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Abstract The evolution of defensive traits is driven both
by benefits gained from protection against enemies and by
costs of defence production. We tested the hypothesis that
specialisation of herbivores on toxic host plants, accompa-
nied by the ability to acquire plant defensive compounds
for herbivore defence, is favoured by the lower costs of
sequestration compared to de novo synthesis of defensive
compounds. We measured physiological costs of chemical
defence as a reduction in larval performance in response to
repeated removal of secretions (simulating predator attack)
and compared these costs between five species synthesising
defences de novo and three species sequestering salicylic
glucosides (SGs) from their host plants. Experiments simu-
lating low predator pressure revealed no physiological costs
in terms of survival, weight and duration of development in
any of study species. However, simulation of high preda-
tion caused reduction in relative growth rate in Chrysomela
lapponica larvae producing autogenous defences more
frequently, than in larvae sequestering SGs. Still meta-
analysis of combined data showed no overall difference in
costs of autogenous and sequestered defences. However,
larvae synthesising their defences de novo demonstrated
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secretion-conserving behaviour, produced smaller amounts
of secretions, replenished them at considerably lower rates
and employed other types of defences (regurgitation, eva-
sion) more frequently when compared to sequestering lar-
vae. These latter results provide indirect evidence for bio-
synthetic constraints for amounts of defensive secretions
produced de novo, resulting in low defence effectiveness.
Lifting these constraints by sequestration may have driven
some leaf beetle lineages toward sequestration of plant alle-
lochemicals as the main defensive strategy.
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Meta-analysis - Plant-herbivore interactions

Introduction

Chemical defences against natural enemies are extremely
widespread among animals (Blum 1981; Ruxton et al.
2004). Components of chemical defences vary widely and
are frequently synthesised de novo (Eisner et al. 2007).
However, some plant-feeding insects sequester various
plant secondary metabolites (allelochemicals) and use them
as a defence against natural enemies (Nishida 2002; Opitz
and Miiller 2009), and this ability is tightly linked with the
evolution of host-plant specialisation in herbivores (Price
et al. 1980; Bernays and Graham 1988).

Plant secondary metabolites, which supposedly
evolved as anti-herbivore defences, have toxic or deterrent
properties which usually lead to their avoidance by gen-
eralist herbivores (Bernays and Chapman 1987; Nishida
2002). Therefore, specialisation on toxic plants allows
insects to escape from interspecific competition (Futuyma
and Moreno 1988; Loxdale et al. 2011). On the other
hand, specialisation on toxic plants has been suggested
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to provide herbivores, which use plant allelochemicals
for defence against predators, with ‘enemy-free space’
(Jeffries and Lawton 1984; Stamp 2001); thus, generalist
enemies may contribute to the narrowing of the host plant
range of herbivores (Price et al. 1980; Bernays and Gra-
ham 1988).

The evolution of defensive traits is commonly consid-
ered in terms of trade-offs between the benefits gained
from protection against enemies and the costs of defence
production (Bowers 1992; Camara 1997). Thus, seques-
tration would be advantageous if more effective and/or
less expensive defence was obtained with plant-derived
chemicals than with compounds synthesised de novo. The
effectiveness of defences of different origin and of various
chemical compositions has been directly compared only
rarely, but some studies have demonstrated that leaf bee-
tle larvae using sequestered defence compounds obtained
better protection from predators compared to larvae using
autogenously produced compounds (Rowell-Rahier et al.
1995; Zvereva et al. 2010a). However, a recent meta-analy-
sis (Zvereva and Kozlov 2016) found no differences in the
effectiveness of defences of different origin across a variety
of prey-predator systems, thereby suggesting the potential
importance of the costs of defence production. These costs
can determine the evolutionary path taken by any particular
insect species (Camara 1997); therefore, quantitative evalu-
ation and comparison of the costs between the two defen-
sive strategies of leaf beetles—sequestration of plant toxins
and autogenous synthesis of anti-predator defences—could
provide a key to understanding the evolution of host
plant specialisation in herbivorous insects (Bowers 1992;
Nishida 2002).

Costs associated with possessing chemical defence, or
constitutive costs, are paid by all individuals and therefore
they are hard to measure (Cogni et al. 2012). Among costs
associated with defence functioning, physiological costs
(also called metabolic or energetic costs in animals) are
studied most frequently. These involve allocation of limited
resources to the production, maintenance and operation of
a defence at the expense of other functions of an organ-
ism. The physiological costs may be measured as trade-offs
between investments in defence and in some other com-
ponents of fitness, such as growth, survival or fecundity
(Camara 1997; Ruxton et al. 2004). The published stud-
ies have provided contradictory evidence about the physi-
ological costs of chemical defence, and meta-analysis has
demonstrated an overall absence of these costs in herbivo-
rous insects (Zvereva and Kozlov 2016). However, a great
majority of these studies explored the costs of sequestra-
tion, whereas the costs of autogenous defences for herbivo-
rous insects were reported only in a single study (Rowell-
Rahier and Pasteels 1986), leaving a considerable research
gap (Zvereva and Kozlov 2016).
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The research bias towards the costs of sequestration is
critical, because the costs of de novo synthesis of defensive
chemicals and the costs of sequestration have different ori-
gins, being based on two different biochemical strategies
of defence production (Bowers 1992; Ruxton et al. 2004).
The costs of de novo synthesis may arise due to the use of
chemical precursors (e.g. amino acids) for the biosynthe-
sis of defensive compounds that could otherwise be used
for other organism functions and due to the maintenance of
the complex biochemical machinery necessary for de novo
synthesis and transportation of compounds (Bowers 1992).
On the other hand, the costs of sequestration are associated
with transportation, concentration and biotransformation
of chemicals acquired from plants (Ruxton et al. 2004). In
general, de novo synthesis of defensive compounds requires
more complex and multistep chemical reactions than
sequestering ready compounds from host plants (Boland
2015); in other words, biosynthetic costs of production of
defences de novo should exceed biotransformation costs
of sequestration. Therefore, in spite of scarce experimental
evidence, de novo synthesis is frequently believed to have a
higher cost than that incurred by sequestration of plant alle-
lochemicals (e.g. Fiirstenberg-Hédgg et al. 2014), and this
presumption is sometimes used to explain the wide distri-
bution of sequestration among plant-feeding insects (Bow-
ers 1992; Nishida 2002).

