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1. General Introduction 

Plant–herbivore interactions form the basis of the food web of terrestrial ecosystems and underpin 

the foundations of ecosystem networks. Many ecologists have researched resource selection patterns 

of herbivores to understand the plant–herbivore interaction. Thus, it has been shown that the 

chemical traits of plants are used as critical cues for resource selection by herbivores. Particularly, 

secondary metabolites, such as phenolics and alkaloids, have a role in defense against herbivores 

(Bennett and Wallsgrove, 1994). Many generalist herbivore species have been reported to reject 

plants with high concentrations of secondary metabolites (e.g., Jeschke et al., 2017; Macel, 2011; 

Schoonhoven et al., 2005). Moreover, many specialist herbivores utilize secondary metabolites as 

either host recognition cues or nutrients (Bennett and Wallsgrove, 1994). For example, Brassicaceae 

plants produce glucosinolates to prevent consumption by dietary generalist herbivores, which 

consume plants from multiple families. However, Brevicoryne brassicae (cabbage aphid), which 

specializes in Brassicaceae plants, prefers these glucosinolates (Titayavan and Altieri, 1990). 

Since 2000, a few studies have reported that secondary metabolites in leaves are influenced by 

plant–plant direct interactions (Barton and Bowers, 2006; Mraja et al., 2011; Muiruri et al., 2019). 

For example, Plantago lanceolata growing with conspecific neighbors had significantly higher 

levels of aucubin, one of the most abundant iridoid glycosides, than plants growing with P. major 

neighbors (Barton and Bowers, 2006). Such changes in the concentration of secondary metabolites 
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in leaves are thought to be caused by metabolic changes associated with competition for light or soil 

nutrients and kin recognition. 

It is indicated in the above findings that changes in leaf chemical traits associated with plant–plant 

interactions may influence resource selection by herbivores. Here, I hypothesized that: (i) differences 

in plant–plant interactions (conspecific or heterospecific or no interaction) are dependent on 

vegetation lead to intraspecific variation in the concentrations of secondary metabolites in the leaves 

and (ii) plants with high concentrations of secondary metabolites are eaten by specialist herbivores 

and avoided by generalist herbivores. This integrated understanding of plant–plant and plant–

herbivore interactions has considerable ecological implications. It has been considered that the 

distribution of plants in the field is uneven and that the herbivore distribution is affected by it. 

Typically, as represented by the resource concentration hypothesis (Root, 1973), it has been thought 

that the local population density of host plants regulates resource abundance, exploration efficiency, 

and residence time and determines the distribution of herbivores. Conversely, it is revealed in our 

hypothesis that leaf chemical traits, i.e., resource quality for herbivores, are regulated by plant 

distribution. This may be a novel mechanism for determining the distribution of herbivores, for 

which no direct evidence is available. 

This study aimed to reveal the effects of changes in the concentration of secondary metabolites of 

leaves on herbivory as a result of plant–plant interactions. In chapter 2, I investigated the impact of 
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the interaction between host plants, Rumex obtusifolius, and neighbor plants on the resource 

selection and distribution of specialist leaf beetle, Gastrophysa atrocyanea, using field investigation, 

cultivation experiment, and mesocosm experiment. Thus, in chapter 2, I revealed that belowground 

plant–plant interactions could affect the concentrations of phenols in leaves. In chapter 3, I 

investigated the effects of intra and interspecific root exudates on the growth and leaf chemical 

content of R. obtusifolius to experimentally tested the mechanisms that cause changes in leaf 

chemical traits. In chapter 4, I focused on Cervus nippon as a large vertebrate and plants with high 

concentrations of secondary metabolites, which generalist herbivores avoid. In chapter 5, as a 

general discussion, I summarized the effects of plant–plant interactions on changes in leaf traits and 

on resource selection by herbivores and future work in plant–herbivore interaction studies. 
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2. Intraspecific interaction of host plants leads to 

concentrated distribution of a specialist herbivore through 

metabolic alterations in the leaves 

INTRODUCTION 

To improve our understanding of plant–animal interactions, numerous ecologists have tried to 

predict herbivorous insect distribution from the local population density of host plants. Root (1973) 

proposed the ‘resource concentration hypothesis’ and the ‘enemies hypothesis’. The resource 

concentration hypothesis predicted that herbivores would be concentrated on host plants growing in 

high-density populations or monocultures, because plants in large or dense patches of conspecifics 

are more easily found by herbivores and can be inhabited for a long time by the herbivores. The 

enemies hypothesis predicted that when low-density host plants were surrounded by a diverse range 

of other species, the low-density host plants would indirectly suppress herbivore populations by 

increasing natural enemy populations. Polycultures, unlike monocultures, provide a variety of 

habitats or prey resources, thereby herbivores concentrated on high-density host plant patches. These 

hypotheses have been supported by several studies (e.g. Nerlekar, 2018; Stephens and Myers, 2012). 

On the other hand, the ‘resource dilution hypothesis’ has been proposed as the possibility of an 

inverse distribution pattern, in which herbivores are concentrated on low-population-density or 

solitary host plants (Otway et al., 2005; Yamamura, 1999). This distribution pattern may occur if 
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herbivores cannot migrate or find a more distant host and thus become concentrated on solitary or 

low-density host plants (Otway et al., 2005; Rhainds and English-Loeb, 2003). This prediction has 

also been supported by several studies (e.g. Coutinho et al., 2019; Fagundes et al., 2019). These 

conflicting patterns have been reported for several herbivore species, and some species have even 

been found to be unresponsive to resource distribution (Rhainds and English-Loeb, 2003; Tuller et 

al., 2013). Regardless, the mechanism that produces the uneven distribution of each herbivore 

species has not been elucidated. 

Local population density of host plants likely affects host plant quality, because it is linked to the 

interaction environment: host plants present at high density are exposed to direct intraspecific 

interaction, whereas host plants present at low density are exposed to direct interspecific interaction 

or no interaction. Many studies have reported that plant–plant direct interactions influence leaf traits 

(Barton and Bowers, 2006; Mraja et al., 2011; Muiruri et al., 2019) and herbivory (Hambäck and 

Beckerman, 2003; Muiruri et al., 2019; Yamawo, 2021). For example, plant competition for 

resources induces plastic changes in the plants' resource allocation; these changes can affect root or 

shoot growth. The changes that occur in resource allocation as a result of intraspecific competition 

can also influence the expression of leaf thickness, leaf mass per area, and primary (essential 

nutrients) and secondary (potentially plant-protective compounds) metabolites in the leaves (Barton 

and Bowers, 2006; Takigahira and Yamawo, 2019; Yamawo, 2021). A few studies have reported or 
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suggested that interspecific competition also affects the abundance of secondary metabolites (Barton 

and Bowers, 2006) and herbivory (Cipollini and Bergelson, 2002; Mraja et al., 2011). In general, 

intraspecific interactions are more likely to increase the abundance of leaf secondary metabolites 

because competition between plants can be more intense than with interspecific competition (Adler 

et al., 2018). Therefore, we predicted that changes in leaf traits would be more pronounced when 

plants were exposed to intraspecific than to interspecific interaction; variation in the interaction 

environment of the host plants would thus be likely to influence leaf herbivory and the distribution 

of herbivores. 

Dietary specialist herbivores that consume particular plant families are often attracted by secondary 

metabolites in their host plants that they use to recognise the host plants (e.g. Goodey et al., 2015; 

Wheat et al., 2007). Brassicaceae plants produce glucosinolates to prevent herbivory by dietary 

generalist herbivores, which consume plants from multiple families; however, Brevicoryne brassicae 

(cabbage aphid), which specialises in Brassicaceae plants, prefers these glucosinolates (Titayavan 

and Altieri, 1990). Therefore, a high concentration of secondary metabolites induced in host plants 

by intraspecific interaction may attract the plants' specialist herbivores. In contrast, dietary generalist 

herbivores avoid secondary metabolites (e.g. alkaloids, phenolics and condensed tannins) in the 

leaves of host plants (e.g. Jeschke et al., 2017; Macel, 2011; Schoonhoven et al., 2005). We 

hypothesised that intraspecific interaction between plants would lead to a greater increase in the 
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concentration of secondary metabolites in plant leaves than would interspecific interaction, and that 

this increase would lead to the aggregation of specialist herbivores. In contrast, we anticipated that 

generalist herbivores would gravitate towards host plants present at low density to avoid high 

concentrations of secondary metabolites. Therefore, differences in resource quality due to variation 

in local population density within a plant population could induce either a concentrated or a 

low-density distribution of herbivores, depending on the resource concentration (Root, 1973) or 

resource dilution (Otway et al., 2005) hypothesis, when compared with the distribution predicted on 

the basis of resource quantity alone (Fretwell and Lucas, 1969). 

Here, we focused on Rumex obtusifolius L. (broad-leaved dock; Polygonaceae) as a host plant, and 

two leaf beetles, Gastrophysa atrocyanea Motschulsky (Chrysomelidae), which is a specialist 

herbivore of Rumex plants, and Galerucella grisescens (Joannis) (Chrysomelidae), which is a 

generalist herbivore that consumes Polygonaceae and Rosaceae plants (Matsuda, 1974; Shirahama et 

al., 2017; Suzuki, 1985; see details in Supplementary Methods). To test our hypothesis, we 

investigated the relationships between the local population density of R. obtusifolius plants and the 

herbivores' distributions in the field. Next, to clarify the effect of the interaction environment on leaf 

traits of R. obtusifolius plants and on resource utilisation by the two leaf beetles, we compared the 

leaf chemical concentrations and preferences of adult leaf beetles among treatments in which R. 

obtusifolius experienced intraspecific interaction, interspecific interaction, or no interaction in 
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cultivation and preference experiments with adult leaf beetles. Finally, we evaluated the independent 

and combined effects of patch size and intraspecific interaction of R. obtusifolius plants on the 

distribution of the leaf beetles using a mesocosm experiment. On the basis of these results, we 

discuss the effects of plant–plant interaction on herbivore distributions. 

 

MATERIALS AND METHODS 

I. Field survey 

To reveal the relationships between the local population density of Rumex obtusifolius and the 

distribution of leaf beetles, we conducted field surveys in April and May 2018, at a time when 

the populations of both leaf beetles at the study sites were large. Five grasslands were selected 

as field-survey sites (5 April, Tomino-cho, Hirosaki City, Aomori Prefecture, 40°35ʹN 

140°28ʹE; 13 April, Ozawa, Hirosaki City, Aomori Prefecture, 40°34ʹN 140°27ʹE; 28 April, 

Ohara, Hirosaki City, Aomori Prefecture, 40°34ʹN 140°26ʹE; 22 April, Nagoya City, Aichi 

Prefecture, 35°09ʹN 136°58ʹE; 5 May, Morioka City, Iwate Prefecture, 39°42ʹN 141°08ʹE, 

Figure 1). These sites were all at least 2 km apart. At each site, we set up one square quadrat 

(Tomino-cho and Ohara, 10 m × 10 m; Ozawa, 8 m × 8 m; Iwate, 4 m × 6 m; Nagoya; 4 m × 4 

m) including varying local population densities and sizes of R. obtusifolius plants. The 

maximum size of each quadrat was determined as 100 m2; in the case of small R. obtusifolius 
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populations, we adjusted the size of the quadrat downward to include all R. obtusifolius 

individuals. All field investigations have been conducted after getting prior permission from 

each landowner of ordinary citizens. 

 

 

Figure 1. Geographic locations of the five study sites used in the field survey in Japan. These 

sites were at least 2 km apart 

 

Survey of local population densities of R. obtusifolius and herbivore distributions on R. 

obtusifolius 

In each quadrat, a corner was used as the origin of two axes, x and y, which we used to plot 

coordinates. From the origin, we described the positions of all R. obtusifolius individuals, 

except for first-year seedlings that had cotyledons, to a precision of 1 cm using a ruler. The 
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longest rosette diameters of the described R. obtusifolius plants were recorded as the plant size. 

We also recorded the presence or absence of each herbivore species on each R. obtusifolius 

individual, distinguishing between developmental stages (egg, larva or adult) and sexes (adult 

male or female). 

