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Plants attacked by insect herbivores defend themselves to

Background: Many plants compensate for the damage caused by herbivorous insects
through tolerance responses. Besides directly causing plant tissue loss and seed produc-
tion reduction, herbivory causes phenological changes in the host plant. However, little is
known about the fitness costs of phenological changes caused by tolerance responses to
herbivorous attacks.

Results: The girdling beetle Phytoecia rufiventris caused a short-term decrease in the
number of flowers of the host plant Erigeron annuus. However, accelerated growth re-
stored the number of flowers, but after a 2-week delay. With an objective to examine
whether the tolerance response with such a delay fully compensates the fitness, we ex-
perimentally reproduced a 2-week delay in germination under greenhouse and field set-
tings. Under both conditions, intraspecific competition resulted in serious defects in the
growth and reproduction of E. annuus plants which of germination was delayed. Howev-
er, delayed germination (DG) resulted in better growth when competition and herbivory
were eliminated from the field. Thus, we showed that the tolerance response to restore
reproductive production does not fully compensate for the fitness loss caused by insect
attack; rather, the delay in seed production in attacked plants leads to DG and subsequent
inferiority in intraspecific competition.

Conclusions: Our results imply that compensation for floral production after an herbi-
vore attack does not fully restore offspring fitness in the presence of intraspecific compe-
tition and herbivory. Assessing the ecological consequences of defense traits in an appro-
priate layer of interaction is critical to interpreting adaptive values.

Keywords: competition, Darwinian fitness, Erigeron annuus, phenological shift, Phytoe-
cia rufiventris, plant-herbivore interaction, tolerance response

herbivory. Especially, damage to the apical meristem re-
leases the apical dominance and induces branching which
leads to increased production of the reproductive organ

minimize fitness loss by the attack (Erb 2018). While the
herbivore attack is blocked by resistance traits (e.g., Plant
secondary metabolites [Fraenkel 1959], protease inhibitors
[Hartl et al. 2010], and herbivore-induced plant volatiles
[Turlings and Benrey 1998]), the damage is restored by tol-
erance traits (Strauss and Agrawal 1999). Tolerance allows
plants to grow and reproduce under herbivore attack. Spe-
cifically, insect attacks induce an increase in photosynthet-
ic rate (Halitschke et al. 2011) and compensatory growth
(Mcnaughton 1983) which overcome the loss of tissue by

(Paige and Whitham 1987). Attacked plants also reallocate
resources from damaged organs to less vulnerable organs
and boost proliferation to restore damage (Schwachtje et al.
2006). The tolerance responses of plants that are often suf-
ficient to recover from damage may even overcompensate
for the performance of undamaged plants (Agrawal 2000).
Although tolerance response is generally accepted as
adaptive, the degree to which the damage is restored var-
ies. The mode of attack (Strauss and Agrawal 1999), nutri-
tional state (Mutikainen and Walls 1995), abiotic factors
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(Maschinski and Whitham 1989), and neighbors in the
same community (Maschinski and Whitham 1989) affect
the extent of damage compensation in the attacked plant.
Thus, the adaptive value of tolerance response may differ
depending on context. It is important to understand both
the cost and benefit of one trait to evaluate the fitness val-
ue of the trait. While there are several mechanisms studied
that exert costs on tolerating plants (e.g., increased herbiv-
ory [Utsumi and Ohgushi 2009]), what factors hinder tol-
erating plants from restoring fitness is less studied com-
pared to the apparent benefit of tolerance response.

The difference in fitness between damaged and undam-
aged plants is a typical measure of tolerance. While it is the
most precise way to measure fitness following the defini-
tion-contribution to the gene pool of the next generation-,
the direct measurements of fitness are often replaced by
parameters such as plant damage (Steppuhn et al. 2004),
plant growth (Lehndal and Agren 2015), and the number
of flowers (Schuman et al. 2012) and seeds (Baldwin 1998).
Notably, the extent to which tolerance restores fitness de-
pends on the fitness components used to measure the tol-
erance. For instance, male and female fitness is differen-
tially restored after herbivore attack (Agrawal et al. 1999)
while fruit and seed production display different outcomes
of tolerance (Banta et al. 2010). Moreover, reproductive tol-
erance can show a trade-off with vegetative tolerance (Wise
and Mudrak 2021). The inconsistency of multiple parame-
ters restricts our understanding of the adaptive value of
tolerance responses. Though measuring the value of toler-
ance at the offspring growth would be important to evalu-
ate the adaptive value of tolerance, growth and reproduc-
tion of offspring produced by tolerating and undamaged
plants have not been intensively investigated.

A straightforward but less-investigated feature of toler-
ance response is the time taken for the response. Delay of
phenology is common in attacked and tolerating plants
(Tiffin 2000). Phenological shifts, such as delays in germi-
nation, growth, and flowering, can be costly, as the life his-
tory strategies of plants aim for sophisticated temporal
regulation of phase transition, which is critical for main-
taining niches over generations (Preston and Fjellheim
2020). Although phenological shifts can be adaptive in the
context of avoiding herbivory (Lucas-Barbosa et al. 2013),
suboptimal regulation of the phase transition may result in
a dramatic loss of plant fitness (Scheepens and Stocklin
2013). While phase transitions are controlled by external
and internal cues in some plants (e.g., seed dormancy
break by karrikin [Flematti et al. 2004] and vernaliza-
tion-induced flowering [Chouard 1960]), other plants, in-
cluding many ruderal species, show less controlled phase
transitions (Montesinos 2022). Spontaneous phase transi-
tions in such species (e.g., Erigeron annuus and rapid-cy-
cling accessions of Arabidopsis thaliana) can cause varia-
tions in the recruitment timing in newly disturbed areas.
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This variation often plays an important role in the compe-
tition (Boeken 2018). Thus, the impact of the tolerance re-
sponse on plant fitness must encounter the effect of altered
phenology on offspring production.

