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Community-wide impacts of early season herbivory on
flower visitors on tall goldenrod
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Abstract. 1. The flower visitor community consists not only of pollinators but also
of non-pollinators, such as florivores, thieves and predators that attack flower visitors.
Although there is increasing evidence that early-season foliar herbivory influences
pollinator visitation through changes in floral traits, few studies have explored indirect
effects of foliar herbivory on community structure of the flower visitors. We examined
how early-season foliar herbivory influences the flower visitor community established
in late season.

2. We conducted an inoculation experiment using a lacebug (Corythucha marmorata),
which is a predominantly herbivorous insect attacking leaves of tall goldenrod (Solidago
altissima) in Japan.

3. Flower abundance significantly decreased when damaged by the lacebug. The
numbers of pollinators, florivores and thieves were positively correlated with flower
abundance, whereas predators were not. In response to flower abundance, florivores
decreased on damaged plants. On the other hand, thieves increased on damaged plants,
and pollinators and predators did not differ between damaged and undamaged plants.

4. When effects of flower abundance were excluded, foliar herbivory still influenced
florivores negatively and thieves positively. This implies that factors besides flower
abundance may have affected the numbers of florivores and thieves.

5. Community composition of flower visitors on damaged plants significantly differed
from undamaged plants, although overall abundance, taxonomic richness and taxonomic
evenness were unaffected by foliar herbivory in the early season. It is important to
recognise that only evaluating species diversity and overall abundance may fail to detect
the significant consequence of early-season herbivory on the flower visitor community.

Key words. Community-wide effect, flower visitor, functional group, herbivory,
non-pollinator.

Introduction

Ecological communities are composed of many species with
different functions. Flowers are among the important resource
bases for shaping communities of arthropods with a wide range
of functions, such as pollinators, florivores, thieves and preda-
tors that attack flower visitors. The functions of these flower

Correspondence: Mito Ikemoto, Center for Ecological Research,
Kyoto University, 509-3-2, Hirano, Otsu, Shiga 520-2113, Japan.
E-mail: m.ikemoto@ecology.kyoto-u.ac.jp

*Current address: Faculty of Science, Nara Women’s University, Nara
630-8506, Japan.

164

visitors on plant reproduction vary from positive via pollina-
tion to negative via florivory/predation (Strauss & Irwin, 2004).
Pollinators increase plant reproductive success by transferring
pollen, while florivores and floral larcenist, including thieves and
robbers, reduce plant reproductive success by directly consum-
ing viable gametes (e.g. stamen and pistil) and indirectly lower-
ing attractiveness to pollinators (e.g. display and reward; Irwin
etal., 2001; McCall & Irwin, 2006). In addition, predators on
flowers often decrease plant fitness through interfering with pol-
linator visitations (Mufioz & Arroyo, 2004; Goncalves-Souza
etal., 2008). Although most of the studies exploring flower
visitor community focus on pollinators alone, non-pollinators
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are very common on flowers (Castro et al., 2013; Zhang et al.,
2014).

Recent studies have shown that early-season herbivory on
vegetative tissues affects temporally separated pollinator visi-
tations later in the season (Bronstein et al., 2007 for a review).
Foliar herbivory in the early part of the season can decrease
flower number (Karban & Strauss, 1993; Lehtild & Strauss,
1997), flower size (Strauss et al., 1996; Mothershead & Marquis,
2000) and pollen production (Quesada et al., 1995; Strauss et al.,
1996). Furthermore, herbivory can change chemical compounds
of flowers, such as volatile organic compounds (Kessler et al.,
2011), and alkaloids in nectar (Adler et al., 2006). These stud-
ies demonstrated that herbivore-induced changes in floral traits
decrease pollinator visits due to decreased attraction to pollina-
tors. However, few studies have explored such indirect effects
of foliar herbivory on a whole flower visitor community, includ-
ing pollinators and non-pollinators (i.e. florivores, thieves and
predators) (but see Smith ez al., 2015). It is well known that flo-
ral traits influence visitations of pollinators and non-pollinators
similarly (e.g. Adler & Bronstein, 2004; Irwin etal., 2004;
Strauss & Whittall, 2006) or differently (Junker & Bliithgen,
2008). As leaf herbivory can change a wide variety of floral
traits, as mentioned earlier, the early-season leaf herbivory may
have a significant impact on abundance and/or species diversity
of pollinators and non-pollinators, thereby altering community
structure of flower visitors through changes in floral traits.