Using these data, a bubble chart was created by converting the positions of plants into 

distributions on a map and the rosette sizes into bubble sizes (Figure 2). As an indicator of the 

local population density of R. obtusifolius, the area of one rosette overlapping with the rosettes 

of neighbouring individuals was calculated using image analysis software (Adobe Photoshop 

Elements 2.0; Adobe Systems). The overlap ratio (overlapping area/total rosette area) was used 

to represent the population density for analytical purposes. Because leaf beetles often retire into 

the soil around the host plants, making it difficult to evaluate their numbers accurately, we used 

binomial data (presence or absence) to analyse their distributions. The correlations between the 

overlap ratio of the rosettes and the presence of the specialist leaf beetle Gastrophysa 

atrocyanea, or generalist leaf beetle, Galerucella grisescens were examined, distinguishing 

between developmental stages (larva or adult) and sexes (adult male or female). Eggs of G. 

atrocyanea and eggs and larvae of G. grisescens were excluded from the analysis because their 

frequencies of occurrence were very low. 
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Figure 2. Distributions of Rumex obtusifolius, the specialist leaf beetle Gastrophysa atrocyanea 

and the generalist leaf beetle Galerucella grisescens at the five study sites. Bubble size in the 

graphs represents the rosette size of each R. obtusifolius plant. 

 

Measurement of leaf traits in field plants 

To reveal the effects of local population density on the concentrations of secondary chemicals 

of R. obtusifolius in the field, we measured the leaf secondary metabolites of R. obtusifolius 

plants that grew alone or were aggregated. In April 2018, leaves of R. obtusifolius plants were 

collected from four study sites in Aomori Prefecture, northern Japan (Hirosaki City: 40°35ʹN 

140°28ʹE, Fujisaki City: 40°39ʹN 140°29ʹE, Itayanagi City: 40°40ʹN 140°28ʹE). Each site was 

at least 10 km from the next site. To exclude the effects of reproduction and leaf damage, we 



14 

 

selected non-flowering individuals that had no herbivores and no leaf damage. An R. 

obtusifolius plant was defined as ‘Solitary’ when there were no conspecific individuals within 

30 cm from the edge of the widest rosette (N = 15); R. obtusifolius plants with five or more 

conspecific individuals within 30 cm from the edge of the widest rosette were defined as 

‘Aggregated’ (N = 25). The widest rosettes of these plants were about 30 cm in diameter. 

Therefore, there were no R. obtusifolius plants within a range of about one rosette diameter 

from the edge of a Solitary plant rosette. Although the distance covered in the horizontal plane 

by the roots of plants is sometimes larger than the rosette diameter, this distance still extends 

less than one rosette diameter from the edge of the plant rosette (H. Ohsaki, unpublished data). 

Therefore, Solitary plants do not interact directly with other R. obtusifolius plants, and instead 

they often grow directly alongside plants of other species, such as Plantago asiatica L., 

Trifolium repens L. and Festuca ovina L. We selected the youngest fully expanded leaves. 

These leaves were analysed for secondary metabolites, namely the concentrations of total 

phenolics and condensed tannins, which are well known as major secondary metabolites in the 

Rumex genus (Feduraev et al., 2019) and have been suggested to stimulate feeding by some leaf 

beetle species (Ikonen et al., 2002; Torp et al., 2013). We measured the leaf concentrations of 

these chemicals in accordance with the methods of Feeny (1970) and Dudt and Shure (1994). 
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Leaf beetle choice experiment using leaf sections from naturally growing plants 

In April 2018, Solitary and Aggregated R. obtusifolius plants (85 individuals each) with rosette 

diameters of about 30 cm were selected at random in Hirosaki City. We collected the youngest 

fully expanded leaves from the plants. We cut one 2-cm piece from the base of each collected 

leaf. A wet filter paper (8 cm in diameter) was placed in a covered Petri dish (8.5 cm in 

diameter), and a piece of leaf from a Solitary plant and a piece from an Aggregated plant were 

placed on it with one adult of G. atrocyanea or G. grisescens. The Petri dishes were kept in a 

growth chamber (25°C, 12L/12D). After 24 hr, the damage to each leaf piece was estimated by 

image analysis. More details are given in the Supplementary Methods. 

 

II. Cultivation experiments 

Cultivation design 

To examine the effects of the interaction environment on leaf traits and leaf beetle preferences, 

we conducted cultivation experiments. To prepare enough samples to measure leaf traits and 

leaf beetle preferences, two experiments were conducted. Experiment 1 was conducted in 2017 

to estimate the effects of the interaction environment on leaf secondary metabolite 

concentrations and plant biomass. Experiment 2 was conducted in 2019 to estimate the effects 

of the interaction environment on leaf primary metabolite and chlorophyll contents and leaf 
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beetle preferences. 

In September 2016, a total of more than 700 seeds of R. obtusifolius were collected from four 

individual plants in the field in Hirosaki City. Each individual was separated by at least 2 km. 

As interspecific competitors, we focused on P. asiatica L., T. repens L. and F. ovina L. These 

species are the dominant competitors of R. obtusifolius in Japan (Ohsaki et al., 2020). A total of 

100 seeds of P. asiatica were collected from two individuals in the field in Aomori Prefecture. A 

total of 100 seeds of T. repens were collected from individuals in the field in Saga Prefecture. 

For F. ovina, commercially available seeds (Kaneko Seeds Co.) were used. The seeds were 

stored in a refrigerator at 4°C until the experiments began. Seeds from each mother plant were 

mixed and sown on the surface of wet sand (2 cm deep) during March 2017 for Experiment 1 

and during March 2019 for Experiment 2. The containers were kept in a growth chamber (25°C, 

12L/12D). All plants had developed their first true leaves by the beginning of the experiment. 

In April 2017 and 2019, to obtain the focal plants, we planted one R. obtusifolius seedling in 

each pot (10.5 cm diameter × 9 cm high) containing seed-free garden soil (Mori Sangyo Co.). 

These pots were assigned to three interaction treatments: no-interaction treatment as a control 

(2017, N = 49; 2019, N = 35), intraspecific interaction treatment (2017, N = 66; 2019, N = 66) 

and interspecific interaction treatment (2017, N = 153; 2019, N = 98). In the no-interaction 

treatment, to provide a volume of soil similar to that used in the interaction treatment for each 
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plant, the pots were divided into halves with a plastic plate to block any below-ground 

interaction, and one seedling of R. obtusifolius was planted in each half of the pot. In the 

intraspecific interaction treatment, we planted another R. obtusifolius seedling beside the focal 

plant as a competitor with no plastic plate. In the interspecific interaction treatment, a seedling 

of another species (P. asiatica, 2017, N = 58; 2019, N = 35; T. repens, 2017, N = 41; 2019, N = 

30; F. ovina, 2017, N = 54; 2019, N = 33) was planted next to the target R. obtusifolius seedling. 

In the interaction treatment, the distance between seedlings was about 2 cm. All pots were 

placed randomly and maintained in the growth chambers (25°C, 12L/12D) and watered once a 

day for 30 days. 

 

Measurement of leaf traits in cultivated plants 

Experiment 1 

After 30 days, we analysed total phenolics and condensed tannins. Plants were harvested and 

dried at 50°C for 3 days. The plants were then weighed on an electronic balance to the nearest 

0.1 mg. The leaves were used to analyse total phenolics and condensed tannins using the 

methods in field survey. 

 

Experiment 2 
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After 30 days, we measured the chlorophyll content and five organic acids as plant nutrients 

(see details in Supplementary Methods). The chlorophyll content reflects the plant's nitrogen 

concentration and has been found to indirectly affect herbivore survival and distribution 

(Scheirs and De Bruyn, 2004; Sousa-Souto et al., 2018). Also, organic acids in the plant are 

necessary for the optimal development of phytophagous insects (Offor, 2010). Therefore, by 

measuring these, we examined changes in nutrient condition in response to interactions between 

plants. 

 

Leaf beetle choice experiment 

To reveal whether the changes in leaf chemical concentrations induced in R. obtusifolius by 

interaction influenced the preferences of leaf beetles, we conducted choice experiments with the 

R. obtusifolius leaves used in cultivation experiment 2. The combinations of leaf pairs were as 

follows: intraspecific interaction versus interspecific interaction; interspecific interaction versus 

no interaction; and no interaction versus intraspecific interaction. The experimental design and 

conditions were similar to that described for the choice experiment using field leaves (see 

Supplementary Methods). 

 

III. Mesocosm experiments 
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To determine the effects of the interaction environment of R. obtusifolius on the distribution of 

G. atrocyanea, we conducted mesocosm experiments in November 2019 and July 2020. The 

experiments focused on the interaction environment below the ground, because our preliminary 

experiment had revealed that changes in the leaf concentrations of total phenolics and 

condensed tannins depended on below-ground interaction among R. obtusifolius plants (H. 

Ohsaki unpublished data). In November 2019, we estimated the effects of intraspecific 

below-ground interaction of R. obtusifolius plants on the distribution of leaf beetles using plants 

of the same patch size in a ‘one-to-one-pot experiment’ (Figure 3). In July 2020, we conducted 

a ‘one-to-three-pot experiment’ to clarify the effects of intraspecific below-ground interaction 

of R. obtusifolius on the distribution of leaf beetles by adding the effects of patch size (i.e. 

resource amount) of the host plants. 
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Figure 3. (A) Experimental setup in the mesocosm experiment. In all containers, the area 

around the pots was filled with soil to a depth of 15 cm to allow the beetles free access to the 

plants, as in the field. (B) In the one-to-one-pot experiment, the interaction and no-interaction 

treatment pots were placed 30 cm away from each other in the container. (C) In the 

one-to-three-pot experiment, two sets of conditions were set up, namely ‘quantity conditions’ 

and ‘quantity + quality conditions’. Under quantity conditions, two patch sizes were created by 

using four no-interaction pots. Under quantity + quality conditions, two patch sizes were 

created using one no-interaction pot and three interaction pots. The distance between the large 

and small patches was 30 cm in each container 

 

We used two types of pot, namely interaction-treatment pots and no-interaction-treatment pots. 

In both types of treatment pot, two seedlings of R. obtusifolius were planted. The 
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no-interaction-treatment pot was divided in half by a plastic plate to block below-ground 

interaction between R. obtusifolius plants. The interaction-treatment pot allowed below-ground 

interaction between R. obtusifolius plants because this type of pot had no plastic plate (see 

Supplementary Methods). 

 

One-to-one-pot experiment 

We prepared 10 containers (911 mm × 602 mm × 207 mm). In each container, an 

interaction-treatment pot and a no-interaction-treatment pot were placed 30 cm from the edge. 

The containers were surrounded by soil to a depth of 15 cm to allow the beetles free access to 

the pots, as they would have in the field (Figure 3A,B). For data analysis, each container was 

allocated an ID. Five G. atrocyanea females were released on the soil in the centre of each 

container, the top of which was then covered with 1-mm-mesh white cloth. The containers were 

placed in a greenhouse (15°C), and the beetles on the plants were counted after 24 hr. 

 

One-to-three-pot experiment 

In this experiment, we set up two types of conditions, namely ‘quantity conditions’ (25 

containers) and ‘quantity + quality conditions’ (24 containers). For the quantity conditions, we 

set up patches of two sizes using four no-interaction-treatment pots. We placed three pots 
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together to represent large patches and one pot by itself to represent small patches (Figure 3C). 

For the quantity + quality conditions, we set up patches of two sizes using one 

no-interaction-treatment pot and three interaction-treatment pots; the three interaction-treatment 

pots represented large patches and the single no-interaction-treatment pot represented small 

patches. In all containers, pots were set up as in the one-to-one-pot experiment and under the 

same controlled conditions. 

 

IV. Statistical analysis 

All statistical analyses were performed in R v. 3.6.1 software (R Development Core Team, 

2019). All data met the statistical assumptions of normality and homoscedasticity according to 

the Kolmogorov–Smirnov test and F-test, and statistical analyses performed depended on the 

dataset structure. All tests were two tailed, with p < 0.05 considered significant. 

 

Field survey data analysis 

Survey of herbivore distribution on R. obtusifolius 

We analysed the effects of the local population density of R. obtusifolius on the distribution of 

leaf beetles using generalised linear mixed models (GLMMs) with a binomial distribution and 

logit function, followed by the Chi-square test. The models included presence or absence of leaf 
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beetles as response variables and overlap ratio of R. obtusifolius rosettes for each plant, species 

of leaf beetle and their interaction as explanatory variables. When the relationship between 

overlap ratio of rosette area and presence or absence of leaf beetles differed between leaf beetle 

species, the relationship between these was analysed for each beetle species. Site ID was 

included as a random effect in these models. False discovery rate (FDR) correction for multiple 

comparisons was then applied. 

Measurement of leaf traits in field plants 

Leaf chemical traits (concentration of condensed tannins or total phenolics) were compared 

between Solitary and Aggregate plants using GLMMs with Gaussian distribution and an 

identity link, followed by an F-test; the models included leaf chemical traits as response 

variables and population density of host plants (Solitary or Aggregated) as an explanatory 

variable. Site ID was included as a random effect in the models. FDR correction for multiple 

comparisons was then applied. 