Here, we tested the hypothesis that the delayed phenolo-
gy in offspring of tolerating plants is costly using a biennial
herb E. annuus L. (Asteraceae) and its stem-boring herbi-
vore Phytoecia rufiventris Gautier (Cerambycidae; Lami-
inae). As a ruderal species, E. annuus produces a lot of
seeds without dormancy with high dispersal rate. Despite
their long dispersal distance, the limited niche of their ger-
mination might result in intraspecific competition in this
species (Stratton 1992a, 1995). Phytoecia rufiventris fe-
males girdle the stem of E. annuus before endophytic ovi-
position to facilitate larval growth (Choi et al. 2024). The
upper part of the girdled plants including the shoot apical
meristem dies which is followed by emergence of the axil-
lary buds at the lower part.

We first examined whether the tolerance response of E.
annuus fully compensates for the loss of the upper part by
the girdling behavior and damage by larval attack. Then
we measured the competition-mediated cost of delayed
phenology in the offspring of tolerated plants. Finally, we
tested whether excluding competition and herbivore affect
the phenology-associated cost to collectively show that the
ecological consequence of tolerance response largely de-
pends on the offspring’s competition.

Plant growth

Erigeron annuus seeds were collected in Daejeon, South
Korea in 2019. The E. annuus plants were grown following
previously described methods (Choi et al. 2024).
Third-generation of field-collected seeds were used in this
study. The seeds were germinated on a germination media
plate (Gamborg’s B5 [Duchefa, Haarlem, Netherlands] 3.16
g/L, plant agar [Duchefa] 6 g/L, pH 6.8) and transplanted
into the high soil (Bunong, Gyeongju, Korea) 12 days later.
No additional fertilization was applied. Plants were grown
under long-day conditions (16L:8D) at 26°C. We used
8-week-old plants for the experimental girdling.

Experimental girdling and egg inoculation
Experimental girdling and egg inoculation were per-

formed as previously described with modifications (Choi
et al. 2024; Lee et al. 2016). Briefly, the vascular bundles of
E. annuus were cut into two lines using Westcott scissors,
and an egg was inoculated between the two girdles. In the
non-girdling group, egg inoculation was performed with-
out girdling. In groups with egg inoculation, larval feeding
was confirmed. The number of flowers was counted 3 weeks
after girdling.
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Field monitoring
The tolerance responses of E. annuus plants attacked by

P. rufiventris were monitored in a field in Cheongju, South
Korea (36°37°31.2"N, 127°27’11.4”E). Freshly girdled E. an-
nuus plants and adjacent non-girdled E. annuus plants
were labeled (n = 11-15) on the 15th and 17th, May 2020.
The chlorophyll content of the 10th true leaf was measured
using a SPAD meter (SPAD-502Plus; Konica Minolta, To-
kyo, Japan) during the first two weeks of observation.
SPAD values indicated the level of chlorophyll in the leaf
samples. The numbers of branches longer than 15 cm and
flowers were counted weekly until the monitored plants
were senesced. A total of 30 flowers were randomly collect-
ed for diameter measurement on 17th July 2020 (9 weeks
post-girdling).

Greenhouse competition experiment
Two E. annuus plants (early germination [EG] and de-

layed germination [DG]) that were germinated at intervals
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of 2 weeks were transplanted into pots (9 x 9 x 9 cm) 6 cm
apart at greenhouse (16L:8D, 26°C) with 150 W light (PAR;
200-300 ymol m” s™). The 2 weeks of gap was determined
according to the observed delay in flower production by
the girdling behavior (Fig. 1D). The rosette diameter, num-
ber of branches, total branch length, and number of flow-
ers were measured every week for 6 weeks. Six weeks after
transplantation, the aboveground parts of both plants were
sampled for fresh weight measurements. The sampled
plants were dried in a 60°C dryer for 7 days to measure the
dry weight.

Field competition experiment
The EG and DG E. annuus plants were germinated at

2-week intervals and transplanted individually into high
soil (Bunong) pots (9 x 9 x 9 cm). Six weeks after the ger-
mination of EG plants, both EG and DG plants were trans-
planted to the field spot (Cheongju, Korea; 36°37°31.3”N,
127°27°14.8”E) in alternating order, 7 cm apart. Each pair
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Tolerance response of Erigeron annuus under attack of
Phytoecia rufiventris. (A) Number of flowers 3 weeks post girdling,
in non-girdled (NG) (laval attack, n = 20; no attack, n = 7) and
experimentally girdled (G) (laval attack, n = 14; no attack, n = 4) E.
annuus plants (different alphabet indicates statistically significant
difference; two-way ANOVA followed by Tukey’s honest signif-
icant difference). (B) SPAD values of 10th true leaf from girdled
and non-girdled E. annuus (1 weeks post girdling, NG, n = 14; 1
weeks post girdling, G, n = 11; 2 weeks post girdling, NG, n = 14;
2 weeks post girdling, G, n = 15). (C) Numbers of branches longer
than 15 c¢m of girdled and non-girdled E. annuus measured in field
monitoring (NG, n = 14; G, n = 15). (D) Flower numbers of girdled
and non-girdled E. annuus measured in field monitoring (NG, n =
14; G, n = 15). (E) Flower diameter of girdled and non-girdled E.
annuus (NG, n = 14; G, n = 12). All boxes indicate first and third
quantiles and the line in the middle indicates the median. Error
bars on line plots indicate standard errors. Asterisk indicates sig-
nificant differences (*p < 0.05, **p < 0.01, ***p < 0.001; Student’s
t-test and two-way repeated measures ANOVA) and n.s. indicates
no significant difference.
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of EG and DG plants were planted 30 cm apart from an-
other pair (Fig. 2A). To mimic the overwintering of natural
E. annuus plants, transplanting was conducted in October
2020, and the plants were monitored until July 2021. Leaf
herbivory of rosettes was screened by visually measuring
the damaged portion of the total rosette. The rosette diam-
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eter was measured weekly from October 2020 to April
2021, when active flowering was started. The number of
flowering plants was counted weekly from January 2021
until the flowering of the EG and DG plants was saturated.
The total lengths of the branches were measured weekly
from April to June 2021. The number of flowers was mea-
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Field competition assay using 2 week-DG. (A) Experimental setup of competition assay (EG, n = 47; DG, n = 47). (B-E) Time-
course measurements on growth and reproduction-related parameters of EG and DG plants. Error bars indicate standard errors. (B)
Rosette diameter, (C) number of bolted plants, (D) total length of branches, and (E) number of flowers are measured (two-way repeated
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sured weekly from May to July 2021 when flower produc-
tion was active. Thirty flowers were randomly chosen to
measure the floral diameter. At the end of the flowering
season (July), the above-ground parts of both plants were
sampled and used for fresh and dry weight measurements.

