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Abstract Many Salix species (Salicaceae) have a high energy quotum and efficient nitrogen use, resulting in a

high and stable biomass production, making these plants suitable as bioenergy crops. However, Salix

coppices are sensitive to herbivory by chrysomelid beetles, such as Phratora vulgatissima L. (Coleo-

ptera: Chrysomelidae), and to maintain high biomass yields over several years, durable plant resis-

tance is necessary. We have developed a reliable and efficient bioassay that can be used as a tool for

detection of resistance against P. vulgatissima in Salix. Screening of six clones of one susceptible (Salix

viminalis L.) and one resistant (Salix dasyclados Wimm.) willow species, by the response of several life

history traits of larval and adult P. vulgatissima, identified egg production as the most reliable trait for

resistance. We show that a 2-week bioassay of oviposition rate is sufficient for a trustworthy estima-

tion of both total egg production and survival of adult leaf beetles. In addition, to elucidate the varia-

tion in resistance among the studied clones, leaf concentrations of various phenolic compounds were

compared with the key life history traits of the beetles. Phenolic compounds, especially salicylates,

have previously been reported as the main factor controlling Salix resistance against P. vulgatissima.

Indeed we found higher levels of salicylates in the resistant clones and larval performance was nega-

tively correlated to the concentration of salicylates in the leaves. In addition, we found indications of

negative effects of a luteolin derivative and quercetin-3-glucoside on leaf beetle performance, but fur-

ther studies are needed to elucidate the specific roles that the different phenolic compounds play in

plant resistance.

Introduction

The demand for renewable sources of energy is increasing.

In Sweden and other parts of Europe, willows (Salix spp.;

Salicaceae), are grown as a short rotation coppice crop to

produce biomass as a source of bioenergy. Willows are well

suited for this purpose due to their high energy quota and

efficient nitrogen use: high biomass yields with a relatively

low input of fertilization (Karp & Shield, 2008). Growing

willows as an energy crop provides farmers with an

alternative and profitable use of land that may be unsuit-

able for production of feed and fodder. In addition, wil-

lows can be used in soil remediation (Jensen et al., 2009;

Mleczek et al., 2009) and cleaning of waste water (Arons-

son et al., 2010).

A major challenge in using perennial crops like willows

is to maintain a high biomass production over many

years. Tolerance toward abiotic factors, such as frost and

drought, and tolerance and resistance against biotic fac-

tors, such as pathogens and herbivores, is therefore impor-

tant (Weih et al., 2008). Insect herbivores, particularly

leaf-feeding chrysomelid beetles, often reach high densities

in willow plantations (Björkman et al., 2004; Peacock

et al., 2004) resulting in severe damage to the plants. The
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blue willow beetle, Phratora vulgatissima L. (Coleoptera:

Chrysomelidae), is one of the main insect herbivores in

Salix viminalis L. plantations (Kelly & Curry, 1991) and

defoliation caused by this beetle species, especially by the

larvae, can reduce biomass production by up to 40%

(Björkman et al., 2000). In some years, the beetle popu-

lations reach outbreak densities and cause extensive dam-

age that, in severe cases, result in death of young

developing shoots (Kendall et al., 1996). Therefore, to sus-

tain high biomass production in these willow plantations,

there is an urgent need to identify a practical, economical,

and environmentally acceptable control strategy of this

pest insect. The use of resistant plant varieties is an impor-

tant part of such a strategy. It has become evident that

plant resistance, especially in willows, acts both directly on

the herbivores and indirectly via the natural enemies of

the herbivores (e.g., Stenberg et al., 2010). In this study,

we focus on the direct resistance.

