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Testing the�shifting defense hypothesis for�constitutive and�induced 
resistance and�tolerance

Mu�Liu1�· Xiaoyun�Pan1 �· Zhijie�Zhang1,2�· Mark�van�Kleunen2,3�· Bo�Li1

Abstract

Biogeographical variation in herbivore communities may drive invasive plants to evolve lower defense against specialist 

herbivores but higher defense against generalist herbivores (shifting defense hypothesis, SDH). However, empirical tests on 

this topic have been strongly biased toward examining constitutive resistance and less is known about the evolution of induced 

resistance and tolerance. We examined constitutive and induced resistance and tolerance of the invasive plant, Alternan-

thera philoxeroides (alligator weed, Centrospermae: Amaranthaceae) against the specialist herbivore Agasicles hygrophila 

(Coleoptera, Chrysomelidae) and the generalist herbivore Spodoptera litura (Lepidoptera, Noctuidae), using genotypes from 

its introduced and native ranges. We found that introduced genotypes, compared to native genotypes, had higher constitutive 

resistance to the generalist herbivore, but similar constitutive resistance to the specialist herbivore. Furthermore, introduced 

genotypes, compared to native genotypes, had lower induced resistance to the generalist herbivore, but similar induced resist-

ance to the specialist herbivore. Moreover, although introduced and native genotypes did not differ in their tolerance to the 

generalist, the introduced genotypes exhibited lower tolerance to the specialist than native ones. Therefore, while individual 

defense strategy does not indicate a shift from defense against the specialist to defense against the generalist, the results for 

the different defense strategies jointly support the SDH.

Keywords Biological invasion�· Biological control�· Enemy release hypothesis�· Phenotypic plasticity�· Plant–herbivore 

interactions�· Trade-offs

Key message

• Experimental studies have seldom considered multiple 

defensive strategies simultaneously to assess the possi-

ble evolution of defense in invasive plants against both 

specialist and generalist herbivores.

• Introduced genotypes exhibited decreased induced resist-

ance against generalist, lower tolerance to specialist her-
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bivores, and greater constitutive resistance against gen-

eralist herbivores compared to native genotypes.

• It is critical to focus on all three defensive strategies when 

we examine the evolution of plant defense to develop 

efective methods for biological control of invasive plants.

Introduction

Invasive plants may be released from specialist herbivores 

and simultaneously face biotic resistance from resident 

generalist herbivores in their introduced ranges (Keane and 

Crawley 2002). The shifting defense hypothesis (SDH) pre-

dicts that such shifts in the composition of herbivore com-

munities will result in the evolution of decreased defense 

against specialist herbivores and increased defense against 

generalist herbivores (Joshi and Vrieling 2005; Müller-

Schärer et�al. 2004).

Plant defense against herbivores consists of two major 

strategies—resistance and tolerance. Resistance reduces a 

herbivore’s preference for the plant or the performance of 

the herbivores (Strauss et�al. 2002), whereas tolerance miti-

gates negative impacts of damage on plant fitness (Strauss 

and Agrawal 1999). Resistance can be further classified into 

constitutive and induced resistance. Constitutive resistance 

is constantly maintained regardless of the presence of herbi-

vores, whereas induced resistance is triggered by herbivore 

attack (Karban and Baldwin 1997).

Despite accumulating evidence for biogeographical vari-

ation in constitutive resistance against specialists and gen-

eralists (reviewed in Zhang et�al. 2018), induced resistance 

and tolerance have been rarely considered in studies testing 

the SDH (Table�1). We found 11 previous studies that tested 

the evolution of defense against both specialist and gener-

alist herbivores in invasive plants (Table�1) and measured 

resistance in terms of herbivore performance. Four of the 

11 previous studies provide evidence supporting the SDH, 

as they found that introduced genotypes, compared to native 

genotypes, had lower constitutive resistance or tolerance to 

specialists but higher constitutive resistance or tolerance to 

generalists. Three studies provide partial evidence support-

ing the SDH, as they found that either resistance to spe-

cialists or resistance to generalists changed in the direction 

predicted by the SDH. The results of the remaining four 

studies are inconsistent with the predictions of the SDH. 