Competition and herbivory exclusion field

experiment
The EG and DG plants were transplanted as in the field

competition experiment at Jeungpyeong-gun, South Korea
(36°44°32.63”N, 127°36’48.41”E) in October 2021, 15 cm
apart to exclude competition. The transplantation site (4 x
4 m®) was covered with a mesh (warp: 0.6 mm, weft: 0.2
mm; KwangSin Fabrics, Daegu, Korea) to exclude abo-
veground herbivory. The rosette diameter was measured
every week from March to April 2022. The number of
branches and the total branch length were measured every
week from April to June 2022. The number of flowers was
counted every week from May to June 2022.

Statistical analyses
The unpaired Student’s t-test was used to compare con-

tinuous variables between the two groups. Two-way repeat-
ed measure ANOVA was used for analysis with time-
course data then followed by Tukey’s honest significant
difference test as a post hoc analysis. All statistical tests
were conducted using R (version 4.2.1; http://www.r-proj-
ect.org/).

Tolerance response of E. annuus against the

attack of girdling beetle P, rufiventris
We characterized the life history of E. annuus with and

without the attack of P. rufiventris (Fig. 3). Overwintered E.
annuus began to bolt in April and produced flowers in

- et o~ W

Non-girdled
Dec
- &F J"
Phytoecia rufiventris
Girdled

Life history of Erigeron annuus and effect of Phytoecia ru-
fiventris. Erigeron annuus flowers once a year and overwinters as
rosette. Girdling of P. rufiventris delays seed production by killing
the shoot apical meristem.
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May. The seeds germinated and overwintered at the rosette
stage. Phytoecia rufiventris laid an egg inside the stem of E.
annuus after girdling the stem from April to May. Girdling
behavior killed the upper part, stimulating axillary bud
emergence. Seed production in girdled E. annuus was
therefore delayed compared with that in non-girdled E.
annuus plants.

To assess the fitness loss caused by girdling beetles, we
measured the number of flowers in experimentally girdled
and non-girdled E. annuus plants with and without larval
attack. Three weeks after girdling and egg inoculation, gir-
dled E. annuus produced significantly fewer flowers than
the non-girdled E. annuus (Fig. 1A). Flower production
was not affected by larval feeding inside the stems.

We then measured the long-term effects of girdling on E.
annuus growth and reproduction of naturally girdled E.
annuus in the field. Two weeks after girdling, girdled E.
annuus plants had higher chlorophyll content than
non-girdled plants (Fig. 1B). Subsequently, the axillary bud
emergence was boosted in girdled E. annuus, and the num-
ber of branches exceeded that in non-girdled E. annuus 4
weeks after girdling (Fig. 1C and Table S1). The extra
branches of girdled E. annuus persisted throughout the
flowering season of E. annuus. The higher number of axil-
lary branches in girdled E. annuus led to flower production
restoration. Initially, girdled E. annuus plants produced
significantly fewer flowers than non-girdled plants. How-
ever, the difference diminished over time and lost signifi-
cance seven weeks after girdling (Fig. 1D and Table S1).
Consequently, the difference in the number of flowers in
girdled and non-girdled E. annuus was not significant by
12 weeks after girdling when the flowering season of E.
annuus was complete. We further compared flower sizes to
assess the quality of each flower. The flower size of girdled
and non-girdled E. annuus did not differ significantly (Fig.
1E). Thus, we concluded that the loss of shoot apical meri-
stems in girdled E. annuus restores reproductive produc-
tion by boosting growth at the end of the life cycle.

Delayed germination cause fitness costs in

offspring under intraspecific competition
While the number of flowers produced by girdled and

non-girdled E. annuus was similar at the end of their life-
time, flower development in girdled E. annuus was approx-
imately 2 weeks slower than that in non-girdled E. annuus
in the field (Fig. 1D). As most E. annuus seeds do not un-
dergo dormancy, delays in the initial floral production are
likely to cause delays in early-period offspring germination
in newly disturbed areas. Therefore, we sought to deter-
mine the consequences of DG in the context of intraspecif-
ic competition using a greenhouse competition experi-
ment. One E. annuus plant germinated (EG) in a pot, and
another E. annuus plant germinated (DG) at an adjacent
site in the same pot 2 weeks later (Fig. 4A). Competition
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between the EG and DG plants was strong enough to in-
hibit the normal growth of DG compared to that in EG
plants. The rosette sizes of the EG plants were larger than
those of the DG plants (Fig. 4B and Table S2), indicating a
higher growth potential in many biennial plants, including
E. annuus. Indeed, the DG plants produced no axillary
branches, whereas the EG plants produced approximately
five branches throughout the observation period (Fig. 4C,
D, and Table S2). Importantly, the supremacy of growth in
EG plants led to a larger number of flowers than that in
DG plants, denoting the fitness cost of DG (Fig. 4E and
Table S2). Poor growth of DG plants compared to that of
EG plants was also observed in total biomass measure-
ments (Fig. 4F).