Studies have shown that some Salix species and clones

are less susceptible than others to feeding damage by leaf

beetles (Kendall et al., 1996) and this resistance has been

related to the content of phenolic compounds in the wil-

low leaves (Rowell-Rahier, 1984; Tahvanainen et al., 1985;

Kelly & Curry, 1991). To easily detect responses in insect

performance to variations in plant resistance, a reliable

bioassay is needed. Salix dasyclados Wimm. (also referred

to as Aquatica Gigantea; Kendall et al., 1996) has gained

increased interest from plant breeders due to its high resis-

tance to herbivory by P. vulgatissima. The aim of this study

was to develop an effective bioassay as a tool for resistance

detection. This was carried out by studying the effects of

three S. viminalis and S. dasyclados clones on several life

history traits of P. vulgatissima. To further investigate the

factors underlying variation in resistance among these six

willow clones, the leaf concentrations of phenolic com-

pounds were compared to the key life history traits of the

beetles.

Materials and methods

Plants

For the bioassay and sampling of leaves for chemical analy-

ses, 10-cm cuttings were planted in pots (11-cm in diame-

ter) containing HasselforsTM (Hasselfors Garden, Örebro,

Sweden) planting soil about 6 weeks prior to the start of

the experiments. Cuttings were planted at several occa-

sions to provide fresh leaves from plants of the same age

throughout the whole bioassay. The plants were grown in

greenhouses in natural light with supplementary lighting

at 300 lmol m2 s)1 and a temperature between 20 and

26 �C. Plants were watered and fertilized (N:P:K =

51:10:43) continuously.

Insect bioassay

Adult P. vulgatissima were collected at overwintering sites

(59�39¢268¢¢N, 17�38¢912¢¢E) south of Uppsala, Sweden, in

March and stored at )4 �C. The bioassay was performed

using individual beetles or pairs (see details elsewhere) in

30-ml plastic jars (26 · 67 mm, perforated lid) containing

1 cm3 moistened oasis floral foam and one mature leaf

from the mid-section of five plants of each willow clone.

The jars were kept in a climate room at 20 �C and L18:D6

photoperiod. The beetles were provided with a new leaf

every 2nd day. At the same time the jar was cleaned, the

oasis moistened, and the eggs were counted and removed.

Fecundity was determined of beetles feeding on clones

of S. viminalis (Jorunn, 78021, and 78183) and S. dasycla-

dos (Loden, SW901290, and Gudrun). Following sex deter-

mination, individuals were kept isolated in the jars and

provided with leaves from either of the clones. After

10 days, females and males were paired in the jars for 24 h

to mate. After mating, the males were removed and only

females prevailed in the test until they died. The bioassay

was finished when the last beetle had laid no eggs for

4 days. Parasitized beetles were removed and not included

in the results.

For larval tests, eggs from all females in the above exper-

iment were mixed, and 100 eggs were randomly assigned

to each Salix clone in 20 groups of five eggs each, to resem-

ble gregarious feeding during the first instar. Each group

of five eggs was placed in a plastic jar and provided with

fresh leaves from one of the six clones every 2nd day. As

soon as one of the larvae reached the second instar, the

other larvae from that group were removed to mimic soli-

tary feeding during the rest of the larval development. The

larvae were checked every day and the response variables

‘development time (until pupation)’, ‘pupal weight’, and

‘survival’ were recorded.

Chemical analyses

Five mature leaves from 6-week-old plants were sampled

from the mid-section of five individual plants of each

clone. The leaves were dried in the greenhouse (22–28 �C,

natural light) for 3 days and then frozen at )20 �C in

sealed plastic bags. Before phenolics extraction, composite

leaf samples were milled using a ball mill. Phenolics were

extracted from 6 to 8 mg leaf material with 600 ll of

100% (vol ⁄ vol) MeOH in 2-ml vials, using a Precellys 24

grinder (Bertin Technologies, Montigny le Bretonneux,

France) for 30 s at 4 780 g. Samples were let to stand in

an ice bath for 15 min with subsequent centrifugation for

5 min at 11 300 g and 4 �C. The supernatant was trans-

ferred to a 6-ml tube and the extraction procedure was

repeated three more times, but now the time in the ice

bath was reduced to 5 min. Methanol from the combined
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extracts (2.4 ml) was evaporated to dryness under nitro-