Leaf beetle choice experiment using leaf sections from naturally growing plants 

Consumed areas of leaves were compared between local R. obtusifolius population densities for 

each leaf beetle species. We used GLMMs with Gaussian distribution and an identity link, 

followed by an F-test; the models included area consumed by leaf beetles as a response variable 

and population density of host plants (Solitary or Aggregated) as an explanatory variable. Petri 
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dish ID was included as a random effect in the models. FDR correction for multiple 

comparisons was then applied. 

 

Cultivation experiments data analysis 

Measurement of leaf traits in cultivated plants 

We used Gamma distributions for the dry weights of plants, Gaussian distributions for the 

chlorophyll content of leaves and Poisson distributions for the leaf concentrations of condensed 

tannins and total phenolics. We compared plant dry weights and leaf traits (condensed tannins, 

total phenolics and chlorophyll content) between the cultivation treatments using GLMMs. 

Gamma or Poisson distributions with a log link followed by a Chi-square test were applied, and 

Gaussian distributions with an identifying link followed by an F-test were applied. These 

models included each plant trait as a response variable and interaction treatment (no, 

intraspecific or interspecific) as an explanatory variable. Parent plant ID was included as a 

random effect in the models. When there was a difference in plant traits among interaction 

treatments, we conducted multiple comparisons by FDR correction. 

 

Organic acids were analysed using a principal component analysis (PCA) based on the 

correlation matrix of variables. Scores on the first (PC1) and second (PC2) axes of the PCA 
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were compared between interaction treatments using GLMMs with a Gaussian distribution and 

an identity link, followed by an F-test. The models included PC1 or PC2 as a response variable, 

interaction treatment (no-, intraspecific or interspecific) as an explanatory variable, and parent 

plant ID as a random effect. When there was an interaction between PC1 or PC2 and interaction 

treatments, we conducted multiple comparison using FDR correction. 

 

Leaf beetle choice experiment 

The leaf area consumed by the leaf beetles was compared between interaction treatments (no, 

intraspecific or interspecific interaction). Datasets for female beetles were analysed using 

GLMMs with a Gamma distribution and a log link, followed by a Chi-square test. The models 

included the leaf area consumed as a response variable; interaction treatment (no-, intraspecific 

or interspecific) and types of other plant species in the interspecific interaction treatment, and 

their interactions, as explanatory variables, and Petri dish ID as a random effect. Datasets of 

male beetles were analysed by Wilcoxon's signed-rank test because the datasets contained some 

0 values. The analysis was conducted for each species of leaf beetle and for each sex of each 

species. FDR correction for multiple comparisons was then applied to each dataset. 

 

Mesocosm experiments data analysis 
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One-to-one-pot experiment 

The numbers of leaf beetles per patch were compared between cultivation treatments using 

GLMMs with Gaussian distributions and an identity link, followed by an F-test; the models 

included number of leaf beetles on the patch as a response variable and interaction treatment 

(interaction or no below-ground interaction) as an explanatory variable. Container ID was 

included as a random effect in the models. 

One-to-three-pot experiment 

Number of leaf beetles per patch or number of leaf beetles per pot (representing leaf beetle 

density) was compared between patch sizes (quantity) and cultivation conditions (quality) using 

GLMMs with Poisson distributions and a log-link, followed by a Chi-square test; the models 

included number of leaf beetles per patch or per pot as a response variable and patch size (small 

or large), cultivation conditions (quantity or quantity + quality) and their interaction as 

explanatory variables. Container ID was included as a random effect in these models. When 

there was an interaction between patch size and cultivation conditions, we conducted multiple 

comparisons by FDR correction. 
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RESULTS 

I. Field survey 

More than 60 R. obtusifolius individuals were growing within each quadrat; the major 

herbivores were the specialist leaf beetle Gastrophysa atrocyanea and the generalist leaf beetle 

Galerucella grisescens (Table 1). The relationship between the overlap ratio of R. obtusifolius 

rosettes and the presence of leaf beetles differed among leaf beetle species (χ2 = 81.032, dF = 2, 

p < 0.001). There was a significant positive correlation between the overlap ratio and the 

presence of larvae of G. atrocyanea. There was also a positive trend towards a correlation 

between the overlap ratio and the presence of female adults of G. atrocyanea, but not of males 

(Table 2). In contrast, the presence of G. grisescens (total, males or females) was not 

significantly correlated with the overlap ratio (Table 2). 
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Table 1. Herbivore species of Rumex obtusifolius and numbers and proportions of infested plants. The lowest taxonomic level of identification for 1 

some herbivores was higher than genus 2 

 3 

  4 

Taxon

No. (%) No. (%) No. (%) No. (%) No. (%)

Gastrophysa atrocyanea  Motschulsky

(Chrysomelidae: Coleoptera)
14 6.57 195 44.22 84 75.00 49 25.13 44 22.56

Galerucella grisescens Joannis

(Chrysomelidae: Coleoptera)
29 13.62 54 12.24 109 97.32 50 25.64

Bothrogonia ferruginea Fabricius

(Tettigellidae: Hemiptera)
1 0.47 1 0.89

Mantura clavareaui Heikertinger

(Chrysomelidae: Coleoptera)
1 0.47 1 0.51

Aphis rumicis  Linnaeus

(Aphididae: Hemiptera)
15 7.69

Dermaptera

(Insecta)
1 0.89

Helicoidea

(Pulmonata)
60 30.77

Lepidoptera

(Insecta)
4 2.05

Unknown 1 0.47

Nagoya (N  = 62)Iwate (N  = 195)Ohara (N  = 112)Ozawa (N  = 441)Tomino-cho (N  = 213)
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Table 2. Statistical results of generalised linear mixed model analyses of the effects of the local population density of Rumex obtusifolius on the 5 

distribution of leaf beetles 6 

 7 

  8 

estimate coefficient x
2 df P -value estimate coefficient x

2 df P -value

all 0.786 12.764 1 < 0.001 -0.456 2.451 1 0.176

male 0.164 0.053 1 0.818 0.716 1.185 1 0.276

female 1.123 3.356 1 0.067 0.969 2.652 1 0.176

lavae 1.104 17.785 1 < 0.001

Gastrophysa atrocyanea Galerucella grisescens
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Concentrations of total phenolics and condensed tannins in leaves collected in the field tended 9 

to be higher in Aggregated plants than in Solitary plants, but not significantly (total phenolics, F 10 

= 3.910, P = 0.096, Figure 4A; condensed tannins, F = 4.882, P = 0.067, Figure 4B). Females 11 

of G. atrocyanea consumed significantly more leaf tissue from Aggregated plants than from 12 

Solitary plants (F = 7.837, P = 0.037, Figure 5A). In contrast, for males of G. atrocyanea (F = 13 

1.779, P = 0.323, Figure 5B) and for both sexes of G. grisescens (female, F = 1.421, P = 0.323, 14 

Figure 5C; male, F = 0.494, P = 0.490, Figure 5D), there were no differences in the area of 15 

feeding damage between Aggregated and Solitary leaves. 16 

 17 

 18 

Figure 4. Concentrations of (A) total phenolics and (B) condensed tannins in Solitary (N = 15) 19 

and Aggregated (N = 25) plants. Bars represent SE. p-values are for the results of GLMM 20 

analysis 21 
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 22 

 23 

Figure 5. Areas of leaf consumed by (A) female and (B) male Gastrophysa atrocyanea and (C) 24 

female and (D) male Galerucella grisescens in the choice experiment using leaves from the 25 

field. p-values are for the results of the GLMM analysis 26 

 27 

II. Cultivation experiments 28 

The biomass and chlorophyll content of R. obtusifolius did not differ among interaction 29 

treatments (biomass: χ2 = 7.081, dF = 4, P = 0.132, Figure 6A; chlorophyll: F = 1.444, P = 30 

0.239, Figure 6B). The concentrations of total phenolics of R. obtusifolius differed significantly 31 

among treatments; they were higher in the order of intraspecific, no- and interspecific 32 
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interaction treatment (Figure 6C). Plants subjected to the intraspecific interaction treatment had 33 

a significantly higher concentration of condensed tannins than those undergoing the no- or 34 

interspecific interaction treatments (Figure 6D). 35 

 36 

 37 

Figure 6. Dry biomass and leaf traits of Rumex obtusifolius in the cultivation experiment. (A) 38 

Dry biomass of whole plant, (B) chlorophyll content, (C) concentration of total phenolics and 39 

(D) concentration of condensed tannins in leaves. Different letters denote significant differences 40 

(GLMM, p < 0.05) 41 

 42 

We found that PC1 and PC2 explained 61.0% and 20.7%, respectively, of the total variance of 43 
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the organic acid composition data. The PC1 value did not differ among interaction treatments 44 

(F = 2.068, P = 0.154, Figure 7a). Plants subjected to the no-interaction treatment had 45 

significantly lower PC2 values than those undergoing the intraspecific or interspecific 46 

interaction treatments (Figure 7b). 47 

 48 

 49 

Figure 7. Boxplots of principal component values. (a) PC1 and (b) PC2 for organic acids in the 50 

cultivation experiment. Different letters indicate significant differences (GLMM, P < 0.05). 51 

 52 

Females of G. atrocyanea consumed significantly more leaf tissue from the intraspecific 53 

interaction treatment plants than from the no-interaction plants (χ2 = 5.470, dF = 1, P = 0.029, 54 

Figure 8A) or from the interspecific interaction plants (χ2 = 6.064, dF = 1, P = 0.029, Figure 55 

8B). There was no significant difference between the no-interaction and interspecific interaction 56 

treatments in terms of the area of leaf eaten by females of G. atrocyanea (χ2 = 1.832, dF = 1, P 57 
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= 0.176, Figure 8C). These results did not depend on the identity of the other species in the 58 

interspecific interaction treatments (intraspecific interaction vs. interspecific interaction 59 

treatment, χ2 = 0.913, dF = 2, P = 0.634; no-interaction treatment vs. interspecific treatment, χ2 60 

= 2.227, dF = 2, P = 0.328). For males of G. atrocyanea, there were no differences between 61 

treatments in the area of leaf consumed (no interaction vs. intraspecific interaction, z = 0.329, P 62 

= 1, Figure 8D; interspecific interaction vs. intraspecific interaction, z = 2.139, P = 1, Figure 63 

8E; no interaction vs. interspecific interaction, z = 0, P = 0.097, Figure 8F). 64 

 65 

 66 

Figure 8. Leaf areas consumed by (A–C) female and (D–F) male Gastrophysa atrocyanea in the 67 

choice experiment using cultivated plant leaves. The combinations of leaf pairs of treatments 68 

were as follows: (A, D) no interaction versus intraspecific interaction; (B, E) interspecific 69 

interaction versus intraspecific interaction; (C, F) no interaction versus interspecific interaction 70 
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 71 

III. Mesocosm experiments 72 

In the one-to-one-pot experiment, a significantly greater number of G. atrocyanea were 73 

distributed on the R. obtusifolius plants in the interaction treatment than in the 74 

no-below-ground-interaction treatment (F = 5.556, P = 0.030, Figure 9A). In the 75 

one-to-three-pot experiment, the effect of patch size on the distribution of G. atrocyanea 76 

differed significantly with the cultivation conditions (χ2 = 6.540, dF = 2, P = 0.038, Figure 9B). 77 

Under both types of cultivation condition, large patches had significantly more beetles than 78 

small patches (quantity conditions, χ2 = 18.301, dF = 1, p < 0.001; quantity + quality 79 

conditions, χ2 = 55.474, dF = 1, p < 0.001, Figure 9B). This trend was more pronounced under 80 

quantity + quality conditions. Moreover, the effect of patch size on the number of G. 81 

atrocyanea per pot (i.e. the leaf beetle density) differed significantly between cultivation 82 

conditions (interaction treatment × patch size; z = –2.067, P = 0.039, Figure 9C). Although the 83 

densities of leaf beetles in small and large patches were similar under quantity conditions (z = –84 

0.308, P = 0.758), under quantity + quality conditions, the large patches had a greater density 85 

of leaf beetles than small patches (z = 2.118, P = 0.034; Figure 9C). 86 

 87 



36 

 

