbivorous insects due to their enor-
mous diversity compared with other primary consumers and
long history of study.

Plant characteristics such as nutritional quality, chemical
and mechanical defences, distribution and abundance can
have detrimental impacts on insect herbivore fitness and these
bottom-up effects have received much attention throughout
the history of studies of insect-plant interactions (Schoonho-
ven et al. 2005; Price et al. 2011 and references therein).
Because plants are not equally suitable as hosts due to varia-
tion in chemical or mechanical defences that hamper con-
sumption by herbivores (Fraenkel 1959; Feeny 1970), bottom-
up effects were long thought to be more important than top-
down effects in regulating herbivore populations. Yet the idea
that herbivores may not be limited by resources, but instead
by higher trophic levels was proposed early in the literature
(‘the world is green hypothesis’ Hairston et al. 1960) and
received more attention after Price et al. (1980) and Bernays
& Graham (1988) re-emphasised the importance of top-down
forces on herbivore fitness. However, most hypotheses pro-
posed and tested to investigate diet breadth evolution and her-
bivore macroevolution are based primarily on bottom-up
forces (i.e. host plant use; e.g. Janz & Nylin 2008; Hardy &
Otto 2014; Hardy et al. 2016; Mason 2016), whereas relatively
fewer hypotheses have been proposed and tested that consider
top-down forces (but see Jeffries & Lawton 1984; Singer &
Stireman 2005; Mooney et al. 2012). Two examples of
hypotheses that do consider tri-trophic interactions are the
enemy-free space hypothesis, which predicts that insect herbi-
vores should feed on host plants associated with lower
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susceptibility to natural enemies even if those host plants are
otherwise poor quality (Jeffries & Lawton 1984), and the tri-
trophic interactions hypothesis, which makes predictions about
the interactive effects of host-plant quality, natural enemies
and diet breadth on herbivore performance (Mooney et al.
2012). Studies have also shown that some herbivores face
trade-offs between host quality and enemy escape when choos-
ing a host plant (e.g. Thompson 1988; Thompson & Pellmyr
1991; Mira & Bernays 2002; Murphy 2004; Murphy & Loewy
2015).
The purpose of our meta-analysis was to quantitatively

analyse the relative impacts of bottom-up and top-down
forces on primary consumers, focusing on fitness-related mea-
sures for insect herbivores, and to test related paradigms. We
evaluated research publications that measured both bottom-
up and top-down effects on the same insect herbivore (or
community of herbivores) at the same time. We analysed the
effect of bottom-up and top-down forces on measures of her-
bivore fitness, considering multiple moderators that can mod-
ulate these effects: (1) herbivore diet breadth (specialist vs.
generalist), (2) feeding guild (sucking, chewing, gall-makers,
miners), (3) habitat/environment (natural vs. controlled and
subdivisions within each), (4) type of bottom-up effects (plant
quality vs. habitat quality), (5) type of top-down effects

(predator, parasitoid, pathogen) and (6) how the fitness effects
are measured on the herbivore (abundance, development time,
growth, mass, reproduction, survival). Each of these modera-
tors has been well studied and alternative predictions exist as
to how they may affect herbivore fitness (Table 1). Our
meta-analysis will increase our understanding of tri-trophic
interactions and how they are structured independently or
interactively by bottom-up and top-down selective forces. Pre-
vious research supports the positive effects of host plant qual-
ity (e.g. Feeny 1970; Coley et al. 1985; Agrawal 1998;
Eubanks & Denno 2000; Gruner et al. 2005) and negative
effects of natural enemies (e.g. Holt & Lawton 1994; Marquis
& Whelan 1994; Lill et al. 2002; Singer & Stireman 2003;
Murphy 2004; Long & Finke 2014) on herbivore fitness, yet
the relative importance of top-down and bottom-up selective
forces on herbivores remains unknown. By conducting a
meta-analysis that only included studies that measured both
bottom-up and top-down effects on a focal herbivore, we were
able to quantitatively assess the relative magnitudes of these
selective forces for herbivorous insects. Comparing these
results with model predictions will improve the development
of ecological hypotheses to better understand diet breadth
evolution and speciation of herbivores, and their macroevolu-
tionary relationship with host plants and natural enemies.

Table 1 Predictions of the direction of response for each moderator that we analysed.

Moderator Hypothesis References

Results

follow

prediction? Data used Figure

Force type Bottom-up and top-down forces are both important to

herbivore fitness.

1–4 Y All 2b

Top-down forces have stronger effect on herbivores than

bottom-up forces.

8,9

(but see 5–7)
Y

Diet breadth Top-down forces are stronger for specialists than generalists. 10

(but see 4,11)

N Chewers 3a

Bottom-up forces are stronger for generalists than specialists. 7,12 N

Feeding guild External feeders are more affected by top-down forces

than internal feeders.

13 N All 3b

Sucking insects are less affected by bottom-up forces than

other feeding guilds.

14,15 N

Environment Bottom-up and top-down forces are stronger in controlled

than natural environments.

16,17 N All 3c and d

Top-down forces are similar in natural and controlled environments. 13,18 Y

Bottom-up type Host plant and habitat quality have similar effects on herbivores. 19 Y Bottom-up 4a

Top-down type Parasitoids have stronger effect on herbivores than predators. 13 N Top-down 5a–c
A community of natural enemies has a stronger effect on

herbivores than a single species.