gen gas flow. Dried samples were redissolved in 300 ll of

100% MeOH and 300 ll dH2O. Samples were analyzed

with a high-performance liquid chromatography, HPLC

(Series1100; Agilent, Waldbronn, Germany), equipped

with a diode array detector, DAD (G1315B). A reverse-

phase (RP) C18 column (Agilent Technologies, Santa

Clara, CA, USA) was used for the separation of the com-

pounds (Julkunen-Tiitto & Sorsa, 2001). The compounds

were detected at 270 and 320 nm based on their UV-spec-

tra and retention times. Concentrations were calculated

with the following standards: salicin for salicin, salicortin

for salicortin and HCH-salicortin, hyperin for hyperin

and quercetin derivatives, luteolin-7-glucoside for luteolin

derivatives, (+)-catechin for catechin, chlorogenic acid for

chlorogenic acid derivatives, and cinnamic acid for cin-

namic acid derivatives. Condensed tannins (methanol sol-

uble and insoluble) were quantified by oxidative

depolymerization to anthocyanidins in acid butanol as

described in Porter et al. (1986) and using purified Betula

nana L. tannin.

Statistical analysis

Data were analyzed using SAS 9.2 (SAS Institute Inc., Cary,

NC, USA). One-way ANOVAs were performed on pupal

weight, which met the criteria for adopting parametric

tests showing normal distribution, followed by a t-test

(least square difference) to test for differences between

clones. The non-parametric Kruskal–Wallis test was per-

formed on variables not normally distributed (days to

pupation, adult survival, total number of eggs, and eggs

per day). The frequency of successful pupation was tested

by v2 test. The relationship between survival and capability

to produce eggs was tested by the logistic procedure testing

for mean number of eggs per day >0 vs. survival (days)

[Logit p = intercept + slope · day; p = (1 + exp{)lo-

git}))1]. To test whether egg production is a good predic-

tion for beetle survival, the data set was divided at p

(survival) = 0.5 (Figure 3) and subsequently tested by v2

test. A regression was performed on the mean number of

eggs produced per day by adult leaf beetles and the percent

of larvae that managed to pupate vs. the leaf concentra-

tions of phenolics to find compounds correlated to those

key life history traits of the beetles. Level of significance

was adjusted by Bonferroni correction.

Results

Adult performance

The best performing adult beetles managed to survive for

>4 months with maintained egg production (Figure 1).

Following mating (which occurred on day 10–11), egg

production rapidly increased to a more or less stable level.

The egg production curve for beetles feeding on Loden dif-

fered slightly because the few individuals that survived

managed to produce eggs, which affected the mean value.

Both total number of eggs and eggs per day differed signifi-

cantly among clones (v2 = 40.54 and 40.27, respectively;

d.f. = 5, P<0.001) with the highest egg production by bee-

tles feeding on leaves from Jorunn and 78021, and the low-

est egg production by those feeding on SW901290 and

Gudrun leaves (Figure 2A). Total number of eggs and eggs

per day were strongly correlated (r = 0.998, d.f. = 5,

P<0.001). Moreover, there was a significant difference in

adult longevity among clones (v2 = 24.79, d.f. = 5,

P = 0.002) with the longest-lived beetles feeding on 78021,

whereas the shortest-lived beetles were those fed

SW901290 and Gudrun leaves (Figure 2B). The logistic

procedure testing for mean number of eggs per day >0 vs.

adult survival generated an equation with intercept of

)4.18 and a slope of 0.0757 (curve in Figure 3). The inter-

section at probability 0.5 for egg <0 was 55 days of sur-

vival. The test for egg production as a prediction for beetle

survival was highly significant (v2 = 40.08, d.f. = 5,

P<0.001).