Leaf beetles (Coleoptera: Chrysomelidae) demonstrate
a variety of defensive strategies and are therefore suitable
subjects for studying the role of chemical anti-predator
defences in insect specialisation on toxic host plants. Some
leaf beetle species have retained their ancestral autogenous
synthesis of defences, but some lineages—for example,
the subfamily Chrysomelinae—have evolved the ability to
sequester from their host plants salicyl glucosides (SGs)
(Termonia et al. 2001), which are toxic for generalist her-
bivores (Rowell-Rahier and Pasteels 1986). Specialised
beetles transform SGs to salicylaldehyde, which serves as
a defence against natural enemies (Pasteels et al. 1988; Ter-
monia et al. 2001). Some of these specialised beetles have
entirely lost the ability to produce defences de novo, but
others, e.g. the Chrysomela interrupta group, utilise a dual
defence strategy involving both sequestered and autog-
enous defensive compounds (Termonia et al. 2001). C. lap-
ponica, the best studied species of this group, demonstrates
a geographic variation in host plant use and in the composi-
tion of defensive secretions, providing further opportunities
to explore the relative costs of sequestration and de novo
synthesis and their relationship to diet breadth.

Allocation costs on pre-imaginal stages are frequently
measured as changes in larval performance in response
to the increased defence production by simulating preda-
tor attack (e.g. Rowell-Rahier and Pasteels 1986; Bowers
2003; Higginson et al. 2011). Current models predict that
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growth rate always decreases in response to predation due
to investments in the defences, which reduces energy avail-
able for growth (Higginson and Ruxton 2010). However,
timing of metamorphosis is plastic, and models of optimal
defence generally predict that in response to predation risk
prey may reduce age and body size at metamorphosis to
avoid predators, but in certain conditions metamorphosis
at a larger size and later time is likely to be optimal (Hig-
ginson and Ruxton 2010 and references therein). We test
these predictions for two different strategies of chemical
defence used by leaf beetle larvae: sequestration of plant
allelochemicals and synthesis of compounds de novo.

We estimated changes in the performance in response to
simulated predation accompanied by defence depletion in
eight leaf beetle species that use different defence strate-
gies to test the hypothesis that the evolutionary shift to
sequestration of plant allelochemicals observed in several
lineages of leaf beetles was favoured by lower cost/ben-
efit ratio of sequestration relative to de novo synthesis of
defensive compounds. We also compared species with dif-
ferent strategies of chemical defence by the replenishment
rates of secretions as a measure of production intensity, and
recorded the larval defensive behaviour, as it was predicted
to interact with other types of defences (Steiner and Pfeiffer
2007; Higginson and Ruxton 2009a).

Materials and methods
Study species

We studied eight leaf beetle species (Online resource, Table
S1) whose larvae externalise defensive secretions from
specialised glands to repel potential enemies. Five of these
species synthesise secretions of different compositions de
novo, whereas another three species sequester SGs from
their host plants and produce salicylaldehyde as the major
defensive component of the secretions (Online resource,
Table S1). Two of the three sequestering species, C. tremu-
lae and Phratora vitelline, have lost the ability to produce
defensive compounds de novo and totally rely on seques-
tration. The third species, C. lapponica, uses a dual defence
strategy. Some populations of C. lapponica are specialised
to Salicaceae rich in SGs or to SG-free Betulaceae (Hilker
and Schulz 1994; Termonia et al. 2001; Gross et al. 2004),
while other populations are non-specialised and use salica-
ceous host plants that vary in SG content—ranging from
species totally lacking SGs to those extremely rich in SGs
(Zvereva et al. 2010b). In these latter populations, the ori-
gin of their larval defensive secretions (almost exclusively
sequestered or almost exclusively autogenous) depends on
the host plant used (Geiselhardt et al. 2015). We used C.
lapponica from four geographically distinct populations

(Online resource, Table S1). Larvae from three popula-
tions (Belarus, Baikal and Ural) autogenously produce
butyric esters when feeding on host plants with low con-
centrations of SGs, but start sequestering SGs when they
are moved to SG-rich host plants, adding salicylaldehyde to
de novo components of their defensive secretions. Larvae
of the Monche population, which is specialised to SG-rich
hosts, mostly sequester SGs from their host plants, but they
also produce small amounts of butyric esters. These esters
become the major defensive chemicals when larvae of the
Monche population feed on SG-poor hosts (for a detailed
description of the secretion composition, consult Geisel-
hardt et al. 2015).

Experimental design

Physiological costs are generally measured by either of two
methods. The first method quantifies the costs of defence
production by correlating herbivore performance indices
with the concentrations of defensive chemicals in the insect
body (Bowers 1992). If defence production is costly, then
this correlation should be negative. This method is well
suited to estimate the costs of sequestration by rearing
insects on diets with varying concentrations of allelochemi-
cals, but it is not suitable to study the costs of autogenously
produced defences, because amounts of these defences are
hard to manipulate. Moreover, it is methodologically dif-
ficult to separate the costs of sequestration from the other
effects of plant allelochemicals on a herbivore (Bowers
1992; Higginson et al. 2011).

The second method measures changes in herbivore per-
formance in response to intensified production of secre-
tions caused by their removal. This method simulates
predator attacks, which usually cause a release of defensive
secretions. The released secretions are largely sampled by
the predator, but part of the secretions can be resorbed back
into the glands (Bowers 1993); for example, when secre-
tion is not collected artificially, larvae of sequestering C.
lapponica require on average 13 disturbances until their
gland reservoirs are completely depleted (Zvereva et al.
2016). The method of defence depletion has previously
been used to study the costs of defences released as regur-
gitants (Bjorkman and Larsson 1991; Bowers 2003; Hig-
ginson et al. 2011) or defensive secretions (Rowell-Rahier
and Pasteels 1986; Kearsley and Whitham 1992) and is
suitable for measuring the costs of externalised defences of
both autogenous and sequestered origin.