16,20

(but see 21,22)

N

Invertebrate predators have stronger effect on herbivores than vertebrate

predators.

23,24

(but see 25)

N Predator

(chewers only)

Fitness measure Impact of selective forces are more apparent for direct fitness measures

than indirect fitness measures.

26 N Bottom-up

or top-down

4b, 5d

(1) Price et al. (1980); (2) Denno et al. (2005); (3) Singer & Stireman (2005); (4) Mooney et al. (2012); (5)Dethier (1954); (6) Fraenkel (1959); (7) Ehrlich &

Raven (1964); (8) Hairston et al. (1960); (9) Bernays & Graham (1988); (10) Dyer & Gentry (1999); (11) Dyer (1995); (12) Cornell & Hawkins (2003);

(13) Hawkins et al. (1997); (14) Raven (1983); (15) Peterson et al. (2016); (16) Letourneau et al. (2009); (17)Rowen & Kaplan (2016); (18) Halaj & Wise

(2001); (19) Price (1991); (20) Griffiths et al. (2008); (21) Finke & Denno (2005); (22) Vance-Chalcraft et al. (2007); (23) Barber & Marquis (2011); (24)

Mooney (2007); (25) Mooney et al. (2010); (26) Roitberg et al. (2001).
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METHODS

Data survey

In our data survey, we included only studies that measured
both bottom-up and top-down effects on the same focal herbi-
vore. We compiled publications from two sources: searches of
Web of Science using different combinations of key-words of
studies done from 2000 to 2015 and publications cited in the
review by Walker & Jones (2001). We searched for publica-
tions using ISI Web of Science on January 6 and February
2–4, 2016. We used different combinations of the search
terms: top-down, bottom-up, insect herbivore, tri-trophic,
predator, parasitoid, pathogen, performance, and plant. Our
initial survey yielded 1617 publications. We then excluded any
publications that did not focus on terrestrial systems (e.g.
aquatic systems), did not measure both bottom-up and top-
down forces, or were not in English. We also excluded studies
of ant-plant mutualisms or competition between herbivores
that had no measure of the effect of bottom-up and/or top-
down forces on the focal herbivore outside the protective
mutualist or competitive interaction; meta-analyses on these
topics have already been done (e.g. Kaplan & Denno 2007;
Chamberlain & Holland 2009). We also excluded publications
that used indirect measures of bottom-up and top-down
forces, such as herbivory, richness of herbivores, and/or abun-
dance and richness of natural enemies without measures of
attack or direct effects on herbivores. This first review win-
nowed the pool of 1617 publications down to 178 publica-
tions. We then performed a secondary review to determine if
each of these 178 studies included both bottom-up and top-
down measures for the same herbivore, many of which did
not. Any publication that was rejected during this secondary
review for not including bottom-up and top-down measures
for the same herbivore was independently read by both co-
authors before being excluded. Our secondary review yielded
112 publications. However, of these 112 publications, many
did not include measures of error on the top-down effect,
which is required to weight individual case studies in meta-
analyses; we were able to extract standard deviation from 75
of these publications, which were kept in our analysis. Cita-
tions for the 112 publications are listed in the Supplementary
Information (Table S1).

Effect size measures

To calculate effect sizes for the meta-analysis, we used log
response ratio (RR):

RR = ln(mean treatment/mean control)

Some researchers prioritise using RR because it is not
biased by differences in sample size among experiments and
usually follows a normal distribution (Hedges et al. 1999;
Gruner et al. 2008).
For bottom-up effects, we considered the treatment as the

effect that is expected to have a positive impact on herbivore
fitness. For example, Murphy (2004) reared Alaskan swallow-
tail (Papilio machaon aliaska) larvae on different host plants:
the ancestral host (Cnidium cnidiifolium), which was high qual-
ity, and a novel host that was low-quality (Petasites frigidus).

In this example, larvae reared on plants of high quality (the
ancestral host) would be the treatment and larvae reared on
plants of low quality (the novel host) would be the control.
Thus, a significant positive effect size for bottom-up forces
means that herbivores had greater fitness on high quality host
plants than on poor quality host plants.
For top-down effects, we considered the treatment as the con-

dition (e.g. host plant or habitat) for which herbivores were less
negatively-impacted by natural enemies (or where natural ene-
mies were excluded) than in the control. For example, insects
reared on plants where enemies were excluded would be the
treatment and insects reared in the presence of enemies would
be the control. As another example of a comparison in which
natural enemies were not excluded, Murphy & Loewy (2015)
found that fall webworm (Hyphantria cunea) larvae suffered
fewer attacks from parasitoids on crabapple (Malus spp.),
which we classified as our treatment, than on chokecherry (Pru-
nus virginiana), which was our control. Thus, a significant posi-
tive effect size for top-down forces means that herbivores had
greater fitness when natural enemies were absent or exerted
lower pressure and therefore that natural enemies had a nega-
tive impact on herbivore fitness. When a study included devel-
opment time of the herbivore or consumption by predators, we
switched the treatment and control, since shorter development
time or lower consumption by predators is associated with
greater herbivore fitness (Price et al. 1980). When the top-down
effect was measured as percentage parasitism or mortality, we
used the percent survival (e.g. if 60% were parasitised, then
40% survived). In our figures, we show the positive effect of
plants and negative effect of natural enemies both as positive
effect sizes for ease of comparison.
Sometimes the treatment used to calculate the bottom-up