 88 

Figure 9. Numbers of leaf beetles in the mesocosm experiment. (A) Number of leaf beetles per 89 

pot in each treatment (no-below-ground-interaction treatment or interaction treatment) in the 90 

one-to-one-pot experiment. (B) Number of leaf beetles per patch and (C) number of leaf beetles 91 

per pot in each patch (small and large patches) under each set of conditions (quantity and 92 

quantity + quality conditions) in the one-to-three-pot experiment. Bars represent SE. Different 93 

letters indicate significant differences (GLMM, p < 0.05) 94 

 95 

DISCUSSION 96 

We found that intraspecific interaction induced changes in the leaf metabolite concentrations of 97 

Rumex obtusifolius and affected resource utilisation by the specialist leaf beetle, Gastrophysa 98 
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atrocyanea, but not by the generalist leaf beetle, Galerucella grisescens. In addition, we showed 99 

experimentally that this type of resource utilisation affected the distribution of G. atrocyanea. These 100 

results support our hypothesis, providing experimental evidence that differences in the local 101 

population density of the host plant led to plastic changes in leaf metabolite concentrations, affecting 102 

the resource utilisation and distribution patterns of specialist herbivores. 103 

Variation in leaf traits 104 

In the field, Aggregated R. obtusifolius plants tended to have higher concentrations of total phenolics 105 

and condensed tannins than Solitary plants (Figure 4). This result suggests that aggregation of R. 106 

obtusifolius plants induced changes in leaf chemical traits. In fact, in the cultivation experiments, the 107 

concentrations of total phenolics and condensed tannins in the leaves of R. obtusifolius were 108 

significantly higher under intraspecific interaction conditions than under interspecific interaction or 109 

no-interaction conditions (Figure 6C,D). Increased concentrations of secondary metabolites in the 110 

presence of a conspecific neighbour have been reported in several plant species, and it has been 111 

suggested that metabolic alterations in leaves in response to intraspecific interaction are common in 112 

plants (Barton and Bowers, 2006; Ormeño et al., 2007; but see Kigathi et al., 2013). In many plant 113 

species, intraspecific competition is more intense than interspecific competition (Adler et al., 2018), 114 

and such intraspecific competition causes limitation of soil nutrients and water (Craine and 115 

Dybzinski, 2013; Takigahira and Yamawo, 2019). It is well known that limitation of soil nutrients 116 
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and water for plants induces the accumulation of secondary metabolites in the leaves (reviewed by 117 

Akula and Ravishankar, 2011). Thus, aggregation of R. obtusifolius plants may lead to a greater 118 

increase in the leaf concentrations of secondary metabolites, such as total phenolics and condensed 119 

tannins, than occurs in Solitary R. obtusifolius plants (no competition or competing with other 120 

species) because of soil resource competition. 121 

Another possible hypothesis is that Aggregated plants invest more in defence than do Solitary plants 122 

through recognition of conspecific neighbours, because aggregated plants are more at risk of 123 

consumption by specialist leaf beetles. Leaf-trait alteration based on neighbour recognition has been 124 

reported in several plant species (Lepik et al., 2012; Yamawo, 2015, 2021; Yamawo and Mukai, 125 

2020). Volatile organic compounds (VOCs) released from above-ground plant tissues (Karban and 126 

Shiojiri, 2009) and root exudates below the ground (Biedrzycki et al., 2010) are used for recognition 127 

by neighbouring plants. The results of our mesocosm experiments suggest that below-ground 128 

interactions among R. obtusifolius plants have an important effect on the concentrations of secondary 129 

metabolites. Although our experimental design did not reveal the importance of above-ground 130 

interaction via VOCs, conspecific neighbour recognition via root exudates could have been the cause 131 

of the changes in the leaf metabolite concentration of R. obtusifolius plants. However, the history of 132 

interaction between specialist leaf beetles and R. obtusifolius plants is weak because R. obtusifolius 133 

is an exotic species in Japan. To understand the adaptive importance of leaf-trait alteration in R. 134 
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obtusifolius plants, we would need to perform an additional study in a region to which R. obtusifolius 135 

is native. 136 

Our cultivation experiment revealed differences in the concentrations of primary metabolites 137 

between the no-interaction treatment and the intraspecific or interspecific interaction treatments (see 138 

Figure 7). This result means that changes in the leaf concentrations of primary metabolites depend 139 

on the presence of neighbouring plants, regardless of the species of the neighbour. The 140 

concentrations of primary metabolites are strongly affected by light conditions (Kitazaki et al., 2018). 141 

For example, experiments with lettuce, Lactuca sativa, have shown that the pattern of accumulation 142 

of primary metabolites, such as sugars and amino acids, is affected by light quality, intensity and 143 

exposure time (Kitazaki et al., 2018). Therefore, the difference in leaf primary metabolite 144 

concentration could be attributed to the likelihood that the light resources that could be acquired 145 

under conditions without neighbouring plants were greater than under the other conditions. 146 

 147 

Preferences and distribution of leaf beetles 148 

The local R. obtusifolius population density affected the amounts of leaf consumed by the specialist 149 

leaf beetle, G. atrocyanea. In the experiment using leaves from the field, females of G. atrocyanea 150 

preferred to consume the leaves of aggregated R. obtusifolius plants than of Solitary plants, despite 151 

similar quantities of leaves being provided for the beetles (Figure 5A). In the experiment using the 152 
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leaves of cultivated plants, females of G. atrocyanea also preferred the leaves of R. obtusifolius 153 

plants exposed to intraspecific interaction over those of plants exposed to no interaction (Figure 8A). 154 

These preference patterns are consistent with the increases in the leaf concentrations of secondary 155 

metabolites (total phenolics and condensed tannins; Figures 4 and 6C,D) but not with the variations 156 

in primary metabolite concentrations (Figures 7). Therefore, we concluded that females of G. 157 

atrocyanea selected leaves on the basis of increases induced in the leaf secondary metabolite 158 

concentration by the host plant's interactive environment. Gastrophysa atrocyanea beetles are 159 

specialist herbivores of Rumex plants (Suzuki, 1985). Many herbivore specialists use host-specific 160 

secondary metabolites for host searching or detecting (Ōmura, 2018; Schoonhoven et al., 2005). This 161 

type of host searching may reflect the feeding preferences of G. atrocyanea. Females of G. 162 

atrocyanea lay eggs on the plants on which they feed, and the hatched larvae feed on the same plants. 163 

The larvae of G. atrocyanea require large amounts of food, and plants are often completely 164 

consumed (Suzuki, 1985). For this reason, the selection of aggregated plant leaves by G. atrocyanea 165 

females during the reproductive season is linked to the securing of food resources for the next 166 

generation. This may be associated with niche specialisation in coevolution among host plants and 167 

specialist herbivores (Abrahamson, 2008; Schoonhoven et al., 2005). In contrast, no preference was 168 

observed among males of G. atrocyanea, possibly because males use fewer resources than females 169 

with egg masses. 170 
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Do the preferences of leaf beetles affect the beetles' distribution? Our mesocosm experiment 171 

provided robust evidence that changes in leaf traits based on below-ground intraspecific interaction 172 

can affect the distribution of the specialist leaf beetle, G. atrocyanea (Figure 9). When the plant 173 

patch sizes were similar, approximately 1.7 times more leaf beetles were distributed in the 174 

interaction treatment patch than in the no-below-ground-interaction treatment patch (Figure 9A). 175 

Effects of interaction between host plants were also found in the one-to-three-pot experiment. 176 

Greater numbers of leaf beetles were distributed on the large patches than on the small patches, and 177 

this trend was more pronounced under quantity + quality conditions than under quantity conditions 178 

(Figure 9B). This finding is consistent with the distribution of G. atrocyanea in the field (Table 2; 179 

Suzuki, 1985). 180 

The resource concentration hypothesis predicts that herbivores would be concentrated on large 181 

patches of host plants, because plants in such patches are easy to find and can be inhabited for a long 182 

time by the herbivores (Root, 1973). This hypothesis assumes that the density of plants regulates the 183 

amount of food available and affects the exploration behaviour and residence time of herbivores. 184 

However, in our mesocosm experiments, leaf beetle density did not differ when only the patch size 185 

(resource quantity) differed, whereas it was significantly higher on large patches than on small ones 186 

when both the patch size and the competitive environment (and thereby the resource quality) differed 187 

(Figure 6C). Our results demonstrate that differences in quantity alone do not explain the distribution 188 
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of G. atrocyanea, and that differences in quality are a key determinant. 189 

The enemies hypothesis also explains the positive correlation between herbivore density and host 190 

plant density, where the density of host plants is high, that of natural enemies is low (Root, 1973). 191 

However, no parasitic wasp, pathogen or predator has yet been reported as a natural enemy of G. 192 

atrocyanea. We have collected and kept more than 300 individuals from the field, but we have been 193 

unable to find any parasitic natural enemy (H. Ohsaki, unpublished data). In addition, our mesocosm 194 

experiment demonstrated that leaf beetles showed concentrated distribution even without natural 195 

enemies. Interactions with competitors may also affect the distribution of G. atrocyanea. On the 196 

populations of R. obtusifolius in the field, G. grisescens was the second most frequently observed 197 

species after G. atrocyanea. However, the possibility of this interaction effect is also very unlikely, 198 

because although a past study has suggested that G. grisescens is vulnerable to resource competition 199 

from G. atrocyanea (Suzuki, 1986), our experiments produced a concentrated distribution of G. 200 

atrocyanea in the absence of G. grisescens. Thus, the presence of natural enemies or competitors 201 

may not, in fact, affect the concentration distribution of G. atrocyanea. We strongly suggest that, 202 

instead, changes induced in the leaf metabolite concentrations through intraspecific interactions in 203 

plants induced changes in the concentration distribution of the specialist herbivore G. atrocyanea on 204 

resources in the field. 205 

In contrast, numbers of the generalist leaf beetle, G. grisescens, were not correlated with the local 206 
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population density of R. obtusifolius in the field (Table 2), and these beetles did not select the leaves 207 

of R. obtusifolius on the basis of the interaction environment (Figure 5). These results did not 208 

support our hypothesis that generalist herbivores accumulate on low-density host plants to avoid 209 

high levels of secondary metabolites. Generalist herbivores respond to a variety of chemicals besides 210 

those measured as leaf traits in this study (Schoonhoven et al., 2005; War et al., 2012). It is possible 211 

that leaf traits not analysed here are involved in the preference of G. grisescens, and were not altered 212 

by the interaction treatments. Another possible reason why the findings did not support our 213 

hypothesis is the effects of resource competition among herbivores. In some cases, resource 214 

competition among herbivores influences herbivore distribution (e.g., Godinho et al., 2020; 215 

Schoonhoven et al., 2005; Suzuki, 1986). A previous study pointed out that G. grisescens is 216 

vulnerable to resource competition from G. atrocyanea (Suzuki, 1986). It may therefore prioritise 217 

the avoidance of competitors over plant availability when deciding where to feed (Suzuki, 1985). 218 

Several studies, as well as the resource dilution hypothesis proposed by Otway et al. (2005), have 219 

pointed out that herbivore density per plant may be higher when the population density of hosts is 220 

low (e.g. Yamamura, 1999). Our results suggest that these phenomena may be caused not only by 221 

differences in the local population density of the host plants, but also indirectly by interactions with 222 

other herbivorous insects. To determine whether these results are general or specific to certain 223 

herbivores, several species, including generalists, may need to be tested. 224 
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 225 

CONCLUSIONS 226 

Our findings provide experimental evidence that intraspecific interaction between host plants affects 227 

the distribution of a specialist herbivore. Many researchers have worked to unravel the relationship 228 

between the distribution of herbivores and the local population density of host plants. Some 229 

herbivores have shown a positive response to resource abundance, as in the resource concentration 230 

and enemies hypothesis proposed by Root (1973), whereas others, as in the resource dilution 231 

hypothesis proposed by Otway et al. (2005), have shown a negative response. In these studies, it was 232 

thought that herbivorous insect characteristics such as foraging behaviour, migration ability and 233 

interaction with enemies determine the insects' distribution. In addition, these studies focused on the 234 

amount of food available and assumed that leaf traits are always constant. In contrast, we focused on 235 

interaction between plants. Our results indicate that herbivore responses to resource quantity and 236 

quality may interact with each other as factors governing herbivore distribution. Therefore, herbivore 237 

responses to the local population density of host plants can be understood from a plant–plant 238 

interaction perspective, highlighting the need to integrate plant–plant interactions into our 239 

understanding of plant–animal interactions in nature. 240 

  241 
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3. Effects of indirect plant–plant interaction via root exudate 242 

on growth and leaf chemical contents in Rumex 243 

obtusifolius 244 

INTRODUCTION 245 

Plant–plant interactions are an important part of terrestrial ecosystems because they affect not only 246 

the outcome of competition between plants (Yamawo and Mukai, 2020; Xu et al., 2021), but also 247 

functional leaf traits (Barton and Bowers, 2006; Mraja et al., 2011; Yamawo 2015; Takigahira and 248 