We used the second method to compare the costs of
defences produced by different leaf beetle species and hav-
ing different chemistry and origin. We repeatedly depleted
the defensive glands of the experimental larvae by slightly
pressing the tip of their abdomina with soft forceps until
secretions were released and then removing the secretions
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with a small piece of filter paper. The ‘control’ larvae were
disturbed in the same way as experimental larvae, but the
released secretions were not removed and allowed to be
absorbed back into defensive glands. The ‘undisturbed con-
trol’ larvae were never disturbed, to account for possible
effects of the disturbance itself.

To measure physiological costs, we conducted two kinds
of experiment. Long-term experiments involved secretion
removal once per day during larval development, thus sim-
ulating low but permanent predation pressure; these experi-
ments yielded such fitness characteristics as pre-imaginal
survival, duration of development and weight of newly
emerged beetles. To estimate long-term fitness of the lar-
vae, we used a composite measure suggested by Higginson
and Ruxton (2009a), which includes larval survival, mass
at maturation (which is proportional to reproductive poten-
tial), and development time as a proxy of survival related
with predation risk.

In short-term experiments secretion was removed three
times during 24 h, thus simulating short-term but intensive
predation pressure. These experiments yielded data on rela-
tive growth rate, consumption rate and efficiency of conver-
sion of ingested food.

In addition, we measured the rates of secretion recovery
after complete depletion and recorded defensive behaviour
of larvae in response to disturbance.

Long-term experiments

Long-term experiments were conducted with all species
(except for C. lapponica) in Turku, Finland in June—July of
2015 at room temperature (20 °C) and under natural illu-
mination in a common laboratory environment. The larvae
that hatched from each field-collected egg batch (‘fam-
ily’ hereafter) were reared on leaves of their primary host
plants in 50 mL vials for 1-3 days until they reached the
second instar.

Each long-term experiment involved five to ten fami-
lies. The experimental unit consisted of a Petri dish 85 mm
in diameter with the bottom covered by wet filter paper.
Five sibling larvae were placed in each dish and provided
ad libitum with fresh leaves of the desired host plant; leaves
were changed every day as long as the larvae continued
feeding. Two dishes with larvae from the same family (or
a family by host plant combination for C. lapponica) were
randomly attributed to depletion and control treatments.
When the numbers of larvae allowed, the larvae in the third
dish were left undisturbed; this was possible for five of
the eight species. We depleted the secretions once per day,
always at the same time, beginning on the day after the lar-
vae were transferred to the Petri dishes, and we terminated
this treatment when larvae stopped feeding and were pre-
paring to pupate.
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We recorded the number of pupated larvae (‘survival’
hereafter) and the duration of development from egg hatch-
ing to beetle hatching, and we weighed the newly hatched
beetles (to the nearest 0.1 mg). The larvae of Agelastica
alni failed to pupate, presumably because they needed soil
to dig into; therefore, survival could not be estimated in
this species and the weights of the prepupae were recorded
instead of beetle weight.

Short-term experiments

We further explored the links between the costs of chemi-
cal defences and host plant specialisation by measuring the
effects of depletion of defensive secretions on the relative
growth rate (RGR) of the last-instar larvae. Nine experi-
ments were conducted in 2003-2015 with larvae from
four populations of C. lapponica differing in host plant use
and one experiment with Plagiosterna aenea (‘short-term
experiments’ hereafter; Online resource, Fig. S1).

The larvae that hatched from each family were divided
into two groups and reared in the same way as in the
long-term experiment. One group fed on leaves from a
SG-rich host (Populus suaveolens for the experiment
conducted in Baikalsk and S. myrsinifolia for all other
experiments), and the other group fed on leaves from a
SG-poor host (S. glauca for the Ural population and for
one of experiments with Monche population; S. caprea
for all other experiments). When the larvae reached the
final instar, 20 larvae feeding on the SG-rich host and 20
larvae feeding on the SG-poor host, all of similar weights
(10-15 mg), were weighed to the nearest 0.1 mg, placed
individually in Petri dishes (85 mm in diameter) and pro-
vided with fresh food ad libitum. Ten larvae from each
host plant were randomly assigned to the treatment group
(disturbed, secretions removed) and another ten larvae
were assigned to the control group (disturbed, secre-
tions resorbed). We removed the secretions from the lar-
vae of the treatment group three times at 8-h intervals
in the same way as described for the long-term experi-
ments. After 24 h, the larvae were weighed again and
their RGR was calculated as the difference between
the final and initial dry weights divided by the initial
dry weight of the larva. Dry weights (DW) were esti-
mated from fresh weights (FW) of the larvae, as follows:
DW = (0.262 x FW) — 0.690.

In addition, in two experiments (Baikal population,
2014 and Monche population, 2015) we scanned leaves
damaged by the larvae, measured the consumed areas
using Photoshop 3.0 and calculated the specific leaf weight
(SLW) from the weight of discs 4.5 mm in diameter cut
from the same leaves and dried at 85 °C for 24 h. We used
these values to calculate the efficiency of conversion of
ingested food (ECI) as the larval dry weight gain divided
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by the dry weight of consumed food (product of leaf area
and SLW) and the relative consumption rate (RCR) as the
dry weight of consumed food divided by the average larval
dry weight.