Several variables, such as winter dormancy, changing
day length, and biotic stresses, were not reflected in the
greenhouse experiment. To account for naturally occurring
conditions, we further conducted a field competition ex-
periment. Erigeron annuus plants in the vegetative phase
were transplanted to the field with a gap of 2 weeks in ger-
mination (EG and DG) at a close distance in which the
canopies of EG and DG plants overlapped (Fig. 2A). We
monitored the plants to track their growth and flower pro-
duction during intraspecific competition. While the over-
winter survival of two groups was not significantly differ-
ent (EG: 93.6%, DG: 97.8%, n = 47), the initial gap in
rosette size between the EG and DG plants persisted
throughout winter and subsequently extended to the spring
season (Fig. 2B and Table $3). This gap implies a difference
in the resources used for growth, which was represented by
the number of successfully flowered plants in the subse-
quent spring season (Fig. 2C). The DG plants bolted less
than the EG plants and produced fewer branches than the
EG plants (Fig. 2D and Table S3). These defects in growth
in DG plants resulted in a significantly lower number of
flowers (Fig. 2E and Table S3) than in EG plants at the end
of the flowering season of E. annuus. The number of flow-
ers produced by DG plants was not only smaller than the
flower number of EG plants at the corresponding time
points but also smaller than that at 2 weeks before (the cor-
responding stage). As shown in similar flower size of DG
and EG plants, the quality of flower is assumed to be simi-
lar in two groups (Fig. 2F). The total biomass of the DG
plants was also lower than that of the EG plants (Fig. 2G).
Interestingly, DG plants were more susceptible to herbivore
attacks than EG plants before overwintering (Fig. 2H), im-
plying an additional cost of DG under natural conditions.
Collectively, intraspecific competition caused serious cost
in DG plants in natural environments as well as in the
controlled greenhouse experiment.

The fitness cost involved in germination delay

depends on biotic interactions
We lastly tested whether the significant fitness cost of
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DG persisted without intraspecific competition or herbivo-
ry. To avoid competition, E. annuus plants were transplant-
ed to the field with 2 weeks of the gap in germination (EG
and DG) but without overlap in their canopies. The field
plot was covered with a mesh to exclude natural herbivores
(Fig. 5A). Thereafter, we measured the growth and repro-
duction of EG and DG plants over consecutive year. Inter-
estingly, EG and DG plants did not produce significantly
different rosette sizes after overwintering without competi-
tion (Fig. 5B and Table S4). Moreover, DG plants produced
more axillary branches than EG plants (Fig. 5C, D, and Ta-
ble S4). As in the aforementioned experiments, more axil-
lary branches in the DG plants resulted in greater flower
production than in EG plants (Fig. 5E and Table S4). Col-
lectively, DG plants outperformed EG plants in environ-
ments without competition or herbivory.

Discussion

In comparison to the broad evidence supporting the
benefits of tolerance responses of plants under attack, what
factors hinder fitness compensation by tolerance response
are unclear. Measuring fitness using appropriate parame-
ters is crucial for assessing the adaptive value of a trait in
an ecologically relevant manner (Erb 2018). Traits or phe-
nomena can affect plant fitness at various stages of the
plant life cycle (Boege and Marquis 2005; Swope and Park-
er 2010). Although plant growth sufficiently represents fit-
ness in some cases, the production and/or germination of
seeds is considered proxies closer to actual fitness. In this
study, we showed that restoring the number of flowers did
not fully compensate for the fitness loss caused by girdling
beetle attacks, under intraspecific competition in offspring
generation.

Plants under herbivore attack actively increase their pho-
tosynthetic performance to compensate for damage (Hal-
itschke et al. 2011; Retuerto et al. 2004). Erigeron annuus
also showed increased chlorophyll content, which could
represent enhanced photosynthetic performance after gir-
dling by P. rufiventris. Moreover, insect attacks enhance
branching, which results in increased reproductive organ
production (Paige and Whitham 1987). Although girdling
behavior caused a serious loss in flower number due to the
loss of shoot apical meristem in the short term, increased
axillary branch emergence in girdled E. annuus restored
the number of flowers within 7 weeks of girdling. At the
end of the flowering season, girdled E. annuus produced
not significantly different numbers or sizes of flowers com-
pared to those in non-girdled E. annuus.

Our attention was drawn to the 2 weeks of delay in flow-
er production in girdled E. annuus plants. Plant-insect in-
teractions often result in phenological shifts in plants, and
the scale of the shift varies from hours (Kessler et al. 2010)
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Fig. 5 Field non-competition growth assay with 2 weeks-delayed

germination. Time-course measurements on growth and reproduc-
tion-related parameters of EG and DG plants are conducted. Error
bars on line plots indicate standard errors. (A) Field site under
herbivory exclusion and non-competition, (B) Rosette diameter, (C)
number of axillary branches, (D) total length of branches, and (E)
number of flowers were measured. Asterisk indicates significant dif-
ferences (*p < 0.05, **p < 0.01, ***p < 0.001; Student’s t-test and
two-way repeated measures ANOVA) and n.s. indicates no signifi-
cant difference. EG: early germination; DG, delayed germination.
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to months (Sercu et al. 2020) in the context of defense. The
phenological shift is trans-generationally transmitted to
make a ‘mismatch’ with herbivory (Kessler et al. 2010; Lu-
cas-Barbosa et al. 2013; Sercu et al. 2020). However, the de-
lay in flower production in girdled E. annuus, which is
likely to persist through seed germination due to lack of
seed dormancy, caused a fitness cost in the intraspecific
competition of offspring rather than benefits from the mis-
match. The DG plants, which were referred to be produced
by girdled E. annuus plants, showed smaller biomass and
produced fewer flowers than did the EG plants, which were
referred to be produced by non-girdled E. annuus plants.