effects was the same as the treatment used to calculate the
top-down effects, however, that was not the case for every
study and it depended on how the experiment was designed.
For example, in an experiment that used open and closed
cages on different quality plants, we would use the results
from only the closed cages (no enemies) to assess the different
plant qualities for our bottom-up treatment and control, but
we would use the results from the closed and open cages
paired by host plant as our top-down treatment and control.
Similarly, in an experiment that tested the natural occurrence
of natural enemies, the plants with low and high enemy pres-
sure were not necessarily the same plants used for the bottom-
up effect size. Experimental design also affected the fitness
measures taken on herbivores subjected to different top-down
and bottom-up forces. For example, Murphy (2004) used
pupal mass, growth rate and survival to pupation as bottom-
up fitness measures, but larval survival in the field as the top-
down fitness measure; thus, for this example, the fitness mea-
sures all differed between bottom-up and top-down treatments
and controls. Additionally, there were also more data points
for bottom-up than for top-down for this experiment as well
as for a few others, which explains why we have greater sam-
ple size for bottom-up than top-down forces.
When publications included mean and standard error/devia-

tion in the text, we used this information, whereas when publi-
cations included only mean and standard error/deviation on
graphs, we assessed those values using PlotDigitizer�. Some
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studies included multiple bottom-up treatments (e.g. survival
on multiple host plants), and in this case we compared only the
two extremes (e.g. survival on the highest and lowest quality
host plants) or the highest value compared with the second low-
est value if the lowest value was zero. When measures were
taken over time, we only included comparisons taken at the last
time point (or the one before that if the last measure was zero).
Some publications studied more than one herbivore species,
and as long as each had independent bottom-up and top-down
measures, we analysed them as different entries. Many studies
of tri-trophic interactions use percent survival or percent attack
by natural enemies as a measure of fitness, however these per-
centages often do not include standard deviations; of the 112
publications that we found, 37 did not compute standard error/
deviation and we could not include them in our analysis.

Impact of bottom-up and top-down measures on herbivores

We tested the overall strength of bottom-up vs. top-down
forces and whether the strength of bottom-up or top-down
forces varied by diet breadth (specialist, generalist), herbivore
feeding guild (sucking, chewing, miner, gall-maker), herbivore
taxonomy (order), and habitat/environment type (natural, con-
trolled). Diet breadth is a continuum, but for simplicity we
considered specialists as herbivores that feed on fewer than
three plant families, while generalists feed on more than three
families; we used this threshold because it has historically been
used in other studies of insect-plant interactions (Bernays &
Graham 1988; Ali & Agrawal 2012). We based classifications
of diet breadth from the classification used in the study, or
when not reported from our own knowledge or an internet
search. The feeding guild (or feeding behaviour) of gall-makers
and miners can be considered as chewing herbivores by some
authors since they use mandibles to grind the food (Schoonho-
ven et al. 2005). However, we considered these internal feeders
as separate guilds from chewers because their relationship with
the plant and natural enemies is expected to differ from chew-
ing herbivores that feed externally (Table 1). Additionally, we
considered the possible effect of bottom-up and top-down
forces on the herbivore’s order, which included Coleoptera,
Diptera, Hemiptera, Hymenoptera, Lepidoptera, and Orthop-
tera; however, because most orders are confounded with feed-
ing guilds, we only show the results for taxonomic order in the
supplementary material. Lastly, we tested whether strength of
bottom-up or top-down forces depended on whether the study
was conducted in natural or controlled environments as well
as subdivisions within each environment type.

Influence of different types of selective forces and types of fitness-

related measures

We tested whether the strength of bottom-up forces varied
among the different types of bottom-up effects that ecologists
study (host plant quality and habitat quality). We used host
quality as any measure taken of characteristics intrinsic to the
plant, whereas habitat quality measured environmental char-
acteristics that may or may not affect plant quality. Host
plant quality included any measure of plant age, architecture,
genotype, height, nutritional quality, size, as well as the

presence/absence and type of trichomes and/or chemical com-
pounds. Habitat quality included agricultural type, CO2 varia-
tion, elevation, flood regime, fertilisation, salinity, habitat
complexity, pollution, spatial variation, temperature variation,
and temporal variation; the threshold to define the treatment
and control depended on the study system (see Table S2 for
more information). We tested whether the strength of top-
down forces varied among different types of natural enemy
(parasitoid or predator; there were too few studies (n = 3) on
pathogens to include in the analysis), whether inflicted by a
community of enemies or a single species, and whether
inflicted by vertebrate or invertebrate predators. We also
tested if the response variable used to assess bottom-up and
top-down effects on herbivores (e.g. abundance, body mass,
developmental time, growth rate, reproduction or survival
rate) would elicit different results.