In this study, we examined whether early-season foliar
herbivory by the lacebug, Corythucha marmorata Uhler
(Hemiptera: Tingidae), can influence flower visitor communi-
ties on tall goldenrod, Solidago altissima Linnaeus (Asteraceae).
In particular, we focused on the indirect effects via flower abun-
dance, because changes in flower abundance are well known
to change the number of flower visitors on Solidago plants
(Genung et al., 2010; Ikemoto et al., 2011; Smith et al., 2015).
Specifically, we addressed the following two questions: (i)
does foliar herbivory indirectly influence the arthropod visits
via changes in flower abundance; (ii) do the effects of foliar
herbivory vary among functional groups of flower visitors (i.e.
pollinators, florivores, thieves and predators), and thus change
the flower visitor community structure?

Materials and methods

Tall goldenrod, Solidago altissima L., is a perennial herb and
was introduced to Japan from North America around 1900,
and thereafter spread throughout Japan (Fukuda, 1982). The
growing season in Japan is from March until October, with
plants flowering from October until November, and setting seed
from November to December. It is self-incompatible, with a
highly diverse suite of insect pollinators, including species such
as Hymenoptera, Diptera and Coleoptera (Werner et al., 1980;
Gross & Werner, 1983). A panicle inflorescence is formed by
capitula consisting of pistillate florets for female and complete
florets for bisexuals (Fig. 1). Only bisexuals provide nectar and
pollen.

The lacebug, Corythucha marmorata (Hemiptera: Tingidae),
is one of the most abundant herbivores on S. altissima in
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Japan. It is an exotic insect from North America, and was first
recorded in 2000 in Kobe, central Japan (Kato & Ohbayashi,
2009). Corythucha marmorata can utilise several plant species,
including Asteraceae, Solanaceae and Convolvulaceae (Tsujino
etal.,2006). Both adults and nymphs pierce epidermis and feed
on mesophyll of S. altissima foliage, leading to changes in leaf
colour from green to yellow and withering leaves (Root, 1996).
Thus, lacebug feeding causes chlorosis, thereby decreasing rates
of gas exchange and photosynthesis due to parenchyma damage
(Buntin et al., 1996).

Experimental design

We conducted a field experiment in 2010 at a common garden
in the Center for Ecological Research of Kyoto University (CER;
34°58'N, 135°57'E) in Otsu, central Japan. To examine the
effects of early-season herbivory on floral traits and community
structure of associated arthropods, we conducted an inoculation
experiment using S. altissima and C. marmorata. We used plants
from five genotypes, collected from a natural habitat within
15km of CER during spring 2008, and which since then had
been grown in the common garden until 2010. From 26 April
to 2 May in 2010, we divided rhizomes into 7 cm segments and
planted each segment in a pot (10 cm in diameter). In total, 307
ramets from five genets were grown in the greenhouse from 26
April to 4 July.

On 3-4 July, we selected 130 plants and transplanted
them individually into bigger pots (20cm in diameter). We
randomly assigned half of the plants to the lacebug her-
bivory treatment, and the other half were herbivory-free as
a control. All of the plants were transferred to four field
cages (1.8 mx 1.8 mx2.0m), which were covered with a fine
non-woven fibre cloth with high light transmissibility (Mor-
ishita Inc., Osaka, Japan). Each of two cages was assigned to
herbivory treatment or control, and then each cage had 32 or
33 potted plants. On 5 July, four lacebugs (random mixture
of adults and nymphs) were inoculated to each plant in the
herbivory treatment. The lacebugs were collected from wild
populations found on naturally growing tall goldenrods around
CER. They could move freely between plants within the field
cage. During the treatment, 18 inoculated and 28 uninoculated
plants received accidental damage, and they were removed from
cages. Subsequently, we obtained 47 damaged and 37 undam-
aged plants. The herbivory level (i.e. proportion of damaged
leaves of each of the experimental plants) did not differ between
the two cages (mean + SD =60.4 +25.5%; generalised linear
model, F, 45=0.01, P=0.93). Furthermore, such herbivory
intensity is within the range of natural herbivory (24.3-86.0%)
in nearby areas of the experimental garden (M. Ikemoto,
unpublished). Hereafter, we refer to lacebug-inoculated and
uninoculated plants as ‘damaged plants’ and ‘undamaged
plants’, respectively.