Interestingly, these latter studies primarily focused on a sin-

gle defensive strategy, in most cases constitutive resistance 

(the last two categories in Table�1). This indicates that it 

might be essential to consider multiple defense strategies 

(i.e., constitutive and induced resistance and tolerance) when 

testing the SDH.

We used Alternathera philoxeroides (alligator weed, Cen-

trospermae: Amaranthaceae) to examine biogeographical 

variation in plant defense strategies against the specialist 

Agasicles hygrophila (Coleoptera: Chrysomelidea) and the 

generalist Spodoptera litura (Lepidoptera: Noctuidae). This 

herbaceous plant species is native to South America and 

has become invasive in parts of USA, Australia, and China 

(Julien et�al. 1995). In a previous study, we found that intro-

duced and native genotypes of A. philoxeroides had compa-

rable constitutive resistance against the specialist herbivore 

A. hygrophila (Pan et�al. 2012). However, we also found that 

introduced and native genotypes differed in induced defenses 

against specialist and generalist herbivores (Liu et�al. 2018). 

For example, introduced genotypes responded with lower 

concentrations of total triterpenoid saponins when damaged 

by the generalist Spodoptera litura than when damaged by 

the specialist A. hygrophila (Liu et�al. 2018). However, for 

native genotypes, the increase in the concentrations of total 

triterpenoid saponins did not depend on whether the damage 

was caused by the specialist or generalist (Liu et�al. 2018). 

Building on those previous studies, we asked whether the 

variation of constitutive resistance, induced resistance, and 

tolerance to specialist and generalist herbivores between 

native and introduced genotypes of A. philoxeroides is con-

sistent with the predictions of SDH.

Materials and�methods

Study species

We focus in this study on the interaction between a world-

wide invasive plant Alternanthera philoxeroides and two 

phytophagous insect species, the specialist Agasicles 

hygrophila and the generalist Spodoptera litura. Alternan-

rhera philoxeroides is native to South America, spanning a 

wide distribution range from 18 to 39°S. It has been glob-

ally introduced to regions from warm to subtropical humid 

climates (Pan et�al. 2007). Alternanthera philoxeroides is 

known to be fed on by at least 40 herbivore species in its 

home range, including at least five specialists (Sosa et�al. 

2004). In its introduced range in USA, there are few resident 

herbivores feeding on A. philoxeroides (Maddox et�al. 1971).

Agasicles hygrophila and its congeners are host-specific 

to A. philoxeroides, and in South America both adults and 

larvae of these herbivores feed on leaf and stem tissue of 

A. philoxeroides in terrestrial and aquatic habitats (Cabrera 

et�al. 2013; Sosa et�al. 2004). Agasicles hygrophila was 

introduced as a biological control agent in USA since the 

1960s and is the primary specialist herbivore in this region 

(Pan et�al. 2007). However, in the introduced range, it is 

still restricted to a limited number of habitats and has a 

preference for aquatic habitats (Maddox et�al. 1971; Pan 

et�al. 2007). Therefore, enemy release may continue to act 
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Table 1  Summary of results of 11 previous studies (1–4 and 6–12) 

and the current study (5) testing for plant defense strategies of inva-

sive plants against specialist and generalist herbivores.  + (yellow 

triangle): higher defense in introduced than native genotypes; - (blue 

triangle): lower defense in introduced than native genotypes; 0 (gray 

triangle): similar defense for the two plant origins. Studies marked on 

the left side in green: results for plant defenses against specialist and 

generalist herbivores both support the SDH. Studies marked on the 

left side in yellow: only the result for plant defense against special-

ist or the result for plant defense against generalist herbivores sup-

port the SDH. Studies marked on the left side in red: results for plant 

defenses against specialist and generalist herbivores both do not sup-

port the SDH

Species
Native 
range

Introduced 

range

Defense against 
specialists

Defense against generalists Study

1
Senecio 

jacobaea
Europe

North 

America

Oceania

Joshi and 

Vrieling 

(2005)

2
Triadica 
sebifera

Asia
North 

America

Huang et al. 

(2010)

3
Triadica 
sebifera

Asia
North 

America
Wang et al. 

(2012)

4
Jacobaea 
vulgaris

Eurasia Oceania
Lin et al. 