Replenishment of secretions

The experiment measuring the rate of secretion replenish-
ment was conducted with species producing large (meas-
urable) amounts of secretions: P. aenea (producing autog-
enous secretion), C. tremulae (producing sequestered
secretion) and C. lapponica (the Monche and Baikal popu-
lations; producing either autogenous or sequestered secre-
tion). P. aenea and C. tremulae were fed their primary host
plants (Alnus incana and Populus tremula, respectively),
while C. lapponica were fed different host plants (SG-rich:
Salix myrsinifolia for Monche population and P. suaveo-
lens or S. myrsinifolia for Baikal population; SG-poor: S.
glauca and S. caprea for both populations) to force the lar-
vae to produce either sequestered or autogenous secretions,
respectively.

The experiment with the Baikal population was con-
ducted in Baikalsk in 2014 and the experiment with the
Monche population was conducted in Apatity in 2015. In
Baikalsk, we collected final instar C. lapponica larvae that
had naturally developed on the selected host plant species
(P. suaveolens, S. glauca or S. caprea), transferred them to
the laboratory and continued feeding them the same host
plant. In Apatity, larvae only rarely fed on SG-poor wil-
lows, so we reared larvae from eggs on both S. glauca and
S. caprea.

In another experiment (conducted in 2014 in Turku), we
reared larvae from both the Baikal and Monche populations
on the same host plants. Larvae used in this experiment
were hatched from field-collected egg batches and were
reared in a common laboratory environment in 50 mL vials
containing leaves of either SG-rich S. myrsinifolia or SG-
poor S. caprea.

Ten final instar larvae of similar size from each host
plant species x population combination were placed indi-
vidually in Petri dishes (85 mm in diameter) and provided
with leaves of the same host plant species as they had
been feeding on before. The larvae were left for 24 h to
recover from the disturbance associated with their trans-
fer to Petri dishes. Then the secretions of each larva were
carefully collected with a calibrated capillary and the
volume of each secretion sample was calculated by mul-
tiplying the distance between menisci measured under a
dissecting microscope and internal diameter of a capil-
lary. The sampling was repeated after 6 h, and the volume
of the replenished secretions was compared to the initial
volume.

Defensive behaviour of larvae

During the secretion removal and disturbance treatments,
we recorded the defensive behaviour of the last instar lar-
vae. We used a three-grade scale to estimate the strength
and duration of the disturbances that were required to cause
release of secretions and trigger escape behaviour (i.e. active
crawling around Petri dish). We also recorded whether the
larvae regurgitated in response to disturbance, i.e. external-
ised semi-digested food and gut material, and whether the
larvae curled up in response to the disturbance. Curling up
was classified as an escape behaviour, because in natural
conditions this causes the larva to drop from the plant.

Data analysis

The effects of secretion removal on leaf beetle perfor-
mance in both long-term and short-term experiments
were explored using a mixed model analysis of vari-
ance (ANOVA). The duration of development was log-
transformed prior to the analyses. Survival was analysed
using logistic regression and the events/trials syntax. In
this case, a trial was the number of larvae placed in each
Petri dish and an event was the number of pupated larvae.
A composite fitness measure was calculated as the prod-
uct of survival, beetle weight and exp[—0.1 x (duration of
development)] (Higginson and Ruxton 2009a). In all these
analyses, the fixed factors were the treatment and either
leaf beetle species (in among-species comparisons) or the
level of SGs in a host (high vs. low; in within-population
comparisons of C. lapponica) and their interaction. In
among-species comparisons, the family and the interaction
between the family and treatment were considered random
factors. In the experiments with C. lapponica, random fac-
tors were the population and its interactions with the level
of SGs in a host and with the treatment. The least-square
means were compared by Tukey—Kramer method, adjusted
for multiple comparisons (procedure GLIMMIX; SAS
Institute 2009). The significance of the random factors in
these analyses was evaluated by calculating the likelihood
ratio and testing it against x? distribution (as described in
Littell et al. 2006).

The volumes of secretions collected from the same larva
with a 6-h interval were compared with a paired ¢ test.

We searched for the general pattern in the outcomes
of all our experiments and explored sources of variation
on our findings using meta-analysis. We calculated the
Hedges’ d measure of the effect size (ES) as the difference
between the means of the experimental and control groups
divided by the pooled standard deviation and weighted by
sample size. We changed the sign of ES for the duration of
development to associate negative ESs in all performance
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Table 1 Volume of secretions released in response to disturbance and defensive behaviour of leaf beetle larvae

Species Origin of secretion®  Secretion volume®  Force to trigger® Regurgitation Defensive behaviour
Secretion release  Escape behaviour
Chrysomela S +++ + ++ No No
lapponica®

C. tremulae S +++ + +++ No Curling

Phratora vitellinae S +++ + ++ No No

Gonioctena viminalis ~ a + +++ ++ Yes Curling, rising
hindbody

G. decemnotata a + +++ + Yes Curling, rising
hindbody

Plagiosterna aenea a ++ ++ +++ Yes Motionless

Agelastica alni a + +++ + Yes Rising hindbody

Plagiodera versicolora a ++ ++ + No No

# Origin of secretion: a autogenous, s sequestered

® Secretion volume: +, < 0.005 puL/mg of larval weight; ++, 0.005-0.01 uL/mg; 4+, >0.01 uL/mg

¢ +, weak; ++, moderate; +++, strong

4 We refer here to sequestering populations of C. lapponica, because sequestration is the ancestral defensive strategy for this species (Termonia

et al. 2001)

indices with the existence of costs. All analyses were per-
formed using the random effects categorical models in the
MetaWin 2.0 program, assuming that studies differ not
only by sampling error, but also by a random component
in ESs (Rosenberg et al. 2000). The costs of defences were
considered as statistically significant if the 95 % confidence
interval of the mean ES (Clys) did not overlap zero. The
variation in the ES values within and among the classes of
categorical variables was explored by calculating the het-
erogeneity indices (Qp and Qp, respectively) and testing
these against the x? distribution (Koricheva et al. 2013).
Power of meta-analysis was calculated after Lajeunesse
(2013) against the hypotheses on small (0.2), medium
(0.5) and large (0.8) differences in costs of defence pro-
duction between species with autogenous and sequestered
secretions.