Just before flowering (7—8 October), we placed the 84 exper-
imental plants in the common garden to expose them to flower
visitors. We set these potted plants in a 12x7 grid at I m
apart. A single row of seven plants consisted of four damaged
plants and three undamaged plants in a randomised order. One
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Fig. 1. Schematic presentation of the inflorescence structure of Solidago altissima. Panicle (a) consisted of small capitula (b), which contain bisexual
florets and female florets (c). We measured the total length of flowering branches per plant (d).

undamaged plant was excluded from the analyses because it
had fallen due to a storm.

Estimate of flower abundance

To estimate flower abundance, we measured the length of
each peduncle (i.e. flowering branch) on 31 October and 1
November. As tall goldenrod has many small flowers (florets)
and we could not count all the flowers, we estimated the total
number of florets per plant as follows. First, we measured
the length of all flowering branches (Fig. 1d) and calculated
the total length of flowering branches per plant. Second, to
assess the number of capitulacm™' of flowering branches, we
randomly collected four damaged and undamaged plants each,
and counted the capitula number of their flowering branches
ranging from 1.5 to 4.0cm. Third, we estimated the number
of florets per capitulum by counting the number of florets
of all 64 capitula randomly collected from 12 plants (eight
damaged and four undamaged plants). Neither the number of
capitulacm™' of flowering branches nor the number of florets per
capitulum differed between the treatments (generalised linear
models, capitula, F; |, =1.34, P=0.270; florets, F; 4 =0.49,
P =0.488). Then, the total number of florets per plant (i.e. flower
abundance) was estimated as follows:

Total number of florets per plant
= (total length of flowering branches, cm)

X ( mean number of capitula cmi ' of flowering branches)

X (mean number of florets per capitulum) .

Survey of flower visitors

Censuses of arthropods visiting flowers were carried out from
14 October to 11 November. One person walked around check-
ing all the plants in their entirety and recorded the number
and morphospecies of all arthropods that visited inflorescences
of the plants. A visit was determined as a single arthropod’s
contact with inflorescences. For each census, we checked all
plants for 2hday~! with different time periods (10.00—12.00,

11.00-13.00, and 15.00—17.00 hours) on each observation date.
We observed flower visitors during the daytime only because
nocturnal visitors had not been found in our preliminary survey.
In total there were 24 h of observations (three times from 10.00
to 12.00 hours, four times from 11.00 to 13.00 hours, and five
times from 15.00 to 17.00 hours). We classified flower visitors
into 14 taxonomic groups in terms of taxon and body size: large
flies, small flies, syrphids, honeybees, solitary bees, large ants,
small ants, butterflies, caterpillars, grasshoppers, stinkbugs, leaf
beetles, ladybirds and spiders. Then, these taxonomic groups
were classified into four functional groups, i.e. pollinators, flori-
vores, thieves and predators (see Table S1), using behavioural
traits of flower visitors with a focus on consequence of pollen
transport. First, we referred to predators as arthropods sitting
on inflorescences to attack flower visitors. Second, florivores
feed exclusively on developing floral buds or flowers, includ-
ing bracts, sepals, petals, stamens and pistils, as well as pollen
and ovules (McCall & Irwin, 2006). Third, pollen-collecting
arthropods were classified into pollinators as insects that transfer
pollen to pistils without harming flowers (i.e. legitimate polli-
nators) and thieves that enter flowers non-destructively to con-
sume nectar or pollen but transfer little pollen (Inouye, 1980). In
our preliminary experiment, we collected flower visitors mov-
ing between flowers and we checked the presence/absence of
pollen on their bodies using a stereomicroscope. Although ants
carried some pollen, the pollen attached to ants will be inac-
tive due to mymicacin that is secreted from the metathoracic
gland of ants (Beattie eral., 1984). Thus, ants were classified
into thieves because pollen transfer does not contribute to plant
reproduction.