Statistical analysis

For our statistical analysis, we used multi-level error meta-ana-
lysis, with publication identity and case identity nested in pub-
lication identity as random factors, the moderators and
interactions as fixed effects, and RR as the response variable.
We used the inverse of variation from each effect size as our
weight in the model. We did not consider moderator levels
with three or fewer effect sizes because such small sample sizes
can cause imprecision in the analysis using random models
(Borenstein et al. 2009; Murphy et al. in press). We analysed
the type of selective force (top-down or bottom-up) as an indi-
vidual moderator, and analysed habitat/environment type and
subtypes, diet breadth, feeding guild and taxonomic group as
the interaction with the selective force type (main effects were
also included). We analysed top-down type (natural enemies
type, level of organisation, predator type, and fitness measure)
only using effect sizes obtained from the top-down data, and
similarly analysed bottom-up type only with bottom-up data
(Table 1). To test if strength of effect sizes were different, we
compared effect sizes between top-down and bottom-up
effects, and within bottom-up and top-down effects for each
moderator using Tukey’s HSD post-hoc test. For our post-hoc
test, we used the package multcomp and the function ghlt to
test linear hypotheses, and we used Bonferroni correction when
there were more than six comparisons (Hothorn et al. 2008).
The estimates and confidence intervals used in the post-hoc
comparisons and in our figures were obtained from models
including only the interactions compared to a zero intercept,
without the main effects. We tested for publication bias using
Rosenberg’s fail-safe number (Rosenberg 2005) and tested
asymmetry (funnel plot Fig. S1) of effect sizes using a rma.mv
model with the function ‘mod=vi’ for each dataset. We per-
formed the models using the metafor package with rma.mv
function (Viechtbauer 2010). We performed all statistical tests
in R environment 3.4.1 (R Development Core Team 2011). We
deposited our data in the Dryad Repository: https://doi.org/
10.5061/dryad.2ng06 (Vidal & Murphy 2017).
To control for confounded effects in our data (Fig. 1), we

tested the effect of diet breadth only with chewing herbivores
because they were the only guild with equal representation of
both specialists and generalists. Similarly, we tested the effect

© 2017 John Wiley & Sons Ltd/CNRS

Review and Synthesis Bottom-up vs. top-down effects on herbivores 141

https://doi.org/10.5061/dryad.2ng06
https://doi.org/10.5061/dryad.2ng06


of vertebrate and invertebrate predators only with chewing
herbivores. We tested the influence of plant and habitat qual-
ity on herbivores using the bottom-up natural habitat data,
because habitat quality had a good representation in natural
habitats (Fig. 1). All of the other moderators were well
distributed among subgroups.
We carried out a sensitivity analysis to assess how our ini-

tial analysis was sensitive to key features of our dataset. We
performed three separate tests to compare with our results:

(1) We removed data from Moon & Stiling (2004), Parry
et al. (2003) and Santolamazza-Carbone et al. (2014), which
together had 77 effect sizes of top-down and bottom-up forces
(22% of all data) and re-analysed our data to determine if
these studies may have significantly affected our results.
(2) We compared the top-down effects from studies using
artificial exclusion of natural enemies and studies using natu-
ral occurrence of natural enemies.
(3) To test if considering only the extremes in cases with
more than one treatment of bottom-up effects may have sig-
nificantly affected our results, we removed those studies
(n = 60 effect sizes) and reanalysed our data.

RESULTS

We obtained 356 effect sizes from the 75 publications used in
our analysis (Table S1). Fail-safe numbers indicate that the
number of unpublished, non-significant studies that would
need to be published to negate our significant results is more
than 1000 times greater than the number of studies included,
and thus our findings are robust against publication bias (fail-
safe number = 364,396, P < 0.0001). We found asymmetry
(i.e. some studies with relatively large sample size also had
large residuals, Fig. S1) for the whole dataset (z = 6.92,

n = 356, P < 0.0001), for the bottom-up dataset (z = 2.88,
n = 196, P = 0.004), and for the top-down dataset (z = 2.23,
n = 160, P = 0.02) (see Fig. 2a for effect size distribution and
Fig. S1 for funnel plot). All tests had QE with P < 0.0001,
which shows that there is considerable unexplained hetero-
geneity among the studies. Most of the studies were con-
ducted since 2000 (Fig. S2), perhaps because of our survey
method, and were performed in the United States (Fig. S3a),
with the majority from the east coast (Fig. S3b).

Overall impact of top-down and bottom-up forces on herbivores

Top-down forces had a significantly greater effect than bottom-
up forces on herbivore fitness (QM = 66.4, d.f. = 1, P < 0.0001,
Fig. 2b). The effect size for top-down forces was positive, which
means that herbivores had greater fitness in the absence or
reduction in natural enemies. For bottom-up forces, the effect
size was also positive, which means that herbivores had greater
fitness on the highest quality plants or in the best habitats.

Interactions between selective force type and different moderators

Generalist and specialist herbivores were differently affected
by top-down and bottom-up forces (QM = 101.48, d.f. = 3,
P < 0.0001, Fig. 3a). For specialist chewing herbivores, bot-
tom-up forces were stronger than top-down forces, and bot-
tom-up forces were stronger for specialists than for
generalists. Generalists had greater fitness in the absence/re-
duction in natural enemies, but were not affected by variation
in bottom-up forces. Most studies included in our meta-analy-
sis that tested bottom-up effects on specialists used a single
host plant species that varied in quality (n = 28 of the 33 bot-
tom-up effect sizes), not multiple host plant species; however,

Pred. 
(n = 11)

Coleop.
(n = 8)

Paras. 
(n = 25)

Paras. 
(n = 8)

Paras. 
(n = 10)

Diet breadth
Specialists 
(n = 114)**
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(n = 38)*

Chewers 
(n = 34)

Suckers
(n = 4)
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(n = 30)

Sucking
(n = 52)
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(n = 15)
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(n = 15)

Pred. 
(n = 9)

Paras. 
(n = 24)

Pred. 
(n = 5)

Both 
(n = 4)

Pred. 
(n = 24)
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(n = 19)
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(n = 1)
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(n = 2)
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Habitat
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(n = 32)
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(n = 2)
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*9 data points were abundances of both specialist and
generalist that were not included in the diet breadth analysis.