Results
Defensive behaviour of larvae

Strong, sometimes repeated, disturbance was required to
cause secretion release in all autogenously defended spe-
cies, whereas all sequestering species required only a
slight touch or even nearby movements (e.g. the opening
of a Petri dish) to stimulate the larvae to expel abundant
secretions. At the same time, autogenously defended larvae
required weaker disturbances to trigger escape behaviour
(crawling away or curling up) when compared to seques-
tering species (Table 1). The exception is P. aenea, which
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remained motionless even after strong disturbances. The
larvae of four of the five autogenously defended species
responded to disturbance by regurgitation in addition to
secretion release, whereas none of the larvae of the seques-
tering species displayed regurgitation (Table 1).

Long-term experiments

The removal of secretions in long-term experiments did
not affect any of the measured performance indices in spe-
cies that either sequestered or autogenously produced their
defences (Fig. la; Online resource, Table S2). Similarly,
secretion removal did not affect the performance of C. lap-
ponica larvae, irrespective of the population and SG con-
tent of the plants on which the larvae were reared (Fig. 1b;
Online resource, Table S3). Consistently, the composite
performance index did not respond to secretion depletion
(data not shown). The effect of disturbance per se, i.e. the
difference between the treatment, in which the larvae were
disturbed but secretion was allowed to resorb, and undis-
turbed control was not significant for either of the perfor-
mance indices (survival: F|sq = 0.01, P = 0.92; beetle
weight: Fj 5o = 0.30, P = 0.59; duration of development:
Fi5,=0.01, P=0.94).

Short-term experiments

The level of SGs in the host plant strongly affected the ECI
and marginally significantly affected the RGR, but did not
affect the RCR of C. lapponica larvae (Online resource,
Table S4). The effect of treatment was not significant
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Fig. 1 Effects of secretion removal on the duration of larval plus
pupal development (least-square means + SE) of (a) leaf beetle spe-
cies that either sequester (Pv, Phratora vitelline; Ct, Chrysomela
tremulae) or autogenously produce (Gv, Gonioctena viminalis; Gd,
Gonioctena decemnotata; Pa, Plagiosterna aenea; Pl, Plagiodera
versicolora) their defensive secretions and (b) of Chrysomela lap-
ponica from three geographic populations on host plants contrasting
in SG content (SG-rich: Salix myrsinifolia; SG-poor: S. caprea). The
least-square means are based on family-specific values; the numbers
of families are shown in parentheses (a) or was 5 (b). All pairwise
differences between control and secretion removal treatments were
not significant at P = 0.05 (Tukey—Kramer test)

across the combined data (Online resource, Table S4),
but the Monche population showed an effect of secretion
removal that depended on the host plant, as indicated by the
significant (for RCR) and marginally significant (for RGR)
interactions between treatment and host plant (Fig. 2).
Other experiments that measured only RGR produced
variable outcomes, even when they were conducted with
larvae from the same population (Online resource, Fig. S1).
For example, one of three experiments conducted with the
Monche population revealed a cost of production of autog-
enous secretions, while another experiment detected a cost
for sequestration (Online resource, Fig. S1), and a third
experiment indicated no costs for either type of secretions
(Fig. 2a). Across nine short-term experiments with four
populations of C. lapponica, costs of de novo synthesis of
secretions were revealed in three experiments, and costs of

sequestration in two experiments (Figs. 2; Online resource,
Sh).

Meta-analysis of experimental data

Meta-analysis did not reveal the physiological costs
of defences across the studied leaf beetle species and
populations (Online resource, Table S5; d = —0.03,
Clys = —0.16...0.10), and the heterogeneity of effect sizes
among our experiments was not significant (Q; = 64.3,
df = 70, P = 0.67). The costs of either autogenous or
sequestered defences did not differ either from zero or from
each other, irrespective of the analysed performance trait
(Fig. 3). The analysis of a composite fitness measure either
did not reveal differences in responses of larvae using these
two strategies of defence production to secretion depletion
(Qg =041,df =1, P=0.52).

However, larvae producing autogenous defence showed
some reduction of RGR in response to secretion depletion
(Fig. 3). This reduction was significant in populations of C.
lapponica specialised on SG-rich host plants (d = —0.60,
Clys = —0.86...—0.39, N = 5), in contrast to non-spe-
cialised populations of the same species (d = —0.02,
Clys = —0.54...0.38, N =5).

The power of meta-analysis combining all our data was
sufficient (95-99 %) to detect medium or large difference
in costs of defence production between species with autog-
enous and sequestered secretions, but too low (32 %) to
detect a small difference. The power of meta-analyses of
individual performance traits was sufficient to detect large
differences in these costs.

Volume and replenishment of secretions

Larvae of the three sequestering species produced high vol-
umes of secretions, while larvae of the five species with
autogenous secretions produced moderate to low volumes
of secretions; in three of these five species, the amount of
secretion was so low that it was impossible to measure even
when using a capillary with a 0.15 mm internal diameter
(Table 1).

The sequestering larvae of C. tremulae produced consid-
erably greater volumes of secretions than were produced by
similarly sized larvae of P. aenea, which synthesise their
defences autogenously (Fig. 4; F| ;; = 65.2, P < 0.0001).
The larvae of C. lapponica from the specialist Monche pop-
ulation produced lower volumes of secretions when feeding
on SG-poor than on SG-rich hosts (Fig. 5a: F 45 = 86.0,
P < 0.0001; Fig. 5¢, Fy 5 = 14.8, P = 0.002), while the
larvae from the generalist Baikal population produced
similar amounts of secretions on either SG-rich or SG-
poor host plants (Fig. 5b: F| ;g = 2.44, P = 0.14; Fig. 5d:
Fy 3 =3.58, P =0.08).
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Fig. 2 Effects of secretion (a) Monche (b) Baikal
removal on larval growth and 08 Fi 39=3.25, P=0.08 0.8 A, 4= 211, P=0.16
feeding efficiency (least-square '
means + SE) of Chrys_omela I E Z:Z:Z:on removal T
lapponica from a special- 06 0.6
ist Monche population and a I
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suaveolens for Baikal popula-
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both populations): a, b relative 00 00
growth rate (RGR); ¢, d relative SG-rich SG-poor ) SGiich SG-poor
consumption rate (RCR); e,
f efficiency of conversion of (0)1 5 (d) F . =009 P=0.77
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Six hours after removal, the secretions were replen- Discussion