The consequences of competition between DG and EG
plants were similar in the greenhouse and field experi-
ments. Our field competition experiment was designed to
test whether the competition-associated cost of delay in
germination is also exhibited in the field, which has differ-
ent conditions from those of greenhouse experiments
(Forero et al. 2019; Heinze et al. 2020). For instance, ro-
settes tolerate cold stress during winter and transition into
a reproductive form in consecutive springs using accumu-
lated resources (Friedman 2020; Ramachandran et al.
2023). Moreover, herbivore damage was more severe in DG
plants than in EG plants during the rosette stage. As plant
ontogeny significantly affects the degree of defense and the
early stages are particularly vulnerable to herbivory (Fen-
ner et al. 1999), it can be suspected that the growth defect
by the intraspecific competition caused weaker defense in
DG plants.

Notably, the growth and reproductive trends of the EG
and DG plants were opposite in the two different field ex-
periments performed with and without biotic interactions.
Excluding intraspecific competition and herbivory led to
more flowers than EG plants in the following year. The ob-
served data may have resulted from artifacts originated
from discrepancies between plant developmental stages
and environmental conditions. The mismatch between re-
source demand determined by plant ontogeny and resource
availability in the environment could cause fitness costs
(Nakazawa and Doi 2012). Therefore, the ontogeny of
plants significantly affects the recruitment of plants at the
community level (Ramachandran et al. 2023). Moreover,
our data might also show an aspect of temporal variation
in the fitness effect of germination timing. The effect of
germination timing on the lifetime fitness of plants varies
over years in the field experiments (Postma and Agren
2018). As our competition assay and non-competition assay
were conducted in different year, the direct comparison
between two could be misinterpreted.

Ruderal species, including E. annuus, adopt an opportu-
nistic strategy of occupying an empty niche caused by dis-
turbance (Montesinos 2022). Disturbances occur in various
ways in ecosystems, and their timing is unpredictable.
Therefore, the long seed dispersal period of pioneer species
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might be adapted to increase the chance of invading dis-
turbed populations (Walker 2011). The lack of seed dor-
mancy in E. annuus (Hayashi and Numata 1967) indicates
that there is a long seed germination period following the
long seed dispersal period for a growing season. Because
dispersed seeds of E. annuus inhabit under various levels
of competition, the girdling-induced delay in flower pro-
duction might increase cost of losing access to the dis-
turbed population and falling short of preparing (Benning-
ton and Stratton 1998; Hayashi 1984; Hayashi and Numata
1967). Plant-herbivore interaction exerts selection on both
organisms and the effects are transmitted over a long peri-
od (Agrawal and Maron 2022). Although our study was
conducted under the assumption that tolerance-associated
delay in flower production affects intraspecific competition
and herbivory in the subsequent generation, evolutionary
changes in plants and herbivore rooting for such phenome-
na needs to be studied in the future. Moreover, interspecif-
ic competition which was not considered in the current
study but might strongly affect the fitness of tolerating
plants, deserves further investigation.

Our data emphasize that the restoration of floral produc-
tion in plants under herbivory does not fully compensate
for fitness in the context of tolerance responses. However,
the current results do not reflect all aspects of plant fitness.
Although girdled E. annuus plants started to produce
flowers 2 weeks later than non-girdled plants, flower and
seed production continued longer than the period (Stratton
1992b). Many ruderal plants tend to colonize newly dis-
turbed areas (Montesinos 2022). A broad flowering period
is also another characteristic of E. annuus (Stratton 1992b).
Due to this, the negative effect of delayed flowering due to
girdling may not affect the entire life cycle, but may only
affect newly disturbed areas that occur early in flowering.
The seeds produced in the later period of the reproductive
phase of E. annuus could overcome the fitness cost that
suffered seeds produced by girdled plants. As recruitment
time influences plant fitness (Boeken 2018), additional re-
search is necessary to consider the establishment time in
natural habitats and flowering time delay caused by her-
bivory. For instance, seeds produced in the early period
would strongly benefit from the gap of germination while
seeds from the later period would benefit only in marginal
degree.

In this study, we describe an overlooked fitness cost that
occurs during tolerance responses to insect attacks. Al-
though the tolerance response enabled attacked plants to
restore the number of flowers, the restoration caused 2
weeks of delay in the germination of offspring. DG was
found to cause critical defects in offspring under intraspe-
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cific competition. In other words, the fitness loss of being
attacked by girdling behavior is inflicted on the offspring
produced by girdled plants, even with a tolerance response.
We conclude that reproductive tolerance which is consid-
ered to result in similar fitness between damaged and un-
damaged plants, actually may not fully compensate for the
fitness depending on competition and herbivory. Further-
more, we suggest future research on plant defense, espe-
cially those involving phenological shifts, to take into ac-
count the effect of the shift in offspring to more accurately
measure the adaptive value of plant defense traits.

Supplementary information accompanies this paper at
https://doi.org/10.5141/jee.24.048.

Table S1. Two-way repeated measures ANOVA results
from observations on girdled and non-girdled plants. Ta-
ble S2. Two-way repeated measures ANOVA results from
observations on lab competition assay. Table S3. Two-way
repeated measures ANOVA results from observations on
tield competition assay. Table S4. Two-way repeated mea-
sures ANOVA results from observations on field non-com-
petition assay.

Abbreviations
EG: Early germination
DG: Delayed germination

Acknowledgements

We deeply appreciate Gwanhyeong Yu, Hanyoung Choi, Ji-Yong
Kim, Jong-Hoon Noh, Seokbin Kim, and Dr. Bo Eun Nam for their
help with establishing the field site.