**2 data points were from a guild not included in
subsequent analyses.

Pathogen 
(n = 1)

Both 
(n = 3)

***includes grasslands, desert, tundra, and forests.

Figure 1 The number of cases for each moderator that we analysed (Table 1 shows each dataset that was used for specific analyses).
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we found no difference in effect size of bottom-up forces
between studies done with either the same vs. different host
plants (QM = 0.38, d.f. = 1, P = 0.54).

The feeding guild of the herbivore affected the response of her-
bivores to selective forces (QM = 122.7, d.f. = 7, P < 0.0001).
All feeding guilds were significantly affected by both bottom-up
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Figure 2 (a) Histogram of effect sizes. Solid line represents zero, dashed lines represents the estimate size with 95% confidence intervals from a null model.

(b) Overall bottom-up and top-down effects on insect herbivores. Bars represent the estimate of the model, numbers represent the sample size for each test,

and lines represent the 95% confidence interval of the model. If the line crosses zero, it means that the effect size was not significantly different from zero

(P from z-test > 0.05). Asterisk represents significant pairwise differences according to post-hoc Tukey’s test.
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and top-down forces (Fig. 3b). Notably, top-down effects were
stronger than bottom-up effects for chewing, sucking, and gall-
making feeding guilds. The strength of top-down forces did not
differ significantly among the feeding guilds, whereas bottom-up
forces were stronger for miners than for chewing herbivores.
Top-down effects were also greater than or equal to bottom-up
effects for all taxonomic orders (Figure S4).
Top-down forces were significantly greater than bottom-up

forces in both natural and controlled environments
(QM = 68.21, d.f. = 3, P < 0.0001, Fig. 3c). The relative effect
of top-down and bottom-up forces on herbivores also varied
among the different types of controlled and natural environ-
ments (QM = 83.66, d.f. = 7, P < 0.0001, Fig. 3d). Top-down
forces were significantly stronger than bottom-up for herbi-
vores in wetland and greenhouse environments. We found no
significant difference in the strength of top-down or bottom-
up forces among the habitat types.

Type of bottom-up forces and fitness measures

The effects of bottom-up forces on herbivore fitness did not
differ significantly between studies of habitat and host-plant
quality (QM = 1.3, d.f. = 1, P = 0.25, Fig. 4a). We also anal-
ysed the type of bottom-up forces with only natural habitat
data, in which both habitat and host quality were equally rep-
resented, and we found the same pattern (QM = 0.94, d.f. = 1,
P = 0.33). We found that the strength of bottom-up forces
varied significantly among the types of fitness measure used
(QM = 112.86, d.f. = 5, P < 0.0001); the strongest effects were
on abundance and survival while the weakest was on develop-
ment time (Fig. 4b).

Type of top-down forces and fitness measures

Variability in herbivore fitness was not significantly affected
by the type of top-down forces (QM = 1.82, d.f. = 3,
P = 0.61); predators, parasitoids and both together had
equally negative effects on herbivores (Fig. 5a). Similarly,
both single species and communities of natural enemies nega-
tively affected herbivores but there were no differences in their

effects on fitness (QM = 0.997, d.f. = 1, P = 0.32, Fig. 5b).
Herbivore fitness was not differently affected by the type of
predator (QM = 0.69, d.f. = 1, P = 0.41) with both vertebrate
and invertebrate predators comparably affecting herbivores
(Fig. 5c). Finally, the strength of top-down forces did not
vary significantly among the type of fitness measure used
(QM = 2.55, d.f. = 2, P = 0.28); however, abundance and sur-
vival of herbivores were positively affected by the absence or
reduction in natural enemies, but there was no effect on devel-
opment time (Fig. 5d).

Sensitivity analysis

When we removed the three publications that accounted for
22% of our effect sizes, we found that top-down forces were
not significant for miners and growth as a measure of fitness
for bottom-up effects was not different from zero. Bottom-up
forces were significant for generalist chewing herbivores, but
top-down forces were significantly stronger than bottom-up
forces. For our second sensitivity analysis, we tested if the
type of experimental design of top-down forces could have
different effects, and we found that studies using natural
occurrence or exclusion of natural enemies were not signifi-
cantly different (QM = 0.16, d.f. = 1, P = 0.69). Thus, this
result shows that whether natural enemies were excluded arti-
ficially or varied naturally in the environment (type of top-
down experiment) does not affect our findings. For the third
sensitivity analysis, we found the same significant effect of
bottom-up forces on herbivore fitness even when we removed
the studies that only included extreme comparisons of the best
and worst quality host plants or habitats (z = 9.54, n = 307,
P < 0.0001, estimate = 0.35, lower c.i. = 0.25, upper
c.i. = 0.44).

DISCUSSION

Our meta-analysis showed that bottom-up and top-down
forces both have consistent impacts on herbivore fitness, but
that the effect of top-down forces is significantly stronger than
bottom-up forces. Although some historical studies argue that
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resources (i.e. plants) are the most important factor regulating
populations of primary consumers (e.g. Lindeman 1942;
White 1978), our meta-analysis showed that top-down forces
are more important for most groups of insect herbivores.
Generalist herbivores were only affected by variation in top-
down effects, and top-down forces were significantly stronger
than bottom-up forces for members of the chewing, sucking,
and gall-making feeding guilds. Notably, top-down selective
forces were stronger than bottom-up forces in both natural
and controlled environments.