ished completely in C. tremulae, but only to 10 % of the
initial volume in P. aenea (Fig. 4). Similarly, when lar-
vae of C. lapponica from both the Monche and Baikal
populations sequestered their defensive compounds from
SG-rich host plants, they totally replenished their defen-
sive glands after 6 h (Fig. 5). However, when fed on SG-
poor host plants, larvae from the specialist Monche popu-
lation replenished only 15-24 % of the original volume
of secretions, whereas larvae from the generalist Baikal
population replenished their secretions almost completely
(Fig. 5).
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Physiological costs of defensive secretions

We designed our study to compare the physiological costs
of chemical defences among leaf beetle species that use
different strategies of defence production, expecting that
the costs of sequestration would be lower than the costs
of de novo synthesis of defensive compounds. Contrary
to our expectations, we found no physiological costs in
terms of survival, weight or duration of development in
any of the eight studied leaf beetle species, regardless of
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Performance traits Secretion origin

All data combined ———i— autogenous (40)
Qg=161,df=1,P=0.21 —t sequestered (31)

autogenous (8)
sequestered (5)

Weight
Qg=0.007, df =1, P =0.93

Duration of development ——4—— autogenous (7)

Qz=0.09, df =1, P=0.77 —_— sequestered (5)

Survival autogenous (8)

Qp=0.04,df=1,P=0.85 sequestered (5)

RGR ———o——— autogenous (11)
Q=1.71,df=1,P=0.19 sequestered (10)

-0.5 0 0.5
Effect size

Fig. 3 Costs of sequestered and autogenously produced defences:
meta-analysis combining the results of all experiments across study
species and populations (for the data, consult Table S5). Dots indicate
mean Hedge’s d effect sizes (measured as changes in performance in
response to secretion removal); horizontal lines denote 95 % confi-
dence intervals; sample sizes are shown in parentheses. All costs are
non-significant, because all 95 % confidence intervals overlap zero.
Non-significant Q values indicate the absence of between-group het-
erogeneity

[ initial
[ sixhours after removal

it
®

Volume of secretions, uL
©
N

00 -

Ct Pa

Fig. 4 Volume of defensive secretions (means + SE, each based
on 10 larvae) released by larvae of species with sequestered (Ct,
Chrysomela tremulae) and autogenous (Pa, Plagiosterna aenea)
secretions at the first sampling and 6 h after secretion depletion. An
asterisk indicates a significant (P < 0.05) difference between these
volumes (paired ¢ test)

their defensive strategy or the types of chemicals used for
defence.

Our results therefore do not support the hypothesis
regarding the existence of trade-offs between growth and
defence; however, they are in line with a number of previ-
ous case studies. In particular, as many as 19 of 33 pub-
lications providing data that allowed quantification of the

physiological costs of chemical defences in insect her-
bivores (reviewed by Zvereva and Kozlov 2016) did not
demonstrate the existence of these costs. Consequently, our
meta-analysis (Zvereva and Kozlov 2016) did not reveal
any physiological costs of defence, because those indi-
vidual cases that supported the existence of physiological
costs were balanced by cases where this hypothesis was not
supported. Importantly, no costs of defence were detected
in five studies (reporting 14 measurements of performance
traits in eight insect species) that used the same method for
cost measurements (i.e. depletion of released defences) as
we did in the current study. At the same time, this meta-
analysis revealed a considerable shortage of data regard-
ing the costs of autogenous defences (only three measure-
ments); thus, the reported overall lack of costs may have
reflected the fact that most of the available studies explored
the costs of sequestration. We endeavoured to fill this
research gap by measuring the costs of defence production
in six leaf beetle species that synthesised various defensive
compounds de novo. We used the same method to meas-
ure costs in three species that sequestered SGs from host
plants, thereby avoiding the influence of the methodology,
which was recently (Zvereva and Kozlov 2016) identified
as the main source of variation in the expression of costs
among individual studies.

Some of our short-term experiments with C. lapponica
detected decreases in the RGR in response to secretion
removal, whereas long-term experiments with this species
did not show trade-offs between other performance indi-
ces (either alone or combined in a composite fitness meas-
ure) and defence production. This difference between the
two types of experiments may be explained by the more
intensive removal of secretions (three times during 24 h) in
short-term experiments, simulating high predator pressure,
than in other experiments (once per day over 6—15 days),
which hints that only frequent depletion may impose physi-
ological costs and only in some circumstances. This result
is in line with the prediction that investment in defence will
increase with increasing predator density (Higginson and
Ruxton 2009a). On the other hand, growth rate may bet-
ter suit to measure immediate physiological costs, because
growth is predicted to be always decreased in response to
predators, whereas both time to metamorphosis and weight
at metamorphosis may change in different ways depend-
ing on certain conditions (Higginson and Ruxton 2010).
Our study indicates that costs of de novo synthesis may be
partly associated with host plant specialisation: significant
(but still minor) reduction of RGR was observed in C. lap-
ponica only when larvae from populations specialised to
sequestration of SGs were fed on SG-poor host plants.

Although some of our experiments detected costs for
secretion production (Online resource, Fig. S1), meta-anal-
ysis that combined the results of all our experiments did not
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Fig. 5 Volume of defensive (a) (b)
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reveal any physiological costs of chemical defences across
the study species and populations. The absence of hetero-
geneity in our data indicates that variation in the costs of
chemical anti-predator defences among experiments is ran-
dom. In particular, we found no significant differences in
the costs of production of sequestered versus autogenous
defences; the power analysis suggests that these differ-
ences, if they exist, could be only minor.