Authors’ contributions

JMK, MSC, and Y] designed the study. JMK, MSC, JL, and YJ per-
formed the experiments. JMK and MSC analyzed the data. JMK,
MSC, and Y] wrote the manuscript.

Funding
This work was supported by the research grant of the Chungbuk Na-
tional University in 2020 and the New Faculty Startup Fund from

Seoul National University.

Availability of data and materials
The raw data deposited at Dryad (https://datadryad.org/stash/share/
cJ5W5Z5CWS54AbXw]gexTqX4Dt0pD7CQaBdSvpVDC]s).

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Page 9 of 11

Competing interests
The authors declare that they have no competing interests.

Agrawal AA. Overcompensation of plants in response to herbivory and
the by-product benefits of mutualism. Trends Plant Sci. 2000;5(7):
309-13. https://doi.org/10.1016/s1360-1385(00)01679-4.

Agrawal AA, Maron JL. Long-term impacts of insect herbivores on plant
populations and communities. J Ecol. 2022;110(12):2800-11. https://
doi.org/10.1111/1365-2745.13996.

Agrawal AA, Strauss SY, Stout MJ. Costs Of induced responses and tol-
erance to herbivory in male and female fitness components of wild
radish. Evolution. 1999;53(4):1093-104. https://doi.org/10.1111/j.
1558-5646.1999.tb04524 x.

Baldwin IT. Jasmonate-induced responses are costly but benefit plants
under attack in native populations. Proc Natl Acad Sci USA. 1998;
95(14):8113-8. https://doi.org/10.1073/pnas.95.14.8113.

Banta JA, Stevens MHH, Pigliucci M. A comprehensive test of the ‘limit-
ing resources’ framework applied to plant tolerance to apical meri-
stem damage. Oikos. 2010;119(2):359-69. https://doi.org/10.1111/
j.1600-0706.2009.17726.x.

Bennington CC, Stratton DA. Field tests of density- and frequency-de-
pendent selection in Erigeron annuus (Compositae). Am J Bot.
1998;85(4):540-5. https://doi.org/10.2307/2446438.

Boege K, Marquis RJ. Facing herbivory as you grow up: the ontogeny of
resistance in plants. Trends Ecol Evol. 2005;20(8):441-8. https://doi.
org/10.1016/j.tree.2005.05.001.

Boeken BR. Competition for microsites during recruitment in semiarid
annual plant communities. Ecology. 2018;99(12):2801-14. https://
doi.org/10.1002/ecy.2484.

Choi MS, Lee J, Kim JM, Kim SG, Joo Y. Girdling behavior of the long-
horn beetle modulates the host plant to enhance larval performance.
BMC Ecol Evol. 2024;24(1):49. https://doi.org/10.1186/s12862-024-
02228-z.

Chouard P. Vernalization and its relations to dormancy. Annu Rev Plant
Biol. 1960;11:191-238. https://doi.org/10.1146/annurev.pp.11.
060160.001203.

Erb M. Plant Defenses against herbivory: closing the fitness gap. Trends
Plant Sci. 2018;23(3):187-94. https://doi.org/10.1016/j.tplants.2017.
11.005.

Fenner M, Hanley ME, Lawrence R. Comparison of seedling and adult
palatability in annual and perennial plants. Funct Ecol. 1999;13(4):
546-51. https://doi.org/10.1046/j.1365-2435.1999.00346.x.

Flematti GR, Ghisalberti EL, Dixon KW, Trengove RD. A compound
from smoke that promotes seed germination. Science. 2004;
305(5686):977. https://doi.org/10.1126/science.1099944.

Forero LE, Grenzer J, Heinze J, Schittko C, Kulmatiski A. Greenhouse-
and field-measured plant-soil feedbacks are not correlated. Front En-
viron Sci. 2019;7:184. https://doi.org/10.3389/fenvs.2019.00184.

Fraenkel GS. The raison d'étre of secondary plant substances: these odd
chemicals arose as a means of protecting plants from insects and now
guide insects to food. Science. 1959;129(3361):1466-70. https://doi.


https://doi.org/10.5141/jee.24.048
https://datadryad.org/stash/share/cJ5W5Z5CWS54AbXwJgexTqX4Dt0pD7CQaBdSvpVDCJs
https://datadryad.org/stash/share/cJ5W5Z5CWS54AbXwJgexTqX4Dt0pD7CQaBdSvpVDCJs
https://doi.org/10.1016/s1360-1385(00)01679-4
https://doi.org/10.1111/1365-2745.13996
https://doi.org/10.1111/1365-2745.13996
https://doi.org/10.1111/j.1558-5646.1999.tb04524.x
https://doi.org/10.1111/j.1558-5646.1999.tb04524.x
https://doi.org/10.1073/pnas.95.14.8113
https://doi.org/10.1111/j.1600-0706.2009.17726.x
https://doi.org/10.1111/j.1600-0706.2009.17726.x
https://doi.org/10.2307/2446438
https://doi.org/10.1016/j.tree.2005.05.001
https://doi.org/10.1016/j.tree.2005.05.001
https://doi.org/10.1002/ecy.2484
https://doi.org/10.1002/ecy.2484
https://doi.org/10.1186/s12862-024-02228-z
https://doi.org/10.1186/s12862-024-02228-z
https://doi.org/10.1146/annurev.pp.11.060160.001203
https://doi.org/10.1146/annurev.pp.11.060160.001203
https://doi.org/10.1016/j.tplants.2017.11.005
https://doi.org/10.1016/j.tplants.2017.11.005
https://doi.org/10.1046/j.1365-2435.1999.00346.x
https://doi.org/10.1126/science.1099944
https://doi.org/10.3389/fenvs.2019.00184
https://doi.org/10.1126/science.129.3361.1466

Kim et al, Journal of Ecology and Environment (2024)48:31

org/10.1126/science.129.3361.1466.