(2015)

5
Alternanthera 
philoxeroides

South 

America

North 

America

Present

research

6
Alliaria 
petiolata

Europe
North 

America

Bossdorf et 

al. (2004)

7
Centaurea 
maculosa

Europe
North 

America
Ridenour et 

al. (2008)

8
Conyza 

canadensis
North 

America
Europe

Abhilasha and

Joshi (2009)

9
Lythrum 
salicaria

Europe
North 

America

Willis et al. 

1999

10
Solidago 
gigantea

North 

America
Europe

Hull-Sanders 

et al. (2009)

11
Lepidium 

draba
Asia

Europe
Europe

Cripps et al. 
(2009)

12
Bunias

orientalis
Asia Europe

Fortuna et 

al. (2014)
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on the introduced A. philoxeroides populations growing 

in terrestrial habitats of USA (van Klinken and Edwards 

2002).

Spodoptera litura (Lepidoptera: Noctuidae) and its con-

geners are generalist defoliators (Rao et�al. 1993), which 

can feed on leaves of A. philoxeroides. The genus has a 

wide global geographical range (Saldamando and Marquez 

2012). In North America, these herbivores are restricted 

to southern Florida and Texas during winter, but infesta-

tions extend as far north as Canada during summer and 

fall (Luginbill 1928).

Source populations of�plants and�herbivores

For the present study, we obtained stem fragments from 

five native (Argentina) and five introduced (USA) source 

plants from distinct geographical regions in 2005 and 

2006, respectively. We sampled A. philoxeroides plants in 

terrestrial habitats only to ensure that the USA plants had 

not been exposed to the specialist A. hygrophila. Detailed 

information on the sample sites is provided in Liu et�al. 

(2018). One of our previous studies showed that each 

sampled plant was characterized by a unique multi-locus 

genotype (Geng et�al. 2016). Plants were propagated in a 

glasshouse for at least three generations to avoid possible 

maternal carryover effects (Schwaegerle et�al. 2000; Dong 

et�al. 2018).

We collected larvae of A. hygrophila in fields in Shang-

hai, China, where it has been introduced as a biological con-

trol agent. These introduced beetle populations originated 

from the Ezeiza Lagoon area near Buenos Aires, Argentina, 

and were introduced into China in the 1980s (Li and Wang 

1994). We raised the beetles on potted A. philoxeroides 

in Shanghai, and their offspring were used for the experi-

ment. Larvae of the generalist S. litura were purchased from 

a company (Ke Yun biological control Co., Ltd., Henan, 

China) in Henan province, China, and were raised on an 

artificial diet before use in the experiment (main nutrients 

of artificial diet in Cao et�al. 2014).

Common garden experiments

Propagation

On August 21, 2015, we placed stem fragments (4�cm long, 

with one node) in 150-mm Petri dishes lined with moist filter 

paper at 25/28�°C (12/12�h) to promote root and shoot devel-

opment. On August 28, 2015, we transplanted the plants to 

pots (7�cm diameter and 12�cm high) filled with c. 400-ml 

commercial potting compost (Beilei Organic Fertilizer Co., 

Ltd., Zhenjiang, China).

Constitutive and�induced resistance

On September 21, 2015, we conducted two experiments to 

measure constitutive and induced resistance against a spe-

cialist and a generalist herbivore. Firstly, we selected 80 

plants (8 for of each genotype) of similar size (i.e., a height 

of c. 10�cm, with four pairs of leaves) and randomly assigned 

them to two treatments: (1) herbivory by the specialist A. 

hygrophila or (2) control (without herbivory). Secondly, we 

selected another 80 plants (8 for of each genotype) of similar 

size and randomly assigned them to either (1) herbivory by 

the generalist S. litura or (2) control (without herbivory). 

Each genotype-by-treatment combination in both experi-

ments were replicated four times. For the A. hygrophila and 

S. litura herbivory treatments, we exposed the plants to her-

bivory by two larvae of the respective herbivores for 4�days. 

On each plant, these two larvae were confined to two fully 

expanded young leaves by enclosing them separately into 

two centrifuge tubes. This ensured that they removed c. 25% 

of the total leaf area (Appendix S1). In the control treatment, 

we also had two centrifuge tubes on each plant, but these 

did not receive any larvae. After 4�days, we removed all 

herbivores and tubes.