The ability to use readily available toxic plant com-
pounds at no cost was suggested to favour specialisation of
leaf beetles on toxic host plants, which in several leaf bee-
tle lineages was accompanied by evolutionary shifts from
de novo synthesis of defences to sequestration of plant
chemicals (Termonia et al. 2001). For example, sequestra-
tion of SGs from host plants to produce salicylaldehyde
was suggested to be a no-cost defensive strategy because
the energetic costs, should they exist, would be compen-
sated by glucose released during the degradation of salicin
(Rowell-Rahier and Pasteels 1986; Kearsley and Whitham
1992). In this specific case, an increase in growth due to the
additional income of glucose was observed when salicylal-
dehyde production was intensified by secretion removal in
P. vitellinae (Rowell-Rahier and Pasteels 1986). We assume
that this process is also responsible for the slight (although
non-significant) increases in larval growth rates observed in
response to secretion depletion in some experiments with
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C. lapponica (Fig. 2a; Online resource, Fig. S1), which
were associated with increased consumption rates (Fig. 2¢)
and, consequently, with the provision of extra resources for
secretion replenishment.

In contrast to sequestration of salicylic glucosides,
the synthesis of defensive compounds de novo includes
complex multi-stage biochemical processes, which are
described for most of the species used in our study (for
references, consult Online resource, Table S1). These pro-
cesses require substantial investment of resources and
would be expected to incur high costs (Bowers 1992; Row-
ell-Rahier and Pasteels 1986); thus, a lack of costs for spe-
cies synthesising their defences de novo is especially unex-
pected. Nevertheless, our study is not the only one which
has failed to detect physiological costs for the synthesis
of toxic compounds in animals. For example, production
of autogenously synthesised alkaloids in the two-spotted
ladybird beetle, Adalia bipunctata, showed mostly posi-
tive genetic covariances with fitness traits (Holloway et al.
1993), indicating that this species enjoyed cost-free chemi-
cal defence. Similarly, several other studies have demon-
strated the absence of energetic costs of venom production
in snakes (Pintor et al. 2010; Smith et al. 2014). However,
in the experiments with frequent depletion of secretion,
costs were detected more frequently for C. lapponica larvae
producing autogenous defence, than for larvae sequestering
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SGs. As the result, our meta-analysis showed minor effects
of secretion removal on RGR of larvae producing secre-
tion autogenously, while the effects on sequestering lar-
vae approached zero (Fig. 3). This result indicates that in
natural conditions, detectable costs of de novo synthesis of
secretion may be expressed under extremely high enemy
pressure, whereas sequestering populations or species are
able to sustain higher densities of natural enemies without
additional investments in defence.

In contrast to physiological costs of defences, expressed
in reduction in fitness, some costs of defence cannot be
measured directly, such as the fixed constitutive costs asso-
ciated with the possession of defence mechanisms, and
some of our data provide indirect evidence for higher con-
stitutive costs of de novo synthesis than for sequestration.

Volume and replenishment of secretions

The volume of secretions that can be released upon dis-
turbance is of great ecological importance because it may
determine whether prey is attacked by a predator and/
or survives a predator’s attack (Bowers 1992). In general,
higher amounts of defensive chemicals would provide more
effective protection against enemies. For example, sawfly
larvae that regurgitated greater volumes of fluid better sur-
vived ant attacks (Codella and Raffa 1995).

Our study provides the first demonstration that the
amounts of secretions produced by leaf beetle larvae were,
on average, smaller in those species that synthesise secre-
tions de novo than in species sequestering defensive com-
pounds from their host plants. This pattern suggests that,
among the study species, larvae with sequestered defences
would show a better survival rate following an encoun-
ter with an enemy. This suggestion is partly supported by
observations on wood ant predation on the same leaf beetle
species (Zvereva et al. 2016).

The only exception from the pattern outlined above is
the generalist Baikal population of C. lapponica, whose
larvae produced high volumes of secretions irrespective of
the origin of the defensive compounds. However, in this
case, the high volume of secretions does not mean a high
level of protection, because this secretion contained 200-
fold lower concentrations of defensive compounds (mostly
butyric esters) when compared to salicylaldehyde-contain-
ing secretions (Geiselhardt et al. 2015). The importance of
the toxin concentration in secretions was demonstrated in
experiments with wood ants. These experiments revealed
a lower anti-predator effectiveness for the de novo synthe-
sised butyrate-containing defences relative to sequestered
salicylaldehyde-containing secretions in the Belarus popu-
lation of C. lapponica, although their volumes were similar
(Zvereva et al. 2010a) and the repellence of the pure com-
pounds did not differ (Hilker and Schulz 1994). A similar

pattern was reported earlier in Heliconius butterflies: their
larvae had higher concentrations of cyanide when it was
sequestered from plants than when it was synthesised de
novo (Engler-Chaouat and Gilbert 2007). Thus, higher con-
centrations of sequestered defence compounds relative to
those produced de novo could be a general phenomenon.

Moreover, we have demonstrated that autogenous secre-
tions replenished much more slowly when compared to
sequestered secretions. The rate of defence replenishment
has important ecological implications because it deter-
mines how long the prey remains unprotected after it sur-
vives an unsuccessful predator attack. Both a low volume
and a slow recovery of secretions may indicate a generally
lower efficiency of the synthesis of de novo compounds
when compared to the sequestration of compounds already
synthesised by plants. We suggest that this lower efficiency
may have resulted from the high constitutive costs of main-
tenance of the complex machinery needed for the de novo
biosynthesis of defensive compounds, which impose limi-
tations on the production of secretions.