The influence of diet breadth, feeding guild and habitat on the

response of herbivores to top-down and bottom-up forces

Contrary to the overwhelming effect of top-down forces on
herbivore fitness for most moderators that we tested, we
found a remarkably weak effect of bottom-up forces for gen-
eralists. Our results suggest that generalists may be the ‘jack
of all trades, masters of all’ because they did not experience
significant bottom-up trade-offs among high and low quality
host plants, were less affected by bottom-up forces than spe-
cialists, and their fitness did not differ significantly from the
fitness of specialists for top-down forces. However, this result
is sensitive to sample size as we found a significant effect of
bottom-up forces on generalists when we removed the three
studies that accounted for 22% of our data; yet, even

excluding these studies, the effects of top-down and bottom-
up forces on generalists remained similar to their effects on
specialists. There is growing evidence that generalist herbi-
vores do not suffer fitness trade-offs for feeding on different
hosts. For instance, our finding that generalists are unaffected
by bottom-up forces corresponds with the results of another
recent meta-analysis that found that generalists are as likely
as specialists to benefit from secondary metabolites of plants
(Smilanich et al. 2016). Several studies also suggest that gener-
alists are equally fit to feed on the many host plants that they
may include in their diet (e.g. Futuyma & Philippi 1987;
Agosta & Klemens 2009).
Specialist chewing herbivores were significantly affected by

both bottom-up and top-down forces, and it was the only case
in which bottom-up forces were stronger than top-down
forces. Smilanich et al. (2016) found in their meta-analysis
that specialists are more negatively affected by plant qualita-
tive defences than generalists, which corresponds with our
finding of bottom-up forces being stronger for specialists than
generalists. Although the delimitation of diet breadth can be
challenging, our results would not have differed had we used
a narrower delimitation of diet breadth for specialists given
that we found significant bottom-up effects on specialist chew-
ers for studies done with either the same vs. different host
plants. However, many specialists will choose to starve rather
than feed on an unknown plant, which would have led to an
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even greater bottom-up effect if more studies had included
non-hosts. Our results demonstrate that even when feeding on
their adapted host plants, specialists are still affected by varia-
tions in plant or habitat type. However, we conducted the diet
breadth analysis using the chewing feeding guild as it was the
only guild that had equal representation of both specialists
and generalists. Notably, the sucking feeding guild was com-
posed almost entirely of specialists (n = 123 of 131 effect sizes)
and yet top-down forces were significantly greater than bot-
tom-up forces for this guild. Interestingly, recent work com-
paring diet breadth evolution of Lepidoptera (which
composed most of our chewing guild) and Hemiptera found
that caterpillars suffer from more negative trade-offs on fit-
ness when feeding on alternative hosts than true bugs (Hardy
et al. 2016; Peterson et al. 2016). Therefore, to fully analyse
the question of how bottom-up and top-down forces differen-
tially affect generalist vs. specialist herbivores, we need more
studies on generalist herbivores in guilds other than chewers.
Our results lend additional support to the idea that special-

ist and generalist herbivores are similarly affected by top-
down forces. Although specialist herbivores may have
defences against generalist natural enemies (e.g. ants, Dyer
1995), those defences often have weak or no effect on special-
ist natural enemies (e.g. Thorpe & Barbosa 1986; Dyer &
Gentry 1999). In contrast, generalist herbivores are often
heavily affected by generalist predators (e.g. birds, Singer
et al. 2014). Thus, if specialists are more affected by certain
natural enemies and generalists by others, the end result may
be a similar impact of top-down forces on both types of her-
bivores, which is what we found. Notably, top-down forces
were stronger than bottom-up forces for chewing herbivores,
the feeding guild that we used to test the interaction between
diet breadth and force type. Chewers feed on the leaf surface,
and are usually exposed and vulnerable to natural enemies
(Bernays 1997; Sendoya & Oliveira 2017). Research on the
ecology of fear demonstrates that even the mere perception of
predation risk can detrimentally affect chewing herbivores
(e.g. Schmitz et al. 1997; Kaplan et al. 2014). Miners were the
only guild equally affected by bottom-up and top-down
forces. Previous research has found that miners are less
attacked by predators than external feeders, but can be heav-
ily attacked by parasitoids (Hawkins et al. 1997). In our data-
set, half of the top-down data for miners included predators,
whereas for gall-makers, the other internal feeder guild,
predators composed only one third of the top-down forces
and that may explain why top-down forces were stronger than
bottom-up forces for gall-makers but not for miners.
Top-down forces were stronger than bottom-up forces for

both controlled and natural habitats, demonstrating the con-
sistency of our findings across environments. We also found
that each force type was surprisingly equal among habitats
(i.e. bottom-up forces did not differ significantly among any
of the habitat subdivisions, nor did top-down). A recent meta-
analysis found that natural enemy diversity has a stronger
negative effect on herbivores in cultivated than natural habi-
tats (Letourneau et al. 2009), but the studies included in our
analysis did not allow us to account for plant and natural
enemy diversity so we could not test this directly. However,
our results for top-down effects do agree with those of Halaj

& Wise (2001) and Hawkins et al. (1997), in which they found
similar effects of top-down forces on herbivores in crops and
natural habitats. We note that, as is true for any meta-analy-
sis, our results assume that the variation in strength of top-
down and bottom-up forces tested in the literature reflects the
variation found in nature. It is possible that experimental
designs have been biased towards testing a greater proportion
of variation for top-down forces than for bottom-up forces,
but the design of our meta-analysis in which we used studies
that tested the two forces on the same herbivore at the same
time mitigates this potential effect.