Yamawo, 2019; Muirui et al., 2019), herbivory (Yamawo, 2021; Ohsaki et al., 2022) and herbivore 249 

distributions (Ohsaki et al., 2022). In a previous study, we experimented with Rumex obtusifolius 250 

(Polygonaceae) to examine the effects of intraspecific, interspecific, and no belowground direct 251 

interactions on leaf chemical content and herbivore distribution (Ohsaki et al., 2022). Plants exposed 252 

to intraspecific direct interaction had increased total phenolic and condensed tannin concentrations in 253 

their leaves, and induced a concentrated specialist herbivore distribution on the leaves. A wide 254 

variety of plant parts (e.g., leaves, roots, and seeds) and media (e.g., volatile chemicals, nonvolatile 255 

chemicals, light, and soil microorganisms) are involved in plant–plant interactions (Karban, 2021). 256 

Detailed elucidation of the mechanisms of plant–plant interactions would greatly improve our 257 

understanding of not only how these interactions affect leaf traits, but also how they affect terrestrial 258 

ecosystems. 259 
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Kin and self-discrimination in plants occurs via root exudates (Biedrzycki et al., 2010; Semchenko et 260 

al., 2014; Yamawo et al., 2017). Previous study reported that some plant species develop more roots 261 

when growing in the vicinity of a non-self plant than when growing in the vicinity of a self plant 262 

(Yamawo et al., 2017). Moreover, similar root behavior was observed in an experiment in which root 263 

exudate reduced both root growth and clonal reproduction in non-self, competitor plants. On the 264 

basis of these findings, we hypothesized that, if these results depend on indirect interactions 265 

mediated by root exudates, R. obtusifolius leaf chemical contents, which are linked to herbivore 266 

distribution in an ecosystem (Ohsaki et al., 2022), depend on the recognition of conspecific 267 

neighbors via root exudates. More specifically, we hypothesized that the concentrations of secondary 268 

chemicals in leaves of R. obtusifolius are increased in response to exposure to root exudates from 269 

plants of the same species, but not to those from plants of other species. Conversely, if our previous 270 

results9 depended not only on indirect interactions mediated by root exudates but also on other 271 

interactions, such as direct contact and resource competition, the effects of these indirect 272 

root-exudate-mediated interactions on leaf traits may differ from those of direct plant–plant 273 

interactions. 274 

 275 

MATERIALS AND METHODS 276 

Cultivation 277 
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In September 2016, around 300 seeds of R. obtusifolius were collected from two plants about 2 km 278 

apart in fields in Hirosaki City, Aomori Prefecture, Japan. As interspecific neighbors, we used 279 

Plantago asiatica L. (Plantaginaceae), Trifolium repens L. (Fabaceae), and Festuca ovina L. 280 

(Poaceae), which are the dominant competitors of R. obtusifolius in Japan (Ohsaki, 2018). Native to 281 

Europe, the perennials T. repens and F. ovina now grow worldwide. Plantago asiatica, T. repens, and 282 

F. ovina are sympatric with R. obtusifolius in Japan. A hundred seeds of P. asiatica were collected 283 

from two plants in a field in Aomori Prefecture. A hundred seeds of T. repens were collected from 284 

plants in a field in Saga Prefecture. Commercially available F. ovina seeds (Kaneko Seeds Co., 285 

Gunma, Japan) were bought. All seeds were stored in a refrigerator at 4°C until use. On 3 September 286 

2017, all seeds from each species of mother plant were mixed and sown on the surface of wet sand 287 

(2 cm deep) held in a container. The containers were then kept in a growth chamber at 25°C under a 288 

12-h light/dark cycle until the plants had developed their first true leaves, then healthy of them were 289 

randomly used in the subsequent experiment. 290 

To obtain donor plants, we filled 350 plastic pots (10.5 cm diameter × 9 cm high) with sand (Sunday 291 

Co., Ltd., Aomori, Japan), and on 13 September 2017 we planted seedlings of each species 292 

individually in 280 of these pots (1 seedling/pot; 70 pots/species). The remaining 70 pots were left 293 

unplanted as controls. All pots were watered once a day for 30 days. To obtain recipient plants, on 13 294 

October 2017 we planted R. obtusifolius seedlings individually in 350 pots containing sand. After 295 
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sowing, the pots were arranged randomly in growth chambers and maintained at 25°C under a 12-h 296 

light/dark cycle. Two days after planting, 0.5 g of solid fertilizer (ammonia nitrogen, 8.0%; soluble 297 

phosphorus, 8.0%; water soluble potassium, 8.0%; Nichiryunagase Co., Ltd., Japan) was applied to 298 

each pot. The experiment duration, water and soil conditions, and growth conditions were similar to 299 

those in the direct interaction experiment in our previous work (Ohsaki et al., 2022). 300 

Each of the 350 recipient plants was paired with one of the 350 donor plants and labeled accordingly. 301 

Each day at 12:00, 40 mL of distilled water was added to the top of the sand containing the donor 302 

plant and 20–25 mL of root exudate was collected from the bottom of the pot, and then added to the 303 

top of the sand containing the recipient plant. As smaller plants could not produce enough root 304 

exudates for the experiment, we planted the donor plants a month earlier than the recipient plants. 305 

All donor plants were perennial species, and R. obtusifolius produces seeds every year. Consequently, 306 

it is normal for seedlings of R. obtusifolius to be surrounded by mature conspecific plants and other 307 

plant species in the field, and therefore their roots are exposed to those plants’ exudates. 308 

Thirty days after planting the recipient plants, we obtained a total of 233 recipient plants (control, N 309 

= 66; intraspecific treatment, N = 45; interspecific treatments: T. repens, N = 42; F. ovina, N = 58; P. 310 

asiatica, N = 22). 311 

 312 

Measurement of leaf chemical contents 313 
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At 30 days, the leaves of the recipient plants were harvested. First, chlorophyll content in the most 314 

recently fully expanded leaves was determined. Chlorophyll content reflects the plant’s nitrogen 315 

concentration and has been found to indirectly affect vertebrate and invertebrate herbivore survival 316 

and distribution (Schai-Braun et al., 2015; Sousa-Souto et al., 2018). Therefore, we measured this to 317 

examine changes in nutrient condition in response to exposure to root exudate. Measurements were 318 

conducted with a chlorophyll meter (SPAD-502 Plus; Konica Minolta, Tokyo, Japan), which is a 319 

commonly used tool for rapid and nondestructive estimation of leaf chlorophyll content; the 320 

resulting SPAD values are positively correlated with chlorophyll content (Shibaeva et al., 2020). 321 

Each leaf was measured twice – in the central part of the leaf on each side of the main vein – and the 322 

average value per a leaf was determined. 323 

Phenolics and condensed tannins are major secondary metabolites in genus Rumex18 and have been 324 

suggested to stimulate feeding by some leaf beetle species (Ikonen et al. 2002; Torp et al., 2013). 325 

Therefore, we also determined their contents in leaves. After determined, all recipient plants were 326 

harvested and dried at 50°C for 3 days. The dried plants were weighed on an electronic balance to 327 

the nearest 0.1 mg, and the total phenolic and condensed tannin contents of the leaves were 328 

determined (Feeny 1970; Dudt and Shure 1994). 329 

 330 

Statistical analysis 331 
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All statistical analyses were performed in R v. 4.0.2 software.23 All data met the statistical 332 

assumptions of normality and homoscedasticity according to the Kolmogorov–Smirnov test. The 333 

chlorophyll, total phenolic, and condensed tannin contents in leaves were compared among root 334 

exudate treatments by using a general linear model with a Gaussian distribution and an identity link 335 

followed by an F-test; the models included each leaf chemical trait as a response variable and root 336 

exudate treatment as the explanatory variable. The false discovery rate correction for multiple 337 

comparisons was then applied. All tests were two-tailed, with P < 0.05 considered significant. 338 

 339 

RESULTS AND DISCUSSION 340 

The effect of root exudate on the leaf chemical content of R. obtusifolius differed according to the 341 

species from which the root exudate was obtained (Figure 10). In R. obtusifolius exposed to 342 

intraspecies root exudate, the total phenolic and condensed tannin concentrations in the leaves did 343 

not differ from those in control leaves (total phenolics: F = 1.581, P = 0.211, Figure10b; condensed 344 

tannins: F = 0.217, P = 0.642, Figure 10d). This result differs from those of previous study, in which 345 

the leaves of R. obtusifolius exposed to intraspecific direct interaction had significantly higher total 346 

phenolic and condensed tannin concentrations than those in control leaves (Figure 10a,c; Ohsaki et 347 

al., 2022). Together, these findings indicate that total phenolic and condensed tannin concentrations 348 

in the leaves of R. obtusifolius are altered in response to direct, but not indirect, intraspecies 349 
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interaction. In our previous study, R. obtusifolius exposed to intraspecific direct interaction had 350 

increased total phenolic and condensed tannin concentrations in the leaves, and this induced a 351 

concentrated specialist herbivore distribution on the leaves (Ohsaki et al., 2022). If these chemicals 352 

directly induce a concentrated distribution of leaf beetles, then indirect interaction with P. asiatica 353 

may affect this distribution in the field. 354 

 355 
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 356 

Figure 10. Total phenolic, condensed tannin, dry biomass, and chlorophyll contents in leaves of 357 

Rumex obtusifolius exposed to (a, c, e, g) direct interaction (grown in same pot)9 or to (b, d, f, h) 358 

indirect interaction via root exudate (present study). Intra-sp., intraspecific interaction; Inter-sp., 359 

interspecific interaction. N.S., non-significant. Bars indicate standard errors. Different letters denote 360 

significant differences (general linear model, P < 0.05). 361 
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 362 

The dry leaf biomass of R. obtusifolius exposed to intraspecies root exudate was significantly less 363 

than control leaves (F = 91.413, P = 0.001, Figure 10f), indicating that the root exudate of R. 364 

obtusifolius contains substances that inhibit the growth of conspecific plants (Young, 1984; Asao et 365 

al. 2003). Phenolics and condensed tannins have allelopathic effects and are some of the most 366 

abundant allelochemicals in higher plants (Cheema et al., 2012; Reigosa 1999). Festuca ovina and P. 367 

asiatica are strong competitors of R. obtusifolius: grassland plant communities often shift from being 368 

R. obtusifolius dominant to being F. ovina dominant (Kardol et al. 2006); and, like R. obtusifolius, P. 369 

asiatica is a perennial herb that develops a leaf rosette. Leaf chemicals in R. obtusifolius inhibit the 370 

germination of F. ovina (Ohsaki et al., 2020), and R. obtusifolius may increase them as a competitive 371 

response. 372 

Root exudates often include primary metabolites such as sugars and organic acids (Walker et al., 373 

2003). These metabolites may function as fertilizers, but we did not find more increase of biomass in 374 

any condition than control condition (Figure 10f). We consider that any fertilization effect was 375 

absent, or was canceled by the allelopathic effects of secondary metabolites. 376 

The effect of root exudate on chlorophyll content also depended on the species from which the 377 

exudate was collected (Figure 10h). Plants exposed to root exudate from F. ovina or P. asiatica had a 378 

significantly higher chlorophyll content than plants exposed to that from T. repens or conspecific 379 
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plants (F. ovina vs. control, F = 51.949, p < 0.001; F. ovina vs. R. obtusifolius, F = 65.628, p < 380 

0.001; F. ovina vs. T. repens, F = 17.266, p < 0.001; P. asiatica vs. control, F = 34.138, p < 0.001; P. 381 

asiatica vs. R. obtusifolius, F = 45.396, p < 0.001; P. asiatica vs. T. repens, F = 12.241, p < 0.001). 382 

The composition of root exudate is likely to be species specific (Bardri and Vivanco, 2009; Herz et 383 

al. 2018). Here, the root exudate of conspecific plants reduced dry leaf biomass and that of T. repens 384 

decreased condensed tannin concentration and dry leaf biomass in R. obtusifolius. The significant 385 

reduction of chlorophyll content in plants exposed to root exudate from F. ovina or P. asiatica 386 

suggests that these root exudates inhibit the uptake of constituents of chlorophyll (e.g., nitrogen and 387 

magnesium) or increase the specific leaf area, which decreases aboveground competition (Knops et 388 

al., 2000). 389 

Recent studies have pointed out that root exudates or root chemicals alter the soil microbial 390 

community and feedback for plant growth and resource allocation (Sugiyama, 2019; Takahashi et al., 391 