Statistical analysis

We analysed flower visitors at both taxonomic and func-
tional group levels. We excluded visitors that were observed
less than 10 times, such as Chrysopidae sp., Symphyta
sp. and Parasitica sp. from all analyses. For each plant,
we summed a cumulative number of flower visitors across
observations.

We compared flower abundance per plant between damaged
and undamaged plants using a generalised linear model (GLM)
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with gamma distribution and In-link function. The number of
flower visitors was analysed using GLMMs with herbivory and
flower visitor groups (i.e. functional group or taxonomic group)
as fully crossed fixed effects, and involved individual plants
as a random effect. As the number of flower visitors can be
influenced by flower abundance, we analysed the number of
flower visitors, considering the effects of flower abundance (as
a covariate factor). We also modelled this without the covariate.
From these two models, we examined hypotheses that lacebug
herbivory influences flower visitor abundance, and that the
number of flower visitors varies by herbivory-initiated changes
in flower abundance. To facilitate interpretation, we present
least-square means of herbivory effects, which adjusted for the
effects of other components and their standard errors (Milliken
& Johnson, 1984).

The community structure of flower visitors was compared
using the following community properties: overall abundance,
taxonomic richness, taxonomic evenness and community
composition. Overall abundance was the cumulative number
of all flower visitors per plant. Taxonomic richness was the
sum of the observed number of taxonomic groups per plant.
Taxonomic evenness was calculated by Shannon—Wiener’s
J’ (Pielou, 1969). Then, we compared overall abundance,
taxonomic richness and taxonomic evenness of flower visitors
between damaged and undamaged plants. We used GLM with
negative-binomial (In-link function) for overall abundance
and taxonomic richness, and normal distribution (identity-link
function) for taxonomic evenness, respectively. Species rich-
ness is often dependent on the sample size (Gotelli & Colwell,
2001). Thus, to exclude the effect of abundance on taxonomic
richness (i.e. sampling effects), rarefaction analysis was con-
ducted by constructing rarefaction curves with 10 000 iterations
(ECOSIM PROFESSIONAL version 1.2, Acquired Intelligence
Inc., Kesey-Bear, Pinyon Publishing 2011, 2012, Jericho, VT,
U.S.A.). The community compositions of flower visitors on
damaged and undamaged plants were compared with permu-
tational multivariate analysis of variance (PERMANOVA) with
10000 permutations. This analysis was performed by two
models with and without flower abundance as a covariate. To
summarise the community compositions of arthropods visually,
we used non-metric multidimensional scaling analysis (NMDS).
For PERMANOVA and NMDS, we used Chao dissimilarity show-
ing insensitivity to difference in sample size (Chao et al., 2005).

PERMANOVA and NMDS were conducted using the package
Vegan version 2.3-1 (Oksanen etal., 2011) for R statistical
software version 3.2.1 (R Core Team, 2015) and all other
analyses were done with the GLIMMIX procedure of SAS version
9.4 (SAS Institute Inc, 2013).

Results
Effects of early herbivory on flower abundance

Lacebug herbivory significantly decreased flower abundance
(F\.g1 =5.65, P=0.020). The damaged plants showed 21.1%
decrease in flower abundance (26 691 + 14945, mean + SD),
compared with undamaged plants (33 836 + 11 598).
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Effects of early-season herbivory on flower visitor groups

In total, we observed 1630 flower visitors (Table S1). The
flower visitors consisted of pollinators (57.2%), thieves (23.7%),
predators (11.7%) and florivores (7.3%). The most abundant
taxonomic group was large flies (mainly Stomorhina obsoleta),
comprising 32.3% of total visitors, followed by small ants
(17.1%), syrphids (13.2%) and honeybees (10.3%).