On October 1, 2015, to measure constitutive resistance 

to the specialist A. hygrophila, plants grown in the control 

treatment were fed to three larvae of specialist A. hygrophila. 

Specifically, we chose similar larvae of the same instar to 

control for variation in initial weight of the larvae. After 

pre-weighing the three larvae, we let them eat the individual 

plant freely in the bag and collected them from the bag after 

3�days and weighed them jointly again to track the total mass 

gain of all three larvae. We determined the combined mass 

of the three larvae before and after feeding on the plants 

to the nearest 0.001�mg. To measure induced resistance to 

the specialist A. hygrophila, plants previously exposed to 

A. hygrophila herbivory were fed to A. hygrophila again, as 

described above for the measurement of constitutive resist-

ance. To measure constitutive and induced resistance to the 

generalist S. litura, we confined three larvae of S. litura in a 

nylon mesh bag to each plant for 3�days. We determined the 

combined mass of the three larvae before and after feeding 

on the plants to the nearest 0.001�mg. For these bioassays, 

we used second-instar larvae of A. hygrophila and third-

instar larvae of S. litura, because a pilot experiment had 

shown that these two instar classes of larvae have nearly 

equivalent feeding rates (unpublished data).

Constitutive resistance was quantified in terms of the total 

mass gain of three A. hygrophila or S. litura larvae fed on 

the control plants, where a low mass gain indicates a high 

constitutive resistance. Induced resistance was quantified 

by comparing the mass gain of herbivores fed on the con-

trol plants and the mass gain of those fed on the herbivory 

treatment plants. Here, induced resistance was indicated by 
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a lower herbivore mass gain on plants from the herbivory 

treatment than those from the control treatment.

To test whether introduced and native genotypes of A. 

philoxeroides differed in their constitutive resistance, total 

mass gain of the specialist A. hygrophila and the generalist S. 

litura raised on control plants were analyzed using GLMMs 

with a Gaussian error distribution and a log-link function 

(which effectively log transforms the response variable to 

improve normality and homoscedasticity of the residuals). 

We assigned plant origin (introduced vs. native), herbivore 

type (specialist vs. generalist), and their interaction as fixed 

terms, and genotype as a random effect.

To test whether introduced and native genotypes of A. 

philoxeroides differed in their induced resistance, we ana-

lyzed the bioassay dataset that included the specialist A. 

hygrophila raised on plants from both the control treatment 

and the A. hygrophila herbivory treatment, and the bioassay 

dataset that included the generalist S. litura raised on plants 

from both the control treatment and the S. litura herbivory 

treatment. Mass gain of specialist and generalist herbivores 

was analyzed using GLMMs with a Gaussian error distribu-

tion and with a log-link function. We assigned plant origin 

(introduced vs. native), herbivory treatment (herbivore pre-

sent vs. control) and their interaction as fixed terms, and 

genotype as a random effect.

Tolerance and�plant defense trait measurements

In parallel to the constitutive and induced resistance assays, 

we conducted another experiment to measure tolerance and 

plant traits related to defense. We selected 120 plants (12 of 

each genotype) of similar size (i.e., a height of c. 10�cm, with 

four pair of leaves) and randomly assigned these plants to 

three treatments: (1) herbivory by the specialist A. hygroph-

ila (2) herbivory by the generalist S. litura, or (3) control 

(without herbivory). Each genotype-by-treatment combina-

tion was replicated four times. Plants in those treatments 

were handled in the same manner as described above for 

the plants in the constitutive and induced resistance assays, 

but they did not receive any bioassay larvae. We harvested 

the plants 14�days after removal of the herbivory treatments. 

Considering that we conducted the study with plants that 

were in the early stages for their life cycle, the 14�days of 

recovery should have been enough to exhibit effects of her-

bivory on plant fitness (Quintero and Bowers 2013).