Defensive behaviour of larvae

The observations on larval anti-predatory behaviour, in line
with our results on secretions volumes and replenishment
rates, also provided indirect evidence for differences in
costs associated with two defensive strategies. Sequestered
salicylaldehyde-containing secretions are expelled more
easily than those produced de novo and require a smaller
disturbance for their release: even as minor a disturbance
as opening the Petri dish or air movement resulted in ever-
sion of the defensive glands. This fast response is benefi-
cial, because it can prevent attack or force the predator to
release the prey before it is harmed. In contrast, larvae of
all species with autogenous defences were very reluctant
to secrete defensive substances: pressing their body by for-
ceps, sometimes several times, was required to cause expel-
ling of secretions. This may indicate that the latter species
try to conserve secretions, releasing them only in the event
of a severe attack by a predator. This result is in line with
the prediction that deployment of responsive defences to
multiple enemy attacks should be smaller when costs of
defences are higher (Higginson and Ruxton 2009b). On the
other hand, secretion conservation may serve as indirect
evidence of costs (Ruxton et al. 2004), and we suggest that
these costs are constitutive costs of possessing complex
biosynthetic machinery that could not be detected by meas-
uring growth-defence trade-offs.

We report, for the first time, that larvae of several leaf
beetle species combine two types of chemical defence:
expelling defensive secretions from glands and regur-
gitation of gut contents containing semi-digested plant
material, which is usually aversive to attacking predators
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(Larsson et al. 1986; Bowers 1993). Regurgitation is less
effective against predators than expelling of either seques-
tered or autogenously produced chemicals (Zvereva and
Kozlov 2016), but it is a common behaviour in many
insects, including lepidopteran caterpillars (Bowers 1993;
Grant 2006) and sawfly larvae (Larsson et al. 1986). Our
observations showed that the last instar larvae of four of
five autogenously defended leaf beetle species, but none
of the sequestering species, regurgitate in response to dis-
turbance, i.e. a combination of two defensive responses
is more frequently used by species that synthesise their
defensive secretions de novo. The use of regurgitation to
complement the release of secretions, despite the costs
caused by the loss of semi-digested food, fluids and gut
material (Bowers 2003; Higginson et al. 2011), may indi-
cate either low effectiveness (e.g. due to low volumes) of
autogenously produced defences or the existence of some
hidden (constitutive) costs of these defences. Interest-
ingly, the disturbance threshold is lower for regurgitation
in the last instar larvae than for release of secretions (EZ,
personal observation); thus, in nature, a secretion release
would be triggered only if regurgitation did not repel the
predator upon first attack, which again suggests a conser-
vation of secretions.

In our experiments, much weaker disturbance triggered
escape by running in leaf beetle larvae that autogenously
produced their chemical defences than in sequestering lar-
vae, which remained motionless for considerably longer
time (Table 1). Moreover, larvae of most of the species,
which autogenously produced their defences, curled in
response to disturbance; in natural conditions, they would
release the substrate and drop from the plant. The lat-
ter strategy is the most common defence found across
insect taxa (Gross 1993), but among our sequestering spe-
cies, only the last instar larvae of C. tremulae sometimes
released the substrate upon disturbance. Thus, on average,
the sequestering species require a strong disturbance to
trigger escape behaviour. At the same time, even a weak
disturbance triggers escape in species autogenously pro-
ducing their defences, although this behaviour leads to
additional losses of energy, risks of not finding appropri-
ate food (e.g. after dropping) and/or risks of not rejoining
the aggregation. Moreover, some predators, e.g. ants, are
attracted to moving prey (Howse 1987).

Thus, autogenous production of defensive chemicals is
more frequently accompanied by various kinds of defensive
behaviours, indicating that species using this strategy tend
to release their secretions only when other lines of defence
appear ineffective. The use of multiple anti-predator
defences by species that synthesise their chemical defences
de novo may serve as indirect evidence for a high consti-
tutive biosynthetic cost of autogenous defences, which
constrain their production. Moreover, the use of various
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defensive behaviours in addition to de novo production
of defensive chemicals increases net costs of defences in
insects using this defensive strategy.

The greater employment of defensive behaviour in addi-
tion to chemical defences found in leaf beetle species with
autogenous defence production fits the prediction of mod-
els considering optimal anti-predator strategies (Steiner
and Pfeiffer 2007; Higginson and Ruxton 2009a) that low
effectiveness of morphological defence will result in higher
investment in behavioural defence. Our findings are also in
line with a number of empirical studies that show compen-
sation effects of behavioural and morphological defences
(cited by Steiner and Pfeiffer 2007), where less morpho-
logically defended species exhibit stronger behavioural
defence.

Conclusions

We detected physiological costs (in terms of trade-off with
performance traits) for the production of sequestered or
autogenous defences only in a few experiments with high
levels of simulated predation. Although these costs were
expressed more frequently for larvae synthesising defences
de novo, than for larvae sequestering SGs, meta-analysis
of outcomes of all our experiments failed to demonstrate
costs across the studied species and populations of leaf bee-
tles. However, a lack of physiological costs does not imply
a complete lack of costs. The synthesis of defensive com-
pounds de novo requires maintenance of specialised bio-
chemical machinery, and our results hint at the existence of
constitutive costs, which are likely to constrain the amounts
of autogenous defences produced. Moreover, a low volume
of defensive secretions and a slow rate of secretion replen-
ishment not only indicate these constraints, but also lead
to generally lower effectiveness of autogenously produced
chemical defences relative to sequestered defences. This
forces those species that possess ancestral strategy of syn-
thesising defences de novo to complement release of defen-
sive secretions with other defensive behaviours to enhance
their protection against enemies. However, these behav-
iours also incur costs; thus, the autogenous synthesis of
defensive compounds appears to be a generally more costly
and less efficient strategy when compared to sequestration.
In our opinion, the currently observed constraints in the de
novo production of defensive secretions reflect the result of
selection that had balanced the costs and benefits for the
possessor in the past, thereby assuring an optimal trade-off
between resource investments in growth and in defences.
Therefore, sequestration could be favoured in the evolution
of herbivorous insects as a strategy that allows to overcome
these constraints and to enhance the effectiveness of anti-
predator defences at a reduced cost.
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