Lacebug herbivory influenced the number of flower visi-
tors differently among functional groups (herbivory X group:
F3 5,3=3.74, P=0.012, Table 1a). The numbers of pollinators
and predators did not differ between damaged and undamaged
plants (Fig. 2a,d). The number of florivores decreased by 59.7%
but that of thieves increased by 129.0% on damaged plants
(Fig. 2b,c), compared with undamaged plants. When we added
flower abundance as a covariate to the model, the number of
flower visitors was influenced by flower abundance differ-
ently in each functional group [In(flower abundance) X group:
F3 3 =4.80 P=0.003, Table 1b]. The numbers of pollina-
tors, florivores and thieves increased with flower abundance,
but predators did not (Fig. 3). When accounting for flower
abundance, lacebug herbivory still decreased the number of flori-
vores and increased the number of thieves (herbivory X group
in Table 1b; pollinators, t,5,=0.06, P=0.954; florivores,
tyog =2.69, P=0.008; thieves, t;,3 =—4.64, P <0.0001; preda-
tors, t3;; =0.46, P =0.643).

In the taxonomic group level analysis, herbivory effects on
the number of flower visitors were variable among taxonomic
groups (herbivory X group, F'3 o9 =2.46, P=0.003; Table Ic).
The number of pollinators, such as large flies, syrphids, hon-
eybees, butterflies and solitary bees, did not differ between
damaged and undamaged plants (top panels in Figure S1). The
numbers of thieves of small ants and leaf beetles were increased
by 148.8% and 244.7% on damaged plants and undamaged
plants, respectively (top panels in Figure S2). This is also the
case in small flies (thieves) (top panels in Figure S2), although no
statistical significance was detected (¢;,,;, =—1.66, P=0.097).
In contrast, the number of florivore caterpillars showed an
83.0% decrease on damaged plants (top panels in Figure S2).
When we took flower abundance into account, each taxonomic
group responded to the number of flowers in a taxon-specific
manner [In(flower abundance) X group; herbivory X group
interaction; Table 1d]. The numbers of large flies, honeybees,
caterpillars, grasshoppers, small ants, leaf beetles and ladybirds
increased significantly with flower abundance (bottom panels in
Figures S1 and S2). The numbers of small ants, leaf beetles and
small flies were still significantly increased, and the number of
caterpillars was decreased, by foliar herbivory when we took
flower abundance into account (middle panels in Figure S2).

Effects of early-season herbivory on flower visitor community

Overall abundance, taxonomic richness and taxonomic even-
ness did not differ between damaged and undamaged plants
(overall abundance, F 3 =0.15, P=0.701; taxonomic rich-
ness, F; ¢; =2.40, P =0.125; taxonomic evenness, F; g = 1.60,
P=0.210, Fig. 4). The obtained 95% confidential intervals
of rarefaction curves were overlapped between damaged and
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Table 1. Results of generalised linear mixed models for the effects of herbivory (damaged and undamaged plants), group (taxonomic and functional
groups), their interactions on the number of arthropods, and plant identity as a random factor.

Functional group

Taxonomic group

(a) Without covariate model

(b) With covariate model

(c) Without covariate model (d) With covariate model

Herbivory Fy =043 F\ g0=0.45 Fy 3=0.20 Fy g9=153
Group F3 543 =23.52%%% F3 591 =4.90%* Fi3. 969 = 23.627%%%* Fi3, 971 =2.79%*
Herbivory X group F3 043 =3.74% F3 933 =9.84%%% Fi3 969 =2.46%% Fi3 959 =3.70%%*
Ln(flower abundance) - F| 79 =46.09%%* - F| gy =52.54%%%
Ln(flower abundance) X group — F3 293 =4.80%* - Fi3 968 =2.84%%
Plant identity X2, =53.09%%* X2, = 16.62%%% X2, =58.96%* X2, =12.81%%

The number of arthropods was analysed using two models with or without In(flower abundance) as a covariate. *** P <0.0001, ** P <0.01, * P <0.05.
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Fig. 2. Effects of herbivory on the number of flower visitors (least-square means + SE) of: (a) pollinators, (b) florivores, (c) thieves, and (d) predators.