Larval performance

There was a significant difference in larval development

time (i.e., days to pupation) among clones (v2 = 39.59,

d.f. = 3, P<0.001; Figure 4). Larvae feeding on Jorunn had

the shortest development time (20.3 ± 0.2 days), whereas

larval development was slowest on 78021 and Loden
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2 days by individually isolated Phratora

vulgatissima beetles feeding on leaves from

either of six Salix clones: 78021, Jorunn, or

78183 (S. viminalis) and Loden, SW901290,

or Gudrun (S. dasyclados). Females were

paired with males (fed with leaves from the

same clone as the female) for 24 h on day

10–11. Eggs were counted every 2nd day.
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(22.9 ± 0.2 and 23.5 ± 0.5 days, respectively). Clone also

had a significant effect on pupal weight (F3,65 = 3.25,

P = 0.027) with the highest pupal weights found among

the larvae feeding on 78021 (9.90 ± 0.28 mg) followed by

Jorunn and 78183 (9.52 ± 0.21 and 9.41 ± 0.23 mg,

respectively), whereas the larvae feeding on Loden devel-

oped into the lightest pupae (8.80 ± 0.28 mg; Figure 4). A

majority of the larvae feeding on Jorunn managed to

pupate (94%), whereas 88% pupated on Loden, followed

by 78% on 78183, and 74% on 78021. No larvae feeding

on SW901290 and Gudrun managed to pupate (Figure 4).

Significant differences were only found between the four

clones exhibiting pupating larvae vs. the two clones with

no surviving larvae; v2 = 32.73, d.f. = 1, P<0.001 when

comparing Jorunn with SW901290 ⁄ Gudrun, and

v2 = 29.56, d.f. = 1, P<0.001 when comparing 78021 with

SW901290 ⁄ Gudrun (Figure 4).

Phenolic profiles of the Salix clones

Generally, the phenolic content varied between the S. vimi-

nalis and the S. dasyclados clones (Table 1). Loden,

SW901290, and Gudrun contained salicylates (salicin and

HCH-salicortin), chlorogenic acid and its derivatives, a

luteolin derivative, and a quercetin-3-glucoside. Except for

small amounts of chlorogenic acid found in Jorunn, the

rest of these phenolic compounds were absent in Jorunn,

78021, or 78183 plants (all S. viminalis). On the other

hand, Jorunn, 78021, and 78183 contained other querce-

tins, (+)-catechin, kaempferols, and some other flavonoids

that were absent in the other clones. All clones contained

condensed tannins with Jorunn, 78021, and 78183 exhibit-

ing the highest concentrations.
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Figure 2 (A) Fecundity of Phratora vulgatissima. Mean (± SE)

total and daily egg production for the whole oviposition period

on one of six Salix clones: Jorunn, 78021, and 78183 (S. viminalis)

and Loden, SW901290, and Gudrun (S. dasyclasdos). (B) Mean

(± SE) longevity (days) of female P. vulgatissima on each of the

six Salix clones. Means capped with different letters are signifi-

cantly different (Kruskal–Wallis test: P<0.05).
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Figure 3 Logistic regression showing the probability of Phratora

vulgatissima females to produce one or more eggs depending on

their survival. Black squares indicate data points (n = 58).
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Figure 4 Mean (± SE) larval development (days) from egg to

pupation, pupal weight, and pupation (% larvae) of Phratora

vulgatissima feeding on one of six Salix clones: Jorunn, 78021,

and 78183 (S. viminalis) and Loden, SW901290, and Gudrun

(S. dasyclados). Means capped with different letters are signifi-

cantly different [Kruskal–Wallis test (days to pupation), t-test

(pupal weights), and v2 (% pupation) within each variable: all

P<0.05]. NA, not applicable.
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The effect of phenolics on leaf beetle performance