To quantify the tolerance to herbivory, we measured 

the aboveground, belowground and total biomass of each 

plant, which is likely to be closely related to fitness of A. 

philoxeroides, as regeneration of the species mainly depends 

on vegetative propagation (Sosa et�al. 2004). We cut the 

aboveground biomass and washed the belowground bio-

mass free of soil. The biomass was then dried to constant 

mass at 60�°C and weighed to the nearest 0.001�mg. When 

comparing plants from the herbivory treatments with those 

from the control treatment, a similar total plant biomass indi-

cates a high tolerance to herbivory (Strauss and Agrawal 

1999).

To measure concentrations of triterpenoid saponins, 

the major defense chemicals produced by A. philoxeroides 

(Faizal and Geelen 2013), leaves of four plants within the 

same genotype-by-treatment combination were pooled to 

get sufficient material, and ground. The total triterpenoid 

saponins concentrations was assessed by UV spectropho-

tometry (Wang et�al. 2011). The leaf powder (c. 20�mg) 

was steeped in diethyl ether, heated in a water bath (30�°C 

for 4�h), and then centrifuged. We extracted the triterpe-

noid saponins from the residue successively with methyl 

alcohol and chloroform, and then we desiccated the chlo-

roform. Finally, 200�µl methyl alcohol was used to dissolve 

the extract and we measured absorbance of the solution at 

215�nm. Oleanolic acid was used as a standard for regression 

equations used to calculate the total triterpenoid saponins 

concentrations.

To test whether introduced and native genotypes of A. 

philoxeroides differed in their tolerance to herbivory, we 

analyzed the plant traits dataset that included plants grown 

in the control, A. hygrophila herbivory and S. litura her-

bivory treatments. Total plant biomass was analyzed using 

GLMMs with a Gaussian error distribution and a log-link 

function. We assigned plant origin (introduced vs. native), 

herbivory treatment (control, A. hygrophila herbivory and 

S. litura herbivory) and their interaction as fixed terms, and 

genotype as a random effect. Additionally, we also analyzed 

root–shoot ratio using the same model as for total plant bio-

mass and found no significant effect of the herbivory treat-

ment and no significant interaction between plant origin and 

herbivory treatment, indicating above and belowground bio-

mass had similar responses to herbivory regardless of plant 

origin (Appendix S2). Therefore, we only present total plant 

biomass as indicator of plant performance.

To test whether introduced and native genotypes of A. 

philoxeroides differed in their concentrations of total trit-

erpenoid saponins and the responses to different herbivory 

treatments, we analyzed the plant traits dataset. The concen-

trations of total triterpenoid saponins was analyzed using 

LMMs. We assigned plant origin (introduced vs. native), 

herbivory treatment (control, A. hygrophila herbivory and 

S. litura herbivory), and their interaction as fixed terms, 

and genotype as a random effect. Because leaves had to be 

pooled across the four plants within each genotype-by-treat-

ment combination, we analyzed the genotype-level data for 

concentrations of total triterpenoid saponins.

To examine the correlation between the concentrations 

of total triterpenoid saponins and specialist or generalist 

herbivore performance, we used LMMs and assigned mass 

gain of the specialist A. hygrophila or the generalist S. litura 
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larvae as the response variable and concentrations of total 

triterpenoid saponins, herbivory treatment (herbivore pre-

sent vs. control), and their interaction as fixed terms, and 

genotype as the random effect. A significant effect of the 

total triterpenoid saponins term indicates that there is sig-

nificant correlation between the concentrations of total trit-

erpenoid saponins and herbivore performance.

We performed all analyses in R 3.5.2 (R Development 

Core Team 2017). We used the lmer package (Bates et�al. 

2015) for generalized linear mixed-effects models (GLMMs) 

and linear mixed-effects models (LMMs), and the agricolae 

package (De Mendiburu 2009) for least significant differ-

ence (LSD) post hoc tests. The significance of fixed terms 

in the mixed models was assessed with likelihood ratio 

tests when comparing models with and without the effect 

of interest (Zuur et�al. 2009). When a significant interaction 

was detected, we performed LSD post hoc tests to contrast 

specific means and used different letters in the figures to 

indicate significant differences (P < 0.05).