2021; Kong et al., 2021). The effects of root exudates on R. obtusifolius leaf traits may include those 392 

caused by changes in soil microbial composition. To understand more about the specific effects of 393 

root exudates, detailed analysis of the compositions of root exudates from different species and their 394 

effects on soil microbes are needed. 395 

Taking together these and our previous results (Ohsaki et al., 2022), we conclude that the effects of 396 

indirect interaction via root exudates are different from those of direct interaction. In short, R. 397 
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obtusifolius may compete more strongly with F. ovina and P. asiatica by increasing the content of 398 

total phenolics and reducing that of chlorophyll in leaves. These results suggest that R. obtusifolius 399 

seedlings recognize other species via root exudates and express a competitive response, as do other 400 

species (Kong et al. 2018). If so, leaf traits in R. obtusifolius are modulated in space. For example, 401 

when plants are close together, the leaf chemical contents are affected by direct interactions, whereas 402 

when plants are farther apart, they are affected by indirect interactions. These results highlight the 403 

importance of distinguishing between direct and indirect belowground interactions between plants 404 

for understanding the effects of plant–plant interactions not only on the plants themselves, but also 405 

on the herbivores. 406 

  407 
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4. Plant–plant interaction by Aster leiophyllus affects 408 

herbivory by Sika deer, Cervus nippon 409 

INTRODUCTION 410 

Herbivory by large vertebrates such as deer and domestic ungulates greatly affects ecosystem 411 

functions, nutrient cycling, ecosystem resilience, and vegetation structure (Côté et al., 2004; 412 

Turkington, 2009; Verón et al., 2011; Forbes et al., 2019; Wakatsuki et al., 2021). Ungulate feeding 413 

directly or indirectly affects plant communities (Nopp-Mayr et al., 2020) and communities of 414 

animals such as arthropods and lizards (Pringle et al., 2007). Grazing by deer can lead to the 415 

disappearance of native, vulnerable, and sometimes rare plant species (Rooney and Waller, 2003). 416 

Grazing can alter many ecological processes, such as carbon and nutrient cycling (Hobbs, 1996; 417 

Augustine and McNaughton, 1998; Kasahara et al., 2016; Wakatsuki et al., 2021), as well as animal 418 

communities and populations (Okuda et al., 2014; Stephan et al., 2017; Nakahama et al., 2020; Seki 419 

et al., 2021). Therefore, many ecologists have questioned how the patterns of grazing by vertebrate 420 

herbivores are determined (e.g., McArthur et al. 1993; Foley and Moore 2005; Villalba et al., 2014). 421 

Although most large herbivores feed on more than one plant species (Freeland 1991), they have 422 

preferences (Augustine and McNaughton, 1998; Schai-Braun et al., 2015). For example, sika deer 423 

(Cervus nippon, Cervidae, Artiodactyla) in Japan have been reported to have 646 foraging plants and 424 

135 unpalatable plants (Hashimoto and Fujiki, 2014). Such preferences of large herbivores for plants 425 
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are thought to be affected by the presence of secondary metabolites (e.g., phenols, Villalba et al., 426 

2014, Champagne et al., 2020; terpenes, Vourc’h et al. 2002) that have feeding inhibitory effects, and 427 

by a combination of secondary metabolites and other nutritional factors (e.g., energy, proteins, and 428 

minerals; Felton et al., 2018). Clearly, the concentrations and compositions of chemicals in plants 429 

affect food choices. 430 

Plant secondary metabolite production can be influenced by the plant neighborhood via plant–plant 431 

interactions (Barton and Bowers, 2006; Mraja et al., 2011; Takigahira and Yamawo, 2019). For 432 

example, Broz et al. (2010) found that total phenolics accumulation was lower in Centaurea 433 

maculosa plants collected from heterospecific field stands than from conspecific ones. Plants with 434 

heterospecific neighbors are considered to allocate more resources towards the production of 435 

primary metabolites, which are crucial for plant growth, thereby reducing their allocation to 436 

secondary metabolites (Broz et al. 2010); thus, changes in resource availability in response to 437 

competition with neighboring plants may indirectly affect the synthesis of plant secondary 438 

metabolites (e.g., Broz et al. 2010; Takigahira and Yamawo, 2019; Ohsaki et al., 2022). 439 

The link between plant–plant interactions, plant secondary metabolite production, and herbivory has 440 

been demonstrated in invertebrates (Ohsaki et al., 2022). Ohsaki et al. (2022) reported that Rumex 441 

obtusifolius plants grown with a conspecific neighbor increased their leaf concentrations of total 442 

phenolics, and a specialist leaf beetle (Gastrophysa atrocyanea) consumed more of these leaves than 443 
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those of plants grown with a heterospecific neighbor. This discrimination is thought to occur because 444 

the leaf beetle is a specialist herbivore of genus Rumex plants that recognizes and searches for hosts 445 

on the basis of the presence of secondary metabolites (Ohsaki et al., 2022). However, it is not known 446 

whether plant–plant interactions affect resource utilization by vertebrates via variations in the 447 

content of leaf secondary metabolites. 448 

Here, our three research questions were as follows: (i) Do plants that belong to local populations 449 

with different densities in the field have different concentrations of total phenolics, one of the 450 

secondary metabolites? (ii) Do differences in plant–plant interaction treatments (inter- or 451 

intraspecific) affect the leaf concentrations of secondary metabolites? and (iii) Do changes in leaf 452 

traits caused by differences in plant–plant interactions affect leaf consumption by vertebrates? We 453 

studied these questions by using Aster leiophyllus Franch. et Sav. var. leiophyllus (Asteraceae, 454 

Astereae) as the plant and sika deer as a large vertebrate herbivore. In Asteraceae, changes in the leaf 455 

total phenolics concentration in response to intra- and interspecific interactions have been reported, 456 

suggesting that these changes have a defensive function against arthropods (Broz et al. 2010). To test 457 

our hypotheses, we investigated the relationships among the interaction environment with neighbors 458 

of A. leiophyllus plants, the leaf concentration of total phenolics, and the preference of sika deer in 459 

the field. To clarify the effect of the interaction environment on leaf traits of A. leiophyllus and 460 

resource utilization by sika deer, we grew plants in pots and examined deer preferences (Figure 11). 461 
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 462 

Figure 11. Flowchart outlining all the steps in the experiments. 463 

 464 

MATERIALS AND METHODS 465 

Study Species 466 

Sika deer, also known as Japanese deer, are distributed extensively in the forests of East Asia 467 

(Goodman et al., 2001). Sika deer expanded their range in Japan by nearly 70% during the 1990s 468 

(Takatsuki, 2009). Grazing by sika deer affects the vegetation composition in both agricultural and 469 

forested habitats (Suzuki et al. 2008; Hashimoto and Fujiki, 2014; Ohashi et al. 2014; Wakatsuki et 470 

al., 2021). The deer feed on a variety of plant species (foraging plants) but reportedly avoid some 471 

species (unpalatable plants) (Takatsuki, 2009). From a literature analysis, Hashimoto and Fujiki 472 

(2014) listed the preferences of sika deer for plants in Japan; of 900 plant species, 646 were 473 
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categorized as foraging plants and 135 were categorized as unpalatable plants; another 119 species, 474 

including A. leiophyllus, were reported as both foraging and unpalatable plants. Aster leiophyllus is a 475 

perennial herb that grows in East Asia along forest edges and in the understory. It propagates via 476 

wind-dispersed seeds and by stolons. Our unpublished preliminary experiment and a previous study 477 

(Kawakami et al., 2020) showed that A. leiophyllus contains phenolic compounds. A comprehensive 478 

analysis of chemicals from 11 species of the genus Aster, not including A. leiophyllus, revealed that 479 

phenolic acids and flavonoids were widely present in these species (Li et al., 2022). 480 

 481 

Study sites 482 

Plant and seed samples were collected from an approximately 1-ha site in the city of Nikko (36°483 

48′N, 139°25′E) in Tochigi Prefecture, Japan. The deer population in this area has increased 484 

since the 1980s (Li et al. 1996). In some particularly severely damaged areas, dwarf bamboo species 485 

have been nearly depleted (Koganezawa and Satake, 1996) and replaced with A. leiophyllus 486 

understory (Seki and Koganezawa, 2010). At the study site, we found marks that seemed to have 487 

been left on A. leiophyllus plants by foraging deer (K. O. and H. O. personal observations). A second 488 

site, in Nara City, Nara Prefecture, Japan (34°41′N, 135°50′E), was used to present plants to 489 

deer. At this site, the population density of deer was high (>200 deer/km2), and many deer 490 

individuals were familiar with humans. Plants were presented to the deer directly by hand, as 491 
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described below. The deer encountered A. leiophyllus for the first time during the experiment, 492 

because it was not naturally distributed at this site. 493 

 494 

Experiment with field-collected A. leiophyllus 495 

On 16 September 2018, undamaged A. leiophyllus shoots were collected from the Nikko City study 496 

site. The plants collected were approximately 30 cm tall and were at least 5 m apart from each other. 497 

Plants with no conspecific individuals within a radius of 30 cm were defined as “solitary” (N = 38), 498 

and those with five or more conspecific individuals within this radius were considered “aggregated” 499 

(N = 38). One shoot was collected from each plant. The solitary plants that we collected were 500 

surrounded by other species, such as Carex aphanolepis and Thalictrum baicalense, instead of 501 

conspecific individuals. All focal plants were flowering. We cut the two youngest fully developed 502 

leaves from the tip of the shoot of each focal plant and dried them at 40 °C in an oven over 3 days to 503 

analyze the concentration of total phenolics (Julkunen-Tiitto and Tahvanainen, 1989). Preliminary 504 

tests had revealed that the total phenolics content did not change over an approximately 3-day period 505 

after the leaves had been picked (data not shown). Similarly, it has been reported that no differences 506 

in the total phenolics concentration of cauliflower (Brassica oleracea) extracts were found between 507 

three drying methods: air-dried (ambient conditions, 10 days), sun-dried (7 days), and oven-dried at 508 

40 °C (3 days) (Anwar et al. 2013). After leaf harvest, the remaining shoots were individually kept in 509 
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moist plastic bags in a dark box at 20 °C for 24 h for use in the deer preference trials. Although we 510 

recognize that there would have been some loss of phenolics during the 24 h (Julkunen-Tiitto and 511 

Tahvanainen, 1989), we considered that the experimental treatments were comparable because the 512 

experimental shoots from both solitary and aggregated plants were kept under the same conditions. 513 

On 17 September 2018, the leaves of solitary and aggregated plants were presented to 38 randomly 514 

selected deer at the Nara City study site. One of us carefully approached a deer, starting at 2 m to the 515 

front of the animal. By using hands, a leaf from a solitary or aggregated plant was presented to the 516 

deer for 30 s at 10 cm from the animal’s snout. The same 30-s routine was then used with a leaf from 517 

an aggregated or solitary plant, respectively, regardless of whether the deer had consumed the first 518 

leaf. Each trial had two 30-second steps, thus allowing us to evaluate the deer’s learning through the 519 

consumption of A. leiophyllus leaves. In 20 of the trials, leaves of solitary plants were presented first, 520 

followed by leaves of aggregated plants. Only one leaf per plant was used in the deer preference 521 

trial; the other was used for analysis of the phenolics concentration (see below). All the trials were 522 

performed on the same day. The order was reversed in the remaining 18 trials. The two types of trials 523 

were alternated. Each deer selected was more than 20 m away from other deer. An individual deer 524 

participated in one trial only. Each deer was identified by external characteristics such as body size, 525 

color, and presence of horns or small wounds. Consumption was evaluated as (i) “completely 526 

consumed” (deer consumed the leaf), (ii) “left” (deer took the leaf but spat it out), and (iii) “rejected” 527 
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(deer did not take the leaf). Deer were recorded as buck, doe, or fawn on the basis of body size and 528 

the presence or absence of antlers. 529 

 530 

Experiment with plants grown in pots 531 

On 16 September 2018 in the city of Nikko, approximately 50 seeds were collected from each of 532 

three A. leiophyllus plants that were at least 10 m apart. Seeds were kept in a refrigerator at 4 °C. On 533 