The Bonferroni correction gave a significance level of

a = 0.003. The concentrations of several phenolic com-

pounds in the leaves demonstrated potential negative

effects on both adult and larval performance, but except

for a negative linear correlation between leaf salicylates

and larval pupation success (r = )0.96, P = 0.002; n = 6),

none of the tested relationships were significant. However,

the patterns emerging in the correlation tests showed that

the potential effect of individual phenolic compounds on

leaf beetle performance was neither linear nor dose-depen-

dent. There were indications of a non-significant, highly

curved, negative relationship between leaf salicylates and

adult egg production (r = )0.75, P = 0.083; n = 6), and

both adult egg production and larval pupation success

were negatively, although not significantly, affected by the

leaf concentration of a luteolin derivative (r = )0.91,

P = 0.013 and r = )0.77, P = 0.073, respectively) and

quercetin-3-glucoside (r = )0.81, P = 0.052 and r = )0.76,

P = 0.082, respectively; all n = 6). The potential effects of

the luteolin derivative and quercetin-3-glucoside were

strongly nonlinear and there were tendencies of possible

critical threshold concentrations that determined larval

pupation success. In addition, a few phenolics were found

to have a potential positive effect on leaf beetle perfor-

mance. Adult egg production demonstrated significant

positive correlations with the concentrations of (+)-cate-

chin (r = 0.98, P<0.001) and a quercetin derivative

(r = 0.99, P<0.001), and a non-significant, positive rela-

tionship with the leaf concentration of condensed tannins

(r = 0.89, P = 0.017; all n = 6).

Discussion

The results presented here illustrate some of the difficulties

with developing a reliable protocol for quantifying direct

resistance. For example, the general pattern of larval

performance (development time, pupal weight, and

Table 1 Mean (± SE) concentration (mg g)1 dry weight) of phenolic substances in leaves of six Salix clones

Phenolic compound

Salix viminalis Salix dasyclados

Jorunn 78021 78183 Loden SW901290 Gudrun

Salicin 0.74 ± 0.19 2.69 ± 0.48 2.08 ± 0.23

HCH-Salicortin 1.87 ± 0.25 1.77 ± 0.08

Chlorogenic acid 0.46 ± 0.06 7.85 ± 1.64 4.75 ± 0.95 10.15 ± 0.83

Neochlorogenic acid 0.95 ± 0.22 0.71 ± 0.24 0.92 ± 0.12

Chlorogenic acid derivative 0.87 ± 0.18

Hyperin 0.22 ± 0.02 0.23 ± 0.02 0.35 ± 0.05 0.11 ± 0.03 0.93 ± 0.08

p-OH-cinnamic acid derivative 1 0.63 ± 0.06 1.31 ± 0.12 0.14 ± 0.01 1.36 ± 0.27 0.55 ± 0.18 0.74 ± 0.08

p-OH-cinnamic acid derivative 2 0.34 ± 0.02 0.28 ± 0.02 0.40 ± 0.02 0.64 ± 0.04 0.40 ± 0.06 1.09 ± 0.06

p-OH-cinnamic acid derivative 3 0.06 ± 0.01 0.87 ± 0.22 0.83 ± 0.09

p-OH-cinnamic acid derivative 4 0.58 ± 0.04 0.13 ± 0.01 0.50 ± 0.02

p-OH-cinnamic acid derivative 5 1.76 ± 0.42

Luteolin derivative 0.80 ± 0.19 1.17 ± 0.22 0.94 ± 0.21

Quercetin 3-glucoside 0.18 ± 0.03 0.40 ± 0.03 0.18 ± 0.02

Quercetin glycoside derivative 1 0.17 ± 0.01 0.20 ± 0.01 0.34 ± 0.07

Quercetin glycoside derivative 2 0.46 ± 0.02 0.14 ± 0.01 0.33 ± 0.01

Quercetin derivative 1 0.17 ± 0.01 0.40 ± 0.05 0.25 ± 0.03

Quercetin derivative 2 0.30 ± 0.04 0.31 ± 0.03 0.10 ± 0.02

Quercitrin 1.00 ± 0.07 0.27 ± 0.03 0.65 ± 0.08 0.10 ± 0.02 0.21 ± 0.03 0.12 ± 0.01