Results

Constitutive and�induced resistance

When raised on control plants, specialist and generalist her-

bivores had significantly different performance depending 

on plant origin (significant origin-by-herbivore type interac-

tion, Fig.�1a), indicating differences in constitutive resistance 

of plants. The specialist A. hygrophila had a similar mass 

gain when raised on introduced or native plant genotypes 

(Fig.�1a). However, the generalist S. litura had a significantly 

Fig. 1  Plant defense strategies 

against specialist and generalist 

herbivores. a Constitutive resist-

ance: mass gain of specialist 

and generalist herbivores raised 

on native (Argentina; gray bars) 

and introduced (USA; open 

bars) genotypes of Alternan-

thera philoxeroides grown in the 

control treatment (i.e., without 

previous herbivory). Induced 

resistance: the effects of previ-

ous herbivory by b the specialist 

Agasicles hygrophila and c the 

generalist Spodoptera litura 

on mass gain of subsequent 

conspecific larvae raised on 

native (gray bars) and intro-

duced (open bars) genotypes of 

A. philoxeroides. d Tolerance: 

the effects of herbivory by the 

specialist and generalist herbi-

vores on total plant biomass of 

native (gray bars) and intro-

duced (open bars) genotypes 

of A. philoxeroides. Values are 

means ± SE. Significance of 

the a plant origin-by-herbivore 

types interaction and b, c, d the 

plant origin-by-herbivory treat-

ments interaction are indicated. 

Different letters indicate sig-

nificant differences at P < 0.05 

according to LSD post hoc 

contrasts
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lower mass gain when raised on introduced plant genotypes 

than when raised on native genotypes (Fig.�1a).

Both the specialist A. hygrophila and the generalist S. 

litura raised on plants previously exposed to herbivores 

had significantly lower mass gain than those raised on con-

trol plants (̀2 = 12.89, P < 0.001 for specialist; ̀2 = 49.59, 

P < 0.001 for generalist), indicating induced resistance. For 

the specialist A. hygrophila, this negative effect of previ-

ous herbivory on subsequent herbivore performance did not 

depend on the origin of the plant hosts (Fig.�1b). However, 

for the generalist S. litura, the negative effect of previous 

herbivory was stronger when larvae were raised on native 

plant genotypes than when raised on introduced genotypes 

(Fig.�1c).

Tolerance and�plant defense trait measurements

Introduced and native plant genotypes significantly differed 

in their responses of total biomass to different herbivory 

treatments (significant origin-by-herbivore type interaction, 

Fig.�1d), indicating differences in tolerance. Introduced plant 

genotypes fed upon by the specialist A. hygrophila had lower 

total biomass than plants without herbivory, whereas this 

was not the case for native plant genotypes (Fig.�1d). Bio-

mass for native and introduced plant genotypes were similar 

regardless of herbivory by the generalist S. litura.

In the control treatment, introduced plant genotypes had 

a significantly higher concentrations of total triterpenoid 

saponins than native genotypes (Fig.�2a). Introduced plant 

genotypes had similar concentrations of total triterpenoid 

saponins regardless of herbivore treatment. Native plant 

genotypes had a significantly higher concentrations of total 

triterpenoid saponins compared with the control treatment 

(Fig.�2a). The concentrations of total triterpenoid saponins 

were negatively correlated with mass gain of the generalist 

S. litura, but it was not significantly correlated with mass 

gain of the specialist A. hygrophila (Fig.�2b, c).

Discussion

Our major finding is that introduced genotypes of Alternan-

thera philoxeroides, compared to native genotypes, showed 

higher constitutive resistance against the generalist Spodop-

tera litura and lower tolerance to the specialist Agasicles 

hygrophila (Fig.�1). This finding is consistent with the pre-

dictions of the shifting defense hypothesis (SDH, Table�1). 

However, while we found support for SDH across differ-

ent defense strategies, we did not find consistent support 

for SDH within any single defense strategy. For example, 

although introduced genotypes had, relative to native geno-

types, an enhanced constitutive resistance against the gen-

eralist herbivore, they did not show a significant decrease 

in constitutive resistance against the specialist herbivore 

(Fig.�1).Thus, our results indicate that the shift from defenses 

against specialists to generalists, as predicted by the SDH 

may involve different defense strategies against each of the 

two types of herbivores.