6 May 2019, all seeds of each A. leiophyllus plant were germinated on the surface of wet sand (2 cm 534 

deep) in the laboratory at 25 °C under a 12-h photoperiod. On 26 May 2019, six to 15 seedlings of 535 

each A. leiophyllus plant that had true leaves (in total 28 seedlings) were transferred one by one to 28 536 

pots (10.5 cm diameter × 9 cm height) filled with seed-free garden soil containing compost as a 537 

major component (Mori Sangyo Co., Hokkaido Prefecture, Japan). These seedlings were defined as 538 

focal plants and were allocated to intra- and interspecific interaction treatments. A neighboring plant 539 

was planted in each pot: A. leiophyllus for the intraspecific interaction treatment (N = 10), or C. 540 

aphanolepis or T. baicalense for the interspecific interaction treatments (N = 9 each). Both C. 541 

aphanolepis and T. baicalense are predominant neighboring plants of A. leiophyllus in the field of the 542 

city of Nikko (H. O. personal observation). These neighbor plants for the treatments were collected 543 

from the city of Nikko and were individually trimmed to a weight of 5.0 ± 0.5 g on 25 May 2019. 544 

The distance between plants in a pot was about 3 cm. All pots were placed randomly in a greenhouse 545 
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at Hirosaki University (40°59ʹN, 140°47ʹE) and watered once a day. To evaluate the change in 546 

resource allocation in plants in each treatment, on 27 October 2019 we measured the diameter of the 547 

major rosette and counted the leaves of each A. leiophyllus. The two youngest fully developed leaves 548 

were collected and immediately dried at 40 °C in an oven over 3 days to analyze the concentration of 549 

total phenolics. Each remaining leaf was kept as described above and presented to deer on 28 550 

October 2019 at the Nara City study site. Each plant leaf was given to a different individual deer. 551 

The approach to the deer was the same as above. 552 

 553 

Concentration of total phenolics 554 

We used the method of Dudt and Shure (1994) to quantify the total phenolics in the leaves of A. 555 

leiophyllus collected in the field or grown in pots. Dried leaves were powdered in a mill. Total 556 

phenolics were extracted from 20 mg of leaf powder in 10 mL 50% methanol for 1 h in an 557 

ultrasound bath at 40 °C and quantified by using the Folin–Ciocalteu method (Julkunen-Tiitto 1985). 558 

 559 

Statistical analysis 560 

All statistical analyses were performed by using R v. 3.6.1 software (R Development Core Team, 561 

2019). All data sets met the statistical assumptions of normality and homoscedasticity according to 562 

the Kolmogorov–Smirnov test, and the statistical analyses performed were appropriate to the 563 
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structure of the data sets. All tests were two tailed. The significance level was set at 0.05. 564 

The concentrations of total phenolics in the leaves of solitary and aggregated A. leiophyllus plants 565 

collected in the field were compared by using generalized linear models with Gaussian distribution 566 

and an identity link (McCullagh and Nelder, 2019), followed by an F-test; the models included the 567 

concentration of total phenolics as a response variable and plant population density (solitary or 568 

aggregated) as an explanatory variable. 569 

The concentrations of total phenolics and the rosette diameters of A. leiophyllus grown in pots were 570 

compared among neighboring plant species conditions (A. leiophyllus, C. aphanolepis, and T. 571 

baicalense) by using generalized linear mixed models (GLMMs, R package “lmerTest”, Kuznetsova 572 

et al., 2015) with Gaussian distribution and an identity link, followed by an F-test; the models 573 

included plant traits (total phenolics and rosette diameter) as response variables and the type of 574 

neighboring plants as an explanatory variable. Numbers of leaves of A. leiophyllus were compared 575 

among neighboring plant species conditions by using GLMMs (R package “glmmML”, Broström, 576 

2018) with Poisson distribution and a log link, followed by a likelihood ratio test; the models 577 

included the number of leaves as a response variable and the type of neighboring plants as an 578 

explanatory variable. Parent plant ID was included as a random effect in the models. When there was 579 

a significant effect of the interaction environment on the deer response, we conducted multiple 580 

comparisons by false discovery rate correction. 581 
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We used cumulative-link mixed models (CLMMs, R package “ordinal”, Christensen 2015) with a 582 

logit link to analyze the effects of the interaction with neighbors of A. leiophyllus collected in the 583 

field or grown in pots on the consumption of leaves of focal plants by deer. The models included 584 

deer response (completely consumed, left, or rejected) as a fixed term, and the density of plants 585 

collected in the field (solitary or aggregated) or neighboring plant conditions as explanatory 586 

variables. Deer sex (buck, doe, or fawn) was included as a random effect in these models. When 587 

there was a significant effect of neighboring plant species conditions on deer response, we conducted 588 

multiple comparisons by false discovery rate correction. 589 

Relationships between consumption by deer and the concentration of total phenolics in the leaves of 590 

A. leiophyllus collected in the field or grown in pots were analyzed by GLMMs (R package 591 

“glmmML”, Broström, 2018) with a binomial distribution and logit function, followed by the 592 

Chi-square test; the models included consumption by deer as a response variable and the 593 

concentration of total phenolics as an explanatory variable. In this analysis, we transformed the data 594 

on deer response to binomial data (completely consumed or not). Deer sex ID or parent plant ID was 595 

included as a random effect in the models. 596 

 597 

RESULTS 598 

Experiment with field-collected A. leiophyllus 599 
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The concentration of total phenolics was significantly higher in the leaves of aggregated plants than 600 

in those of solitary plants (solitary or aggregated presented first: F1,36 = 18.808, P < 0.001, Figure 601 

12a; solitary or aggregated presented second: F1,36 = 25.116, P < 0.001, Figure 12b). All of the deer 602 

presented first with the leaves from solitary plants completely consumed them, whereas only about 603 

50% of the deer presented first with the leaves of aggregated plants consumed them (Figure 13a). 604 

There was a significant negative correlation between the concentration of total phenolics and 605 

consumption by deer (estimated coefficient = −0.065, χ2 = 5.797, dF = 1, P = 0.016, Figure 14). 606 

When deer were presented second with either solitary or aggregated leaves, about 40% of the deer 607 

rejected or left the leaves (Figure 13b). The percentages of deer consuming the leaves of solitary or 608 

aggregated plants did not differ significantly (χ2 = 0.003, dF = 1, P = 0.960, Figure 13b). There was 609 

a significant negative correlation between the total concentration of phenolics and consumption by 610 

deer (presented first, estimated coefficient = −0.065, χ2 = 5.797, dF = 1, P = 0.016; presented 611 

second, estimated coefficient = −0.052, χ2 = 4.439, dF = 1, P = 0.035, Figure 14). 612 
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 613 

Figure 12. Concentrations of total phenolics in leaves of solitary and aggregated Aster leiophyllus 614 

plants collected in the field and presented (a) first or (b) second to deer. All solitary A. leiophyllus 615 

grew near Carex aphanolepis or Thalictrum baicalense. Bars represent SE. P-values are for the 616 

results of generalized linear model analysis. 617 

 618 

Figure 13. Deer responses to Aster leiophyllus leaves collected in the field and presented (a) first or 619 

(b) second. Completely consumed: deer consumed the leaf; left: deer took the leaf but spat it out; 620 

rejected: deer did not take the leaf. P-values are for the results of cumulative-link mixed-model 621 
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analysis. 622 

 623 

Figure 14. Relationships between deer responses to field-collected Aster leiophyllus and 624 

concentration of total phenolics in leaves of aggregated and solitary plants presented first (gray) and 625 

second (blue). 626 

 627 

Experiment with plants grown in pots 628 

The concentration of total phenolics in the leaves of A. leiophyllus varied according to the type of 629 

neighboring plant (χ2 = 11.249, dF = 2, P = 0.004, Figure 15a). Plants subjected to interspecific 630 

interaction treatment with T. baicalense had a significantly lower concentration of total phenolics 631 

than those subjected to intraspecific interaction treatment (χ2 = 11.114, dF = 1, P = 0.003, Figure 632 

15a). The corresponding value in the C. aphanolepis interaction treatment did not differ significantly 633 
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from those in the two other treatments (compared with intraspecific interaction treatment, χ2 = 3.056, 634 

dF = 1, P = 0.123; compared with interspecific interaction treatment using T. baicalense, χ2 = 2.662, 635 

dF = 1, P = 0.123; Figure 15a). Rosette diameter and number of leaves of A. leiophyllus did not 636 

differ among cultivation conditions (rosette diameter: χ2 = 2.43, dF = 2, P = 0.297, Figure 15b; 637 

number of leaves: χ2 = 0.041, dF = 2, P = 0.980, Figure 15c). 638 

 639 

Figure 15. Leaf and growth traits of Aster leiophyllus grown in pots. (a) Concentration of total 640 

phenolics; (b) rosette diameter; (c) number of leaves per plant. The focal plants, A. leiophyllus, were 641 

grown in pots with the following neighbors: A. leiophyllus (AL/AL; N = 10) as an intraspecific 642 

interaction treatment; and Carex aphanolepis (AL/CA; N = 9) or Thalictrum baicalense (AL/TB; N 643 

= 9) as interspecific interaction treatments. Bars represent SE. P-values are for the results of 644 

generalized linear mixed model analysis. N.S., not significant. 645 
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 646 

The differences in consumption of leaves of focal plants by deer showed a trend toward significance 647 

among the different types of neighboring plants (χ2 = 3.427, dF = 1, P = 0.064, Figure 16). A 648 

significantly greater percentage of deer completely consumed the leaves of A. leiophyllus plants 649 

grown with T. baicalense than the percentage that consumed A. leiophyllus grown with conspecific 650 

neighbors (χ2 = 6.013, dF = 1, P = 0.043, Figure 16). Rates of consumption of the leaves of A. 651 

leiophyllus grown with C. aphanolepis did not differ from those of the other two groups (compared 652 

with intraspecific, χ2 = 1.146, dF = 1, P = 0.285; with T. baicalense, χ2 = 3.137, dF = 1, P = 0.115; 653 

Figure 16). There was a significant negative correlation between the total concentration of phenolics 654 

and consumption by deer (estimated coefficient = −0.061, χ2 = 4.486, dF = 1, P = 0.034, Figure 17). 655 

 656 

 657 

Figure 16. Deer responses to Aster leiophyllus grown in pots. The focal plants, A. leiophyllus, were 658 
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grown in pots with the following neighbors: A. leiophyllus (AL/AL; N = 10) as an intraspecific 659 

interaction treatment; and Carex aphanolepis (AL/CA; N = 9) or Thalictrum baicalense (AL/TB; N = 660 

9) as interspecific interaction treatments. Completely consumed: deer consumed the leaf; left: deer 661 

took the leaf and spat it out; rejected: deer did not take the leaf. P-values are for the results of 662 

cumulative-link mixed-model analysis. 663 

 664 

 665 

Figure 17. Relationships between deer responses to Aster leiophyllus grown in pots and 666 

concentration of total phenolics in the leaves. 667 

 668 

DISCUSSION 669 

We found that A. leiophyllus plants from low-density populations had a lower concentration of total 670 
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phenolics than plants from high-density populations without changes in growth- traits, rosette size 671 

and number of leaves. Moreover, interspecific interaction in A. leiophyllus reduced the leaf 672 

concentration of total phenolics, but only in the case of interaction with T. baicalense. Significantly 673 

more deer consumed the leaves of A. leiophyllus with interspecific interaction treatment with T. 674 

baicalense than the leaves of A. leiophyllus given intraspecific interaction treatment. These results 675 

indicate that variations in leaf traits associated with plant–plant interactions affect the deer foraging 676 

response. Furthermore, the percentage of deer consuming the leaves was negatively correlated with 677 

the leaf concentration of total phenolics. This result suggests that changes in the leaf concentrations 678 

of total phenolics, or other chemicals, or both, in response to the plant interaction environment affect 679 

deer feeding. 680 

The concentration of total phenolics was significantly lower in solitary A. leiophyllus plants growing 681 

in the field with other plant species (C. aphanolepis or T. baicalense or both) than in aggregated 682 

plants (Figure 12a). This result suggests that the leaf chemical composition was changed by 683 

interaction with neighboring plant species. The concentration of total phenolics in the leaves of A. 684 

leiophyllus plants grown in pots with T. baicalense as the other species was significantly lower than 685 

that in the leaves of those grown with the same species (Figure 15a). In contrast, the concentration of 686 

total phenolics in the leaves of A. leiophyllus plants grown in pots with C. aphanolepis as the other 687 

species did not differ significantly from that in the leaves of those grown with the same species, 688 
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although it was about 16% lower than that in the latter (Figure 15a). Furthermore, our preliminary 689 

experiment revealed that the concentration of total phenolics in the leaves of A. leiophyllus grown 690 

without neighbor plants was similar to that of A. leiophyllus grown with plants of the same species 691 