Friedman J. The evolution of annual and perennial plant life histories:
ecological correlates and genetic mechanisms. Annu Rev Ecol Evol
Syst. 2020;51:467-81. https://doi.org/10.1146/annurev-ecolsys-
110218-024638.

Halitschke R, Hamilton JG, Kessler A. Herbivore-specific elicitation of
photosynthesis by mirid bug salivary secretions in the wild tobacco
Nicotiana attenuata. New Phytol. 2011;191(2):528-35. https://doi.
org/10.1111/1.1469-8137.2011.03701 .x.

Hartl M, Giri AP, Kaur H, Baldwin IT. Serine protease inhibitors specifi-
cally defend Solanum nigrum against generalist herbivores but do
not influence plant growth and development. Plant Cell. 2010;
22(12):4158-75. https://doi.org/10.1105/tpc.109.073395.

Hayashi I. Secondary succession of herbaceous communities in Japan:
seed production of successional dominants. Japanese J Ecol. 1984;
34(4):375-82. https://doi.org/10.18960/seitai.34.4_375.

Hayashi I, Numata M. Ecology of pioneer species of early stages of sec-
ondary succession I. Shokubutsugaku Zasshi. 1967;80(943):11-22.
https://doi.org/ 10.15281/jplantres1887.80.11.

Heinze J, Wacker A, Kulmatiski A. Plant-soil feedback effects altered by
aboveground herbivory explain plant species abundance in the land-
scape. Ecology. 2020;101(6):¢03023. https://doi.org/10.1002/ecy.3023.

Kessler D, Diezel C, Baldwin IT. Changing pollinators as a means of es-
caping herbivores. Curr Biol. 2010;20(3):237-42. https://doi.org/10.
1016/j.cub.2009.11.071.

Lee G, Joo Y, Diezel C, Lee EJ, Baldwin IT, Kim SG. Trichobaris wee-
vils distinguish amongst toxic host plants by sensing volatiles that do
not affect larval performance. Mol Ecol. 2016;25(14):3509-19.
https://doi.org/10.1111/mec.13686.

Lehndal L, Agren J. Herbivory differentially affects plant fitness in three
populations of the perennial herb Lythrum salicaria along a latitudi-
nal gradient. PLoS One. 2015;10(9):¢0135939. https://doi.org/10.
1371/journal.pone.0135939.

Lucas-Barbosa D, van Loon JJA, Gols R, van Beek TA, Dicke M. Repro-
ductive escape: annual plant responds to butterfly eggs by accelerat-
ing seed production. Funct Ecol. 2013;27(1):245-54. https://doi.
org/10.1111/1365-2435.12004.

Maschinski J, Whitham TG. The continuum of plant responses to herbiv-
ory: the influence of plant association, nutrient availability, and tim-
ing. Am Nat. 1989;134(1):1-19. https://doi.org/10.1086/284962.

McNaughton SJ. Compensatory plant growth as a response to herbivory.
Oikos. 1983;40(3):329-36. https://doi.org/10.2307/3544305.

Montesinos D. Fast invasives fastly become faster: invasive plants align
largely with the fast side of the plant economics spectrum. J Ecol.
2022;110(5):1010-4. https://doi.org/10.1111/1365-2745.13616.

Mutikainen P, Walls M. Growth, reproduction and defence in nettles: re-
sponses to herbivory modified by competition and fertilization.
Ocecologia. 1995;104(4):487-95. https://doi.org/10.1007/BF00341346.

Nakazawa T, Doi H. A perspective on match/mismatch of phenology in
community contexts. Oikos. 2012;121(4):489-95. https://doi.org/10.
1111/5.1600-0706.2011.20171 x.

Paige KN, Whitham TG. Overcompensation in response to mammalian
herbivory: the advantage of being eaten. Am Nat. 1987;129(3):407-
16. https://doi.org/10.1086/284645.

Page 10 of 11

Postma FM, Agren J. Among-year variation in selection during early life
stages and the genetic basis of fitness in Arabidopsis thaliana. Mol
Ecol. 2018;27(11):2498-511. https://doi.org/10.1111/mec.14697.

Preston JC, Fjellheim S. Understanding past, and predicting future, niche
transitions based on grass flowering time variation. Plant Physiol.
2020;183(3):822-39. https://doi.org/10.1104/pp.20.00100.

Ramachandran A, Huxley JD, McFaul S, Schauer L, Diez J, Boone R, et
al. Integrating ontogeny and ontogenetic dependency into communi-
ty assembly. J Ecol. 2023;111(7):1561-74. https://doi.org/10.1111/
1365-2745.14132.

Retuerto R, Fernandez-Lema B, Rodriguez-Roiloa, Obeso JR. Increased
photosynthetic performance in holly trees infested by scale insects.
Funct Ecol. 2004;18(5):664-9. https://doi.org/10.1111/.0269-8463.
2004.00889.x.

Scheepens JF, Stocklin J. Flowering phenology and reproductive fitness
along a mountain slope: maladaptive responses to transplantation to
a warmer climate in Campanula thyrsoides. Oecologia. 2013;171(3):
679-91. https://doi.org/10.1007/s00442-012-2582-7.

Schuman MC, Barthel K, Baldwin IT. Herbivory-induced volatiles func-
tion as defenses increasing fitness of the native plant Nicotiana atten-
uata in nature. Elife. 2012;1:¢00007. https://doi.org/10.7554/eLife.
00007.

Schwachtje J, Minchin PE, Jahnke S, van Dongen JT, Schittko U, Bald-
win IT. SNF1-related kinases allow plants to tolerate herbivory by
allocating carbon to roots. Proc Natl Acad Sci U S A. 2006;103(34):
12935-40. https://doi.org/10.1073/pnas.0602316103.