Influence of different types of selective forces and fitness-related

measures on herbivores

Insect herbivores are significantly impacted by bottom-up
effects of both host quality and habitat quality, which is nota-
ble because our results indicate that both direct measures of
plant quality as well as more indirect measures of habitat
quality have similar overall effects on herbivores. Interest-
ingly, although both host plant quality and habitat quality are
bi-trophic measures, they are both known to affect tri-trophic
interactions. Indeed, plant traits can have variable effects on
insect herbivores, and even interact with higher trophic levels
(e.g. volatiles, Rowen & Kaplan 2016; De Moraes et al.
1998). For instance, many studies included in our meta-analy-
sis that investigated how variation in habitat quality affects
the strength of selective forces were performed in salt marshes
and tested the effect of fertilisation and/or salinity on herbi-
vores. Fertilisation can increase the nutrients available in the
plant, and therefore benefit herbivores, but fertilisation can
also positively affect higher trophic levels and thus regulation
of herbivore populations (Wimp et al. 2010). For example,
Murphy et al. (2012) found a positive effect of fertilisation on
herbivores and natural enemy populations, with stronger
responses by predators than by herbivores to this bottom-up
effect. Bottom-up and top-down cascades are both well stud-
ied, and it is clear that both forces can influence each other
(e.g. Halaj & Wise 2001).
Predators and parasitoids both negatively affected herbivore

fitness. The negative effects of communities or single species
of natural enemies, as well as of vertebrate and invertebrate
predators, were surprisingly equal. Although predators can
have negative effects on parasitoids (intraguild predation, e.g.
Snyder & Ives 2001), even for studies that tested parasitoids
and predators together we found a similar and negative effect
on herbivores compared to studies of either type of natural
enemy separately. A community of natural enemies has some-
times been expected to have a more detrimental top-down
effect on herbivores than a single enemy species, since a com-
munity would likely be composed by different types of natural
enemies that can affect the herbivore differently, some being
able to avoid herbivore protective mechanisms (Sih et al.
1998). However, the effect of a community of natural enemies
can be either reduction or enhancement of risk, and so far
studies have found support for both cases (Sih et al. 1998;
Schmitz 2007). For example, Finke & Denno (2005) found
that increasing the number of predators decreased prey sup-
pression via intraguild predation. Similarly, vertebrate
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predators are often regarded as intra-guild predators that can
suppress other natural enemies of the herbivores (Rosenheim
1998). By feeding on other natural enemies, vertebrate preda-
tors may end up lessening the pressure exerted by invertebrate
natural enemies on herbivores, and thus may even have a pos-
itive or null effect on herbivores. However, a recent meta-ana-
lysis found an effect of vertebrate insectivores on both
herbivores and their arthropod predators, but with a negative
resulting effect on herbivores (Mooney et al. 2010).
Our meta-analysis suggests that abundance and survival are

good measures of fitness to quantify the effects of bottom-up
and top-down selective forces on herbivorous insects. Devel-
opment time is commonly used as an indirect fitness measure
in many studies (e.g. Murphy & Loewy 2015) and it is also
the basis of the slow-growth high-mortality hypothesis (Price
et al. 1980), which is a fundamental hypothesis in plant-insect
interactions. However, we found that for top-down effects,
development time in treatments and controls were indistin-
guishable and bottom-up effects also had the weakest effect
on development time. Herbivores feeding on plants of lower
quality are usually expected to have longer development time,
which would indirectly decrease the chance of survival because
of more time exposed to adverse weather and natural enemies
(Feeny 1976; Price et al. 1980). Furthermore, natural enemies
may indirectly influence the growth rate of herbivores, by
decreasing the amount of time that herbivores spend feeding
to avoid predation (Heinrich 1979). However, parasitoids and
predators may have different effects on herbivores with vary-
ing development time; slow growing herbivores may suffer
greater mortality from predators, but not from parasitoids
(Williams 1999). Our sample size for development time was
small and more studies are needed to determine its usefulness
as a fitness measure (Murphy et al. in press). Although fitness
measures are usually taken under more benign conditions
than herbivores usually face in natural conditions (Agrawal
et al. 2010), we found that there are significant differences in
how much top-down and bottom-up forces can affect com-
monly used fitness proxies.