(+)-Catechin 4.75 ± 1.10 4.68 ± 0.14 1.23 ± 0.31

p-OH-cinnamic acid 0.09 ± 0.01

Kaempferol-diglycoside 0.08 ± 0.01 0.12 ± 0.01 0.11 ± 0.01

Kaempferol 3-glucoside 0.06 ± 0.01 0.06 ± 0.01 0.12 ± 0.02

Kaempferol 3-rhamnoside 0.53 ± 0.03 0.76 ± 0.07 0.98 ± 0.14

Myricetin glycoside derivative 0.22 ± 0.01 0.16 ± 0.01 0.18 ± 0.01

Rhamnetin glycoside derivative 1.18 ± 0.09 0.28 ± 0.03 0.78 ± 0.09

Monocoumaroylastragalin 1.00 ± 0.13 0.44 ± 0.08 0.98 ± 0.08 0.41 ± 0.05 0.49 ± 0.08 0.39 ± 0.04

Condensed tannins

Methanol soluble 81.72 ± 3.60 106.12 ± 9.83 50.24 ± 9.60 33.75 ± 7.61 23.78 ± 6.06 48.38 ± 6.09

Methanol insoluble 36.07 ± 1.26 37.47 ± 0.98 33.49 ± 1.34 30.54 ± 3.62 25.86 ± 5.01 37.28 ± 2.23
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percentage of larvae that managed to pupate) could trick

one to believe that the S. dasyclados clone Loden shows the

same low resistance against P. vulgatissima as the S. vimi-

nalis clones. But investigating the adult performance

resulted in a different picture with Loden as an intermedi-

ate between the other two S. dasyclados and S. viminalis

clones and also showing differences furthermost in egg

production within S. viminalis. This proves the impor-

tance to study several life history parameters before con-

cluding the effect of host plants on an insect pest.

Development time of the larvae differed over 3 days

between those that were feeding on Jorunn leaves (fast

development) and those that were feeding on leaves from

Loden and 78021 (slow development). Slow larval devel-

opment may increase the risk of predation and ⁄ or parasit-

ism, as insect larvae remain exposed for a longer time

(Häggström & Larsson, 1995). Larvae feeding on 78021

demonstrated one of the slowest developments, yet their

pupal weights were the highest. This indicates that

although this clone might be unfavorable from one per-

spective (increased exposure to predators and parasitoids),

it is still capable of providing the larvae with sufficient

resources to gain high pupal weights. Larvae that fed on

Loden exhibited, in addition to long-development times,

low pupal weights, indicating that Loden is a less palatable

host compared to the S. viminalis clones. When investi-

gating the performance of adult leaf beetles and adult lon-

gevity, Loden was found as an intermediate between the

S. dasyclados and the S. viminalis clones. However, based

on egg production, Loden deviates much from the S. vimi-

nalis clones, exhibiting closer similarity with the other S.

dasyclados clones. In addition, no difference in pupation

success rates could be detected between the S. viminalis

clones and Loden, whereas no larvae feeding on the other

two S. dasyclados clones managed to pupate. Loden was

not the only ‘outlier’ within its species; when looking at

oviposition rate, leaf beetles feeding on clone 78183 pro-

duced significantly fewer eggs compared to the beetles

feeding on its two conspecifics. These findings highlight

the variability in resistance that can be found within the

genus Salix and proves the importance of studying several

life history traits before drawing any conclusions about the

effect of host plants on an insect pest.

For the best performing adult beetles, survival with

maintained egg production lasted 122 days. The egg pro-

duction varied slightly between scorings, but remained

more or less stable overtime. When considering the mean

number of eggs, the results give a slightly skewed image of

Loden, on which only a few individuals survived and pro-

duced eggs, giving the impression that the average individ-

ual beetle started to oviposit later than the beetles feeding

on the other clones. In a similar study by Peacock et al.