Note the log scale on the Y-axis.

undamaged plants, indicating that the taxonomic richness was
not different between damaged and undamaged plants, regard-
less of sample size. On the other hand, community composi-
tion of flower visitors significantly differed between damaged
and undamaged plants at both taxonomic and functional group
levels (PERMANOVA: taxonomic group, pseudo-F; g =3.13,
R?>=0.037, P=0.022; functional group, pseudo-F 4, =5.97,
R?>=0.069, P=0.017, Fig. 5). When we performed PERMANOVA
including flower abundance as a covariate to assess whether the
differences in community composition were brought about by
flower abundance or other traits, the herbivory treatment still had

significant effects on community composition between damaged
and undamaged plants (taxonomic group, pseudo-F', g, = 3.36,
R?>=0.040, P=0.015; functional group, pseudo-F| 4, =6.64,
R?>=0.077, P=0.013). On the other hand, flower abundance
did not have significant effects on the community composition
at taxonomic and functional group levels (taxonomic group,
pseudo-F, 4, =0.92, R*=0.011, P=0.484; functional group,
pseudo-F, gy =—0.31, R*=-0.004, P=0.809). This indicates
that changes in floral traits other than flower abundance may
have resulted in the difference in a community composition of
flower visitors between damaged and undamaged plants.
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Fig. 3. Relationships between flower abundance and number of: (a) pollinators, (b) florivores, (c) thieves, and (d) predators. Solid lines indicate the
regression of flower visitors on flower abundance based on the generalised linear mixed model (GLMM) using residual pseudo-likelihood estimation.
The Y-axis indicates the number of visitors + 1. Significance levels (test for b =0) of coefficients of In(flower abundance) in the GLMM are shown.

Note the log scale on the Y-axis.

Discussion

This study clearly demonstrated that early-season foliar her-
bivory decreased flower abundance of S. altissima. Also, foliar
herbivory indirectly influenced the abundance of florivores neg-
atively and thieves positively, which, in turn, altered community
composition of flower visitors.

Difference in indirect effects of foliar herbivory on flower
visitors

Leaf damage by lacebugs decreased flower abundance of
tall goldenrods, which is consistent with Root (1996) docu-
menting that herbivore pressure early in the season decreased
inflorescence mass of tall goldenrod. All of the flower visitor
groups except predators positively responded to flower abun-
dance (Fig. 3). Previous studies have reported that both pollina-
tors and non-pollinators are largely dependent on flower abun-
dance (Brody & Mitchell, 1997; Lay et al., 2011).

As the lacebug herbivory reduced flower abundance, we can
expect that the number of flower visitors would decrease on
damaged plants. Contrary to our expectation, the number of
pollinators did not decrease on damaged plants, indicating that
the early-season herbivory may be less important in determining

the visitation of pollinators and predators. In contrast, the
numbers of thieves and florivores were influenced by the lacebug
herbivory in a different manner, even after we removed the effect
of flower abundance in the model (Table 1). Thus, unknown
herbivore-induced changes would reduce plant attractiveness
towards florivores, but enhance it towards thieves (Fig. 2b,c).
A number of studies reported that foliar herbivory can induce
defensive compounds in floral tissues and nectar (Adler et al.,
2006; Euler & Baldwin, 1996) and alter sugar composition
of nectar (Bruinsma etal., 2014) and floral volatiles (Kessler
etal., 2011; Bruinsma etal., 2014). A decrease in florivores
on damaged plants may be explained by the induced defensive
chemicals, although no studies have examined whether foliar
herbivory can induce chemical compounds in goldenrod’s tall
flowers. On the other hand, there was an increase of thieves
on damaged plants. These results suggest that florivores and
thieves may respond to different plant cues or the same cues in
a different manner. Alternatively, florivores that destroy capitula
may decrease the visitation of thieves. However, thief abundance
was not negatively related to florivore abundance (b=0.05,
tg; =0.23, P=0.820), indicating that thieves were not likely to
avoid florivores. Further research is needed to understand why
florivores and thieves responded to damaged plants differently.
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Community-wide impacts of foliar herbivory