Sercu BK, Moeneclaey I, Bonte D, Baeten L. Induced phenological
avoidance: a neglected defense mechanism against seed predation in
plants. J Ecol. 2020;108(3):1115-24. https://doi.org/10.1111/1365-
2745.13325.

Steppuhn A, Gase K, Krock B, Halitschke R, Baldwin IT. Nicotine's de-
fensive function in nature. PLoS Biol. 2004;2(8):E217. https://doi.
org/10.1371/journal.pbio.0020217.

Stratton DA. Life-cycle components of selection in Erigeron annuus: II.
Genetic variation. Evolution. 1992a;46(1):107-20. https://doi.org/10.
1111/5.1558-5646.1992.tb01988.x.

Stratton DA. Life-cycle components of selection in Erigeron annuus: 1.
Phenotypic selection. Evolution. 1992b;46(1):92-106. https://doi.org/
10.1111/5.1558-5646.1992.tb01987 x.

Stratton DA. Spatial scale of variation in fitness of Erigeron annuus. Am
Nat. 1995;146(4):608-24. https://doi.org/10.1086/285817.

Strauss SY, Agrawal AA. The ecology and evolution of plant tolerance to
herbivory. Trends Ecol Evol. 1999;14(5):179-85. https://doi.org/10.
1016/50169-5347(98)01576-6.

Swope SM, Parker IM. Trait-mediated interactions and lifetime fitness of
the invasive plant Centaurea solstitialis. Ecology. 2010;91(8):2284-
93. https://doi.org/10.1890/09-0855.1.

Tiffin P. Mechanisms of tolerance to herbivore damage: what do we
know? Evol Ecol. 2000;14(4-6):523-36. https://doi.org/10.1023/
A:1010881317261.

Turlings TCJ, Benrey B. Effects of plant metabolites on the behavior and
development of parasitic wasps. Ecoscience. 1998;5(3):321-33.
https://doi.org/10.1080/11956860.1998.11682472.

Utsumi S, Ohgushi T. Community-wide impacts of herbivore-induced


https://doi.org/10.1126/science.129.3361.1466
https://doi.org/10.1146/annurev-ecolsys-110218-024638
https://doi.org/10.1146/annurev-ecolsys-110218-024638
https://doi.org/10.1111/j.1469-8137.2011.03701.x
https://doi.org/10.1111/j.1469-8137.2011.03701.x
https://doi.org/10.1105/tpc.109.073395
https://doi.org/10.18960/seitai.34.4_375
https://doi.org/10.18960/seitai.19.2_83_3
https://doi.org/10.1002/ecy.3023
https://doi.org/10.1016/j.cub.2009.11.071
https://doi.org/10.1016/j.cub.2009.11.071
https://doi.org/10.1111/mec.13686
https://doi.org/10.1371/journal.pone.0135939
https://doi.org/10.1371/journal.pone.0135939
https://doi.org/10.1111/1365-2435.12004
https://doi.org/10.1111/1365-2435.12004
https://doi.org/10.1086/284962
https://doi.org/10.2307/3544305
https://doi.org/10.1111/1365-2745.13616
https://doi.org/10.1007/BF00341346
https://doi.org/10.1111/j.1600-0706.2011.20171.x
https://doi.org/10.1111/j.1600-0706.2011.20171.x
https://doi.org/10.1086/284645
https://doi.org/10.1111/mec.14697
https://doi.org/10.1104/pp.20.00100
https://doi.org/10.1111/1365-2745.14132
https://doi.org/10.1111/1365-2745.14132
https://doi.org/10.1111/j.0269-8463.2004.00889.x
https://doi.org/10.1111/j.0269-8463.2004.00889.x
https://doi.org/10.1007/s00442-012-2582-7
https://doi.org/10.7554/eLife.00007
https://doi.org/10.7554/eLife.00007
https://doi.org/10.1073/pnas.0602316103
https://doi.org/10.1111/1365-2745.13325
https://doi.org/10.1111/1365-2745.13325
https://doi.org/10.1371/journal.pbio.0020217
https://doi.org/10.1371/journal.pbio.0020217
https://doi.org/10.1111/j.1558-5646.1992.tb01988.x
https://doi.org/10.1111/j.1558-5646.1992.tb01988.x
https://doi.org/10.1111/j.1558-5646.1992.tb01987.x
https://doi.org/10.1111/j.1558-5646.1992.tb01987.x
https://doi.org/10.1086/285817
https://doi.org/10.1016/s0169-5347(98)01576-6
https://doi.org/10.1016/s0169-5347(98)01576-6
https://doi.org/10.1890/09-0855.1
https://doi.org/10.1023/A:1010881317261
https://doi.org/10.1023/A:1010881317261
https://doi.org/10.1080/11956860.1998.11682472

Kim et al, Journal of Ecology and Environment (2024)48:31

Page 11 0f 1n

plant regrowth on arthropods in a multi-willow species system. Oi-
kos. 2009;118(12):1805-15. https://doi.org/10.1111/j.1600-0706.
2009.17580.x.

Walker LR. Temporal dynamics. In: Oxford Academic, editor. The biolo-
gy of disturbed habitats. New York: Oxford University Press; 2011.

Wise MJ, Mudrak EL. An experimental investigation of costs of tolerance
against leaf and floral herbivory in the herbaceous weed horsenettle
(Solanum carolinense, Solanaceae). Plant Ecol Evol. 2021;154(2):
161-72. https://doi.org/10.5091/plecevo.2021.1805.


https://doi.org/10.1111/j.1600-0706.2009.17580.x
https://doi.org/10.1111/j.1600-0706.2009.17580.x
https://doi.org/10.1093/acprof:oso/9780199575299.003.0008
https://doi.org/10.1093/acprof:oso/9780199575299.003.0008
https://doi.org/10.5091/plecevo.2021.1805