(2004), the females lived only half the time compared to

the present study. However, Peacock and colleagues did

keep males and females together throughout the whole

study period, which might have disturbed oviposition

(Gay et al., 2009). The strong correlation between eggs

produced per day and total number of eggs allows to pre-

dict whether a specific clone will result in high or low ovi-

position rate (and subsequently larvae) over the whole

growing season. The number of eggs produced per day also

turned out to be a reliable indicator of leaf beetle survival;

no eggs laid indicated a low probability for the beetles to

survive >55 days.

The concentrations of various phenolic substances dif-

fered a lot between the clones of the two willow species. In

concurrence with previous studies (Julkunen-Tiitto, 1986;

Glynn et al., 2004), the S. viminalis clones exhibited high

concentrations of condensed tannins and no salicylates,

whereas the S. dasyclados clones contained salicylates and

low concentrations of condensed tannins, a pattern sug-

gested to result from a biosynthetic trade-off between these

substance groups (Hallgren et al., 2003). Moreover, the S.

viminalis clones contained (+)-catechin, whereas this was

missing from the S. dasyclados clones. (+)-Catechin is one

of the phenolic precursor forming the polymeric con-

densed tannins (Barbehenn & Constabel, 2011) and as the

levels of condensed tannins were higher in the S. viminalis

clones, this could be an explanation for the higher (+)-

catechin levels found in S. viminalis clones.

Many previous studies have focused on the importance

of plant chemistry for insect host selection and feeding

preferences (Rowell-Rahier, 1984; Matsuda & Matsuo,

1985; Tahvanainen et al., 1985; Kolehmainen et al., 1995).

Less study has been carried out on directly relating differ-

ences in insect performance to differences in the chemical

composition of their host plants (but see Kelly & Curry,

1991; Ruuhola et al., 2001; Glynn et al., 2004). When we

compared the concentrations of leaf phenolics to the two

key life history traits of the leaf beetles, several patterns

appeared. Although a majority of the tested relationships

were not statistically significant, we found reasonable indi-

cations for one highly curved relationship (e.g., salicylates

vs. egg production) and one with indications of a thresh-

old (e.g., luteolin vs. pupation success), suggesting that the

potential effect of individual phenolic compounds on leaf

beetle performance is not always linear and dose-depen-

dent. Further studies with a better representation of willow

clones that show intermediate concentrations of a variety

of phenolic compounds are needed to clarify the character

of these relationships and to draw conclusions about cause

and effect.

In this study, we found that both adult leaf beetle

performance (i.e., egg production per day) and larval
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performance (i.e., pupation success) showed strong rela-

tionships with the concentration of salicylates in the wil-

low leaves. Salicin has previously been reported as an

important compound in willow resistance (Rowell-Rah-

ier, 1984). However, its role has probably been overem-

phasized (Kolehmainen et al., 1995), because it undergoes

metabolic turnover and is the product of the break-down

of higher molecular weight salicylates like salicortin (Ru-

uhola et al., 2003). Salicortin is often found in much

higher concentrations in willow tissues (Julkunen-Tiitto

& Tahvanainen, 1989). The relatively low concentrations

of HCH-salicortin found in SW901290 and Gudrun (1.87

and 1.77 mg g)1 dry weight, respectively) is probably a

result of degradation into salicin during sample storage

and extraction (Julkunen-Tiitto & Tahvanainen, 1989).

Although salicin has been implicated as a feeding deter-

rent to P. vulgatissima (Rowell-Rahier, 1984; Tahvanainen

et al., 1985), Kelly & Curry (1991) found a greater influ-

ence of the concentration of salicortin on insect growth

and development with a negative correlation between sali-

cortin concentration and larval pupation, which was com-

pletely inhibited at the highest levels of salicortin (1.5%

fresh wt, or 4.5% dry weight). They also showed that high

concentrations of salicylates resulted in lower larval

weights with subsequent difficulties in reaching the critical

mass needed for pupation (7.10 mg in their study). Our

results show that the larvae did not manage to pupate

when feeding on SW901290 and Gudrun, the two clones

exhibiting the highest concentrations of salicin and HCH-

salicortin. Larvae feeding on Loden, which contains sali-

cin, but no salicortin, managed to pupate but their devel-

opment times from eggs to pupae were among the longest

(23.5 days) and their pupal weights among the lowest

(8.8 mg) in our study. Our findings, together with those

of Kelly & Curry (1991), suggest an important role of

salicylates, especially salicortin, for the performance of

P. vulgatissima.

In addition to salicylates, and in concurrence with previ-

ous surveys (e.g., Julkunen-Tiitto, 1986), we found sub-

stantial leaf concentrations of other phenolic compounds.