Early-season herbivory did not influence the overall abun-
dance, taxonomic richness and taxonomic evenness of flower
visitors. On the other hand, the community composition was
significantly altered by lacebug herbivory at the taxonomic and
functional group levels. This pattern is most likely explained by
different responses of major flower visitors. As mentioned ear-
lier, some florivores decreased but thieves increased in response
to lacebug damage, and thus effects of foliar herbivory on overall
abundance, taxonomic richness and taxonomic evenness may be
diminished. In contrast to these community metrics, community

composition was significantly altered by the lacebug herbivory,
which was not due to changes in flower abundance, suggest-
ing that unknown herbivore-induced plant phenotypes may have
influenced the community composition.

There is a growing appreciation of how early-season herbivory
influences later community structure through herbivore-induced
phenotypic plasticity in plants (Ohgushi, 2005, 2012; Poelman
etal., 2008), although most of the past studies have focused on
arthropod communities depending on vegetative tissues. Two
studies explored the herbivory effects on arthropod communities
on Solidago plants. Ando etal. (2011) found that aphid feed-
ing on S. altissima in the early season decreased abundance and
changed the community composition of herbivorous insects, but
did not change species richness late in the season. In addition, elk
browsing on S. velutina altered species richness, abundance and
community composition of flower visitors (Smith ezal., 2015).
Both of the studies, coupled with our study, clearly indicate
that early-season herbivory undoubtedly influences communi-
ties of subsequent arthropods, including herbivores and flower
visitors. In addition, our results revealed that the significant con-
sequences of early-season herbivory on flower visitor commu-
nities were due to different responses of functional groups of
flower visitors.

Our study also suggests that changes in functional groups
of flower visitors may influence plant reproductive success.
For example, early-season herbivory decreased the number
of ovules (i.e. potential reproductive capacity) and florivore
visits, which may indirectly decrease reproductive success. The
former may be partially compensated by the latter. On the other
hand, thieves may decrease seed production of damaged plants,
because they indirectly interfered with pollinator visitation due
to decreased floral attraction in Corydalis ambigua (Zhang
etal., 2014). However, such a negative impact of thieves on
pollinators may be negligible because pollinator abundance did
not differ between damaged and undamaged plants, irrespective
of a significant change in thief abundance (Fig. 2c). Thus, future
research should explore how herbivore-mediated indirect effects
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on flower visitor communities affect plant reproductive success,
paying more attention to the different roles of functional groups
of flower visitors.

In conclusion, our results clearly indicate that different
responses of functional groups to herbivore-induced plant phe-
notype played a critical role in determining community com-
position of flower visitors, including both pollinators and
non-pollinators, and that traditional biodiversity metrics such as
richness and evenness may fail to detect changes in the com-
munity structure when functional groups respond differently to
foliar herbivory.
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Figure S1. Effects of herbivory on the number of pollinators,
and relationships between the number of pollinators and flower
abundance. UD and D refer to undamaged and damaged plants,
respectively. Top and middle panels (a—j) show least-square
means (+SE) of the number of visitors in the generalised linear
mixed model (GLMM) without and with In(flower abundance
per plant) as a covariate, respectively. Middle panels present the
number of pollinators adjusted for the variations in flower abun-
dance. The bottom panels (k—o0) show relationships between
the number of each pollinator and flower abundance per plant.
Solid lines indicate the regression lines of each pollinator and
flower abundance derived from the GLMM with negative bino-
mial distribution. Probability indicates significance levels (test
for b =0) of coefficients of In(flower abundance) in the GLMM.
Note that the log scale on the y-axis on the top and middle pan-
els and the Y-axis indicates In(number of visitors + 1) on bottom
panels.

Figure S2. Effects of herbivory on the number of flori-
vores, thieves and predators (a—r) and relationships between
the number of visitors in each functional group and flower
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abundance (panels from s to aa). Explanations are same as
Figure S1.

Table S1. Arthropods observed on Solidago altissima flowers.
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