A possible explanation for our finding is that specialist 

and generalist herbivores may select for different defense 

strategies. Previous studies indicated that tolerance is 

likely to be selected for in a location dominated by spe-

cialist herbivores, while resistance may be favored in a 

location with more generalized herbivores (Carmona and 

Fig. 2  a The effects of herbivory by specialist (Agasicles hygrophila) 

and generalist (Spodoptera litura) herbivores on total triterpenoid 

saponins of native (Argentina, gray bars) and introduced (USA, open 

bars) genotypes of Alternanthera philoxeroides, and b, c the corre-

lation between the concentrations of total triterpenoid saponins and 

mass gain of the two herbivores. Values in (a) are means ± SE. Sig-

nificance of the plant origin-by-herbivory treatment interaction is 

indicated. Different letters indicate significant differences at P < 0.05 

according to LSD post hoc contrasts. Values in (b, c) are genotype-

level data in both control (open circles) and herbivory treatment 

(solid circles). Significance of the fixed terms on herbivore mass gain 

is indicated
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Fornoni 2013; Fornoni et�al. 2004). Furthermore, it has 

been suggested that tolerance might play a more important 

role in plant defense against specialist herbivores, because 

specialists will cause damage irrespective of plant resist-

ance (Ali and Agrawal 2012), and in that way, they could 

cause more severe damage than generalist herbivores 

do (Lin et�al. 2015). This would imply that, in the intro-

duced range, the release from specialist herbivores and 

the encounter of new generalist herbivores would select 

for lower tolerance but higher resistance in plants. This 

prediction is supported by our study and some previous 

studies (Lin et�al. 2015; Oduor et�al. 2011). For example, 

introduced populations of Brassica nigra showed higher 

resistance but lower tolerance to herbivory than native 

populations (Oduor et�al. 2011). However, these results are 

not consistent with results for Triadica sebifera, the only 

invasive woody species we found in our review (Table�1). 

Huang et�al. (2010) found that introduced T. sebifera geno-

types had higher tolerance than native genotypes to both 

specialist and generalist herbivory. The inconsistency with 

our findings could suggest that life form (woody vs. her-

baceous) may affect the evolution of defense strategies 

(Haukioja and Koricheva 2000).

Another prediction of the SDH is that introduced plant 

genotypes could evolve to increase their cheap, qualitative 

defensive traits like toxins and reduce their expensive quanti-

tative defensive traits like digestibility reducing compounds 

(Müller-Schärer et�al. 2004). Although a growing number 

of recent studies have compared defensive traits between 

plants from the native and introduced ranges (Doorduin and 

Vrieling 2011), it is still unknown whether the evolution of 

defensive traits in invasive species could translate into the 

evolution of resistance in terms of performance of herbi-

vores (Zhang et�al. 2018). In our study, introduced genotypes 

showed a higher constitutive but lower induced level of total 

triterpenoid saponins than native genotypes, and there was a 

negative correlation between the concentrations of total trit-

erpenoid saponins and performance of the generalist S. litura 

(Fig.�2c). Therefore, we speculate that triterpenoid saponins 

play the role of qualitative defensive trait of A. philoxeroides 

and that geographical variation of resistance to the general-

ist herbivore may derive from variation in constitutive and 

induced total triterpene saponins concentrations (Fig.�2).

Our results are highly relevant for biological control of 

A. philoxeroides. Although introduced and native genotypes 

of A. philoxeroides had similar constitutive and induced 

resistance against the specialist A. hygrophila, which has 

been introduced as a biological control agent, the decreased 

tolerance to specialist herbivory in introduced genotypes 

may contribute to the effectiveness of this biological con-

trol agent. Therefore, greater consideration of variation of 

different plant defensive strategies between introduced and 

native plant genotypes may lead to a higher success rate in 

developing effective methods for biological control agents 

of invasive plants (Zhang et�al. 2018).

In conclusion, although the SDH has been tested in vari-

ous study systems, most studies focused only on one or two 

plant defense strategies to specialist and generalist herbi-

vores. In our study, introduced genotypes increased their 

constitutive resistance against a generalist herbivore at the 

cost of decreased induced resistance to this herbivore and 

tolerance to a specialist herbivore. Therefore, it is impor-

tant to focus on all three defensive strategies simultaneously 

when we examine the evolution of plant defense to develop 

efective methods for biological control of invasive plants.
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