Luteolin, or its derivatives, has been reported as a feeding

stimulant for some chrysomelid species (Matsuda &

Matsuo, 1985; Wennström et al., 2010). However, our

results indicated that the leaf concentration of a luteolin

derivative exhibited a negative effect on leaf beetle perfor-

mance. As for other flavonoids, the anti-oxidative role of

luteolin is widely acknowledged (Pourcel et al., 2007;

López-Lázaro, 2009), but, at specific concentrations, this

compound may cause toxic effects primarily due to

induced DNA damage (López-Lázaro, 2009). In our study,

egg production ceased completely when luteolin concen-

trations exceeded 0.80 mg g)1 dry weight. The pattern was

even more pronounced when considering larval pupation

success; at concentrations below 0.80 mg luteolin g)1 dry

weight, the majority of the larvae managed to pupate, but

at higher concentrations, no pupation took place. We

found a similar pattern for another flavonoid, quercetin-

3-glucoside, with indications of a critical threshold con-

centration, above which leaf beetle performance was mark-

edly reduced. Noteworthy is that the willow clones

exhibiting high levels of salicylates also demonstrated high

levels of these flavonoids. Therefore, extended research is

needed to conclude whether the suggested negative effect

of these substances on leaf beetle performance is a direct

result of the individual compounds or whether there are

combined or synergistic effects. Accordingly, the proposed

positive effects of (+)-catechin and condensed tannins on

leaf beetle egg production could rather be an indirect effect

of the lack of salicylates in the willow clones with high con-

centrations of these substances. Kelly & Curry (1991)

reported no effect of condensed tannins on the perfor-

mance of P. vulgatissima.

In addition to plant chemistry, the nutritional quality of

the plant, as well as leaf morphology, may be important in

modifying the responses of insect herbivores. Hence, feed-

ing preferences of beetles and susceptibility of willows

depend on a variety of factors further complicated by the

fact that insect–plant interactions differ depending on the

species involved (Kendall et al., 1996). However, from a

breeding point of view, preferences are not a reliable trait

to prevent insect damage as plantations do not offer any

selection of host. Feeding preferences is not always corre-

lated with performance (Peacock et al., 2004).

Our results show that when selecting willows for plant-

ing in locations where P. vulgatissima is common, pre-

treatment and mating on clones of interest followed by

about a 2-week study on female oviposition may be

enough to predict total egg production as well as adult lon-

gevity. This should, in turn, be strongly linked to subse-

quent levels of defoliation, because normally the larvae

cause most of the damage. To determine the specific

mechanisms behind plant resistance and which role the

various phenolic compounds play, further studies are

required, preferably using a diploid crossing population

that shows a high degree of variation in resistance.

Increased knowledge about the mechanisms behind resis-

tance would facilitate reaching the goal of maintaining

high biomass production in Salix plantations.
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Harvesting disrupts biological control of herbivores in a

short-rotation coppice system. Ecological Applications 14:

1624–1633.

Gay L, Eady PE, Vasudev R, Hosken DJ & Tregenza T (2009)

Costly sexual harassment in a beetle. Physiological Entomology

34: 86–92.

Glynn C, Ronnberg-Wastljung A-C, Julkunen-Tiitto R & Weih

M (2004) Willow genotype, but not drought treatment, affects

foliar phenolic concentrations and leaf-beetle resistance. En-

tomologia Experimentalis et Applicata 113: 1–14.
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