Further considerations

Our meta-analysis has important implications for future
research on primary consumers and indicates areas of research
in need of additional attention. For instance, it would be
interesting to test if the same pattern that we found for diet
breadth of chewing herbivores would be found for generalist
and specialists from other feeding guilds such as sucking her-
bivores, but there are not yet enough studies with generalist
herbivores to test this. The greater proportion of studies on
specialists compared with generalists likely reflects the dispro-
portionate diversity, but not importance, of each type of diet
breadth found in nature. Additional studies are also needed
on more diverse insect orders as studies with Lepidoptera and
Hemiptera represented the majority of our data. We showed
that the relative strengths of each type of selective force varies
for most feeding guilds with top-down forces being stronger
than bottom-up for all guilds but miners. These varied
dynamics in different orders and guilds can provide an oppor-
tunity for experimental research on insect physiology as

related to processing of plant-derived food, as well as beha-
vioural ecology of defence by insect herbivores under variable
ecological contexts. Comparative studies among orders and
guilds will help us understand what regulates insect-plant
interactions and how they may evolve. Similarly, future inves-
tigations on variation in the strength of top-down and bot-
tom-up selective pressures and the evolution of diet breadth
will advance our understanding of key evolutionary questions
such as why there are so many more specialist than generalist
herbivorous insects.
Future studies should also investigate the differential impact

of parasitoids, predators and pathogens as enemies of insect
herbivores, and the evolutionary dynamics between different
types of natural enemies and their herbivorous prey. However,
future studies should be careful in choosing the fitness mea-
sure to use and how to report it. A large problem that we
encountered when performing this meta-analysis is that one
third of the studies we found (33%) failed to include any mea-
sure of variance for their top-down effect even when they
included variance for their bottom-up effect (e.g. Murphy
2004; Murphy & Loewy 2015). Standard error can easily be
included in a study by measuring the survival/parasitism rate
per maternal line, plant replicate or sampling period, for
example, and it is unclear why so many previous studies have
failed to do this for top-down measures when we as research-
ers are clearly thinking about it for bottom-up measures. It is
imperative that researchers studying tri-trophic interactions
include standard error in their representation of data for both
their bottom-up and top-down effects so that future syntheses
can include a wider range of studies.
More studies are also needed in different environments and

especially in the tropics, as current studies are heavily biased
towards temperate regions in North America. For most taxa,
the tropics have significantly greater biodiversity than temper-
ate regions and it would be interesting to test whether the
strength of bottom-up and top-down selective forces differs
among biomes, leading to variation in speciation rates. Our
results are limited primarily to temperate regions, and the rel-
ative magnitudes of bottom-up and top-down effects may dif-
fer in tropical regions that are often more biologically
complex. The strength of top-down and bottom-up forces can
change with climate and latitude; for instance, both top-down
and bottom-up effects on herbivores was shown to increase
with temperature towards the tropics (Rodr�ıguez-Casta~neda
2013). A recent worldwide experiment demonstrated that
caterpillars are more heavily predated in the tropics (Roslin
et al. 2017). The strength of selective forces varies not only on
latitudinal scales, but also regionally and locally, and other
authors have already highlighted the importance of a land-
scape view of interactions (e.g. Gripenberg & Roslin 2007).
More experiments are needed to account for landscape vari-
ability in tri-trophic interactions to help us understand geo-
graphic variation in diet breadth and local adaptation to host
plants.
Although our meta-analysis improves our understanding of

insect-plant interactions and the selective forces that affect
herbivore fitness, we must be cautious with pitfalls associated
with an undeveloped view of bi-trophic interactions. Top-
down and bottom-up effects are usually interconnected and
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the separation into bi-trophic forces only makes sense for
simplicity; whenever possible, a multitrophic perspective
should be used for studies that measure herbivore response to
host/habitat quality and natural enemies. Other interactions
not accounted for in the bi-trophic (or even tri-trophic)
approach may also influence the response of herbivores to
top-down and bottom-up selective forces that regulate herbi-
vores; examples would include competition with other herbi-
vores (Kaplan & Denno 2007) and mutualistic partners of the
plant (e.g. Koricheva et al. 2009; Vidal et al. 2016) or of the
herbivore (e.g. Ferrari et al. 2004). Therefore, it is always
advisable to use a food-web or a community module
approach when possible, even though it is more time consum-
ing and labour-intensive. Encouragingly, a few studies
included in our meta-analysis did include more trophic levels
than plant-herbivore-enemy, but not enough for a separate
analysis. Another factor that we could not test in our meta-
analysis is the importance of indirect interactions; top-down
and bottom-up forces interact in many different ways to
impact herbivores, and the effect of one force often directly
or indirectly influences the strength of the other force or how
the herbivore responds to that force. For instance, plant qual-
ity can influence how herbivores respond to predation risk, in
which herbivores feeding upon a less nutritious plant might
not be able to afford to stop feeding to hide from predators
(Kaplan et al. 2014).
With these caveats in mind, we strongly recommend that a

tri-trophic approach be used to study herbivore-plant interac-
tions to understand what regulates consumer performance, as
the bi-trophic approach that focuses only on consumer and
resource is clearly too simplistic and ignores a critical part of
most interactions, namely natural enemies (higher trophic
levels). Our results demonstrate that both top-down and bot-
tom-up effects must be considered when studying the evolu-
tion and population dynamics of insect herbivores.
Historically, ecologists have argued about whether bottom-up
or top-down effects were more important (e.g. Feeny 1970;
Bernays & Graham 1988), but our meta-analysis clearly
demonstrates that both are significant selective forces and, for
most groups, top-down is more important. Many studies con-
sidering the macroevolution of insect-plant interactions
involve only bottom-up effects, even though the importance
of natural enemies on an herbivore’s evolution was advocated
more than 10 years ago (Singer & Stireman 2005). Other
researchers have similarly highlighted the importance of a tri-
trophic perspective (e.g. Price et al. 1980; Singer & Stireman
2005; Mooney et al. 2012), and here we demonstrate that the
importance of top-down effects on insect primary consumers
has been undervalued.
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