(Figure 18). We consider that phenotypic plasticity in response to interspecific interaction may 692 

contribute to the differences in the concentration of total phenolics or in related traits such as 693 

primary and other secondary metabolites in leaves. 694 

 695 

 696 

Figure 18. Concentration of total phenolics in leaves of Aster leiophyllus grown in pots. The focal 697 

plants, A. leiophyllus, were grown in pots alone (N = 26) or with conspecific neighbors (AL/AL; N 698 

= 40). Bars represent SE. P-values are for the results of generalized linear mixed model analysis. 699 

 700 
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There are two main possible causes of the change in the concentration of total phenolics according to 701 

the interaction environment. One is variation in competition intensity among treatments. Changes in 702 

resource availability due to competition can affect leaf defense traits through the growth–defense 703 

trade-off (Herms and Mattson, 1992; Karasov et al., 2017). Phenolics are also well known to be 704 

defensive chemical compounds against herbivores (Forkner et al., 2004; Lattanzio et al., 2006; 705 

Rehman et al. 2012), and negative correlations (growth–defense trade-off) between the concentration 706 

of phenolics and growth are often found (e.g., Strauss et al., 2002; Rehman et al. 2012; Yamawo et 707 

al., 2015). A decrease in the leaf concentration of phenolics suggests that a plant may be investing 708 

more in growth for competition than in defense against herbivory. The cultivation period of our 709 

experiment was short (about 5 months), and changes in the concentration of total phenolics did not 710 

affect leaf number per plant or rosette diameter in plants grown in pots (Figure 15b, c). There may be 711 

a time lag for the impact of interactions on growth to become apparent. We predict that growth traits 712 

will be affected, but to show this would require a longer experimental period and measurements of 713 

the belowground biomass. 714 

The second possible cause of the change in leaf traits including total phenolics concentration is 715 

leaf-trait alteration based on neighbor recognition. Generally, resource competition is intense among 716 

conspecific individuals, because they require similar resources (Adler et al., 2018), but some plants 717 

avoid such competition through the recognition of competitor identity, self, and kin (e.g., Dudley and 718 
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File, 2007; Yamawo et al., 2017). For example, the plant Cakile edentula avoids competition 719 

belowground from kin individuals through kin recognition (Dudley and File, 2007). Although we 720 

have no information on whether A. leiophyllus plants express self- or kin recognition, this 721 

mechanism may have led to the differences in leaf traits (e.g. the concentration of phenolics) in our 722 

experiments. 723 

Some plant species, such as Plantago lanceolata (Plantaginaceae), Quercus robur (Fagaceae), and 724 

Rumex obtusifolius (Polygonaceae), have higher leaf concentrations of secondary chemicals such as 725 

lignins and phenolics when exposed to intraspecific interaction than when exposed to interspecific 726 

interaction (Barton and Bowers, 2006; Moreira et al., 2017; Ohsaki et al., 2022). Thus, changes in 727 

leaf chemical traits as a result of plant interaction with neighbors likely occur in many taxonomic 728 

groups. In our pot experiments, we, too, found differences in the concentration of phenolics 729 

depending on the species of the neighboring plant, so not only differences between intra- and 730 

interspecific interactions but also the species identity of neighboring plants has to be considered in 731 

future studies. It is important to clarify why the direction of change differs among plant species and 732 

to verify these differences experimentally from the viewpoint of differences in taxonomic groups, 733 

reproductive traits, and habitats. 734 

Local A. leiophyllus population density (solitary vs. aggregated) affected the consumption response 735 

by deer. Among deer presented first with the leaves of aggregated plants, about half completely 736 
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consumed the leaves, and when the deer were presented first with the leaves of solitary plants all of 737 

the deer completely ate the leaves (Figure 3a). The consumption rate was negatively correlated with 738 

the concentration of total phenolics (Figure 4). A similar negative correlation was observed in the 739 

experiment with plants grown in pots (Figure 7). Phenolics may reduce herbivory not only by insects 740 

(e.g., Howe and Jander, 2008; War et al., 2018), but also by deer. A reduction in deer feeding damage 741 

in the presence of leaf phenolics has been reported (Felton et al., 2018; Champagne et al., 2020). Our 742 

results suggest that food preference by deer for A. leiophyllus depends on phenolics concentration or 743 

other related traits, or both. Extensive work by Salminen and colleagues over the past decade has 744 

shown that the chemistry of specific phenolics in plants affects herbivory by both invertebrate and 745 

vertebrate herbivores (e.g. Salminen and Karonen, 2011; Marsh et al. 2020). Nevertheless, there was 746 

a correlation between deer foraging response and the total phenolics concentration in leaves (Figures 747 

14, 17). Some phenolic substances (e.g. phenolic acids and flavonoids) that are dominant in leaves 748 

may act in chemical defense against deer. In addition, preference-related substances in the leaves 749 

may also affect the foraging response of deer. Energy and protein are the most limiting resources for 750 

large herbivores, and resource selection is affected by these resources (Robbins, 1993, Spalinger, 751 

2000). More detailed analyses of phenols, related chemicals, and nutrients are needed in future 752 

studies. 753 

In addition, consumption by deer may be influenced by conditioned food aversion. Conditioned food 754 
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aversion is a rejection response in which an animal associates the taste and scent of a food with the 755 

negative effects of that food (mainly nausea or vomiting); the response is subsequently provoked 756 

when the animal encounters the food again (Gustavson et al., 1974). For example, goats fed on 757 

condensed tannins (phenolic compounds) associate the flavor of the plants with post-ingestive 758 

aversion and learn to avoid them; the aversion is apparently not related to the inhibition of digestion 759 

(Provenza et al., 1990). This feeding response is widespread among animals, including humans and 760 

rats (Garcia et al. 1974; 1985): In our experiments, deer that were presented initially with aggregated 761 

plants and were then presented with solitary plants rejected or left about 40% of the solitary plants 762 

(Figure 13b). When presented with their first leaf of A. leiophyllus, the deer may have learned to 763 

associate the flavor with aversion to phenols or other chemicals influencing subsequent foraging 764 

choice and may therefore have not eaten the second leaf.  765 

Our results also have important implications for environmental management. Grazing of vegetation 766 

by deer has become a worldwide problem (Côté et al., 2004; Enright et al., 2014; Bernardo et al., 767 

2016; Shinoda et al., 2021). Our results imply that we can control deer damage to a certain extent by 768 

manipulating interactions between plants. For example, aggregated transplants of focal plant species 769 

may reduce deer herbivory by facilitating the accumulation of high levels of secondary chemicals in 770 

leaves. However, on the other hand, aggregated planting may increase consumption by deer through 771 

resource concentration effects (Holík and Janík, 2022). In our deer foraging experiment we focused 772 
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on the short-term response of the deer, and this limits our discussion of these issues. Future work 773 

could confirm these possibilities by testing whether plastic chemical changes in the leaves have 774 

long-term effects on feeding by deer. In conclusion, in order to accurately estimate the effect of 775 

herbivory by large vertebrates on ecosystem, we will need to understand the effects of phenotypic 776 

changes in leaf traits in response to plant–plant interactions. 777 

  778 
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5. General discussion 779 

I demonstrated that population density of plants shape the types of plant-plant interaction, intra- or 780 

inter-specific interaction, and the differences in types of plant-plant interaction induce changes in the 781 

concentrations of secondary metabolites in leaves. These phenomena were observed in different 782 

plant species belong to Polygonaceae and Asteraceae. Furthermore, I showed that the resource 783 

utilization and distribution by several taxonomic groups of herbivores are affected by these chemical 784 

changes in leaves. These results supported my hypothesis. 785 

In chapter 2, I revealed that the accumulation of condensed tannins and total phenolics in leaves 786 

occurred in response to intraspecific interactions in R. obtusifolius. On the other hands, in chapter 4, 787 

a reduction in total leaf phenolics occurred as a response to interspecific interaction in Aster 788 

ageratoides. Thus, responses to plant-plant interactions may differ among plant species. Moreover, 789 

previous studies have shown several different responses in several plant species. Studies in which 790 

plant-plant interaction treatments were experimentally manipulated and the concentrations of 791 

secondary metabolites in leaves analyzed are summarized in Table 3. These research include 792 

experimental designs where many plant individuals are grown together, such as monocultures and 793 

polyculture. I excluded experiments that manipulated species diversity around the focal plants and 794 

experiments without control treatment, i.e., conditions that do not expose the plants to interaction. 795 

The studies reviewed in Table 3 were divided into the following six patterns. The first is the pattern 796 
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that plant-plant interaction did not affect changes in concentrations of secondary metabolites in 797 

leaves (Figure 19a). The second is the pattern that plant-plant interaction increased concentrations of 798 

them, whether intra- or interspecific interaction (Figure 19b). The third and fourth are the patterns 799 

that either intraspecific (Figure 19c) or interspecific interaction (Figure 19d) increased 800 

concentrations of them. The results of R. obtusifolius in Chapter 2 falls under the Figure 19c. The 801 

fifth and sixth are patterns that plant-plant interactions increased and the extent of the increase varied 802 

between intra- (Figure 19e) and interspecific interaction (Figure 19f). Furthermore, as far as I had 803 

been able to find, there is no trend that the interaction treatment reduces the concentration of 804 

secondary metabolites in leaves more than the control, i.e., no interaction treatment. Therefore, 805 

decreased concentrations of total phenolics in leaves associated with interspecies interaction that 806 

occurred in the A, ageratoides in Chapter 4 may be an extremely rare case. In any case, there was no 807 

consistency in the pattern of changes in concentration of secondary metabolites according to type of 808 

taxonomic group or secondary metabolite. 809 

Additionally, clarifying the mechanisms of change of concentration of secondary metabolites in 810 

leaves with plant-plant interactions may help in understanding the differences in their patterning. I 811 

considered two possible factors to the increase of concentration of secondary metabolites in leaves 812 

with plan-plant interaction: interference with neighboring plants via resources and recognition by the 813 

focal plant. The former hypothesis is that the presence of neighboring plants has changed the 814 
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composition of resources in the environment and caused some metabolic change in the focal plant. In 815 

other words, the focal plant may have been interfered with by the behavior of neighboring plants, 816 

which resulted in changes in secondary metabolites. For example, Barton and Bowers (2006) cite the 817 

carbon–nutrient balance hypothesis (Bryant et al., 1983) and discuss the possibility that competition 818 

for nutrient in soil may allocate more photosynthate to carbon-based defenses. 819 

The latter hypothesis is that the focal plant recognized the presence of neighboring plants. In 820 

other words, the focal plant may have been responded actively to neighboring plants, resulting in 821 

changes in secondary metabolites. Alternatively, the focal plant may have been responded actively to 822 

neighboring plants, resulting in changes in secondary metabolites. Variation in leaf traits such as leaf 823 

area (Lepik et al., 2012) and extrafloral nectar (Yamawo, 2021) based on recognition of neighboring 824 

plant has been reported in several plant species. 825 

 826 
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Table 3. List of variation of concentration of leaf secondary metabolites in response to plant-plant interaction treatments 827 

  828 

Types of changes in secondary

metabolites based on Figure 19
Family Focal species Secondary metabolites Mecanisms Reference

Comparison with

controls

a Cucurbitaceae Cucurbita pepo  L. catalase unknown Di N. et al. (2018) Yes

a 	Fabaceae Phaseolus vulgaris  L. superoxide dismutases unknown Di N. et al. (2018) Yes

a Brassicaceae Brassica rapa  L. superoxide dismutases unknown Di N. et al. (2018) Yes

b Plantaginaceae Plantago major  L. iridoid glycosides
The carbon–nutrient balance hypothesis, the adaptive

plasticity hypothesis or dilution effects
Barton & Bowers (2006) Yes

b Brassicaceae Brassica rapa  L. peroxidase unknown Di N. et al. (2018) Yes

b Cucurbitaceae Cucurbita pepo  L. superoxide dismutases unknown Di N. et al. (2018) Yes

c Solanaceae Solanum lycopersicum  L. catalase unknown Di N. et al. (2018) Yes

c 	Fabaceae Phaseolus vulgaris  L. peroxidase unknown Di N. et al. (2018) Yes

c Cucurbitaceae Cucurbita pepo  L. peroxidase unknown Di N. et al. (2018) Yes

c Solanaceae Solanum lycopersicum  L. peroxidase unknown Di N. et al. (2018) Yes

c 	Fabaceae Phaseolus vulgaris  L. polyphenol oxidase unknown Di N. et al. (2018) Yes

c Brassicaceae Brassica rapa L. polyphenol oxidase unknown Di N. et al. (2018) Yes

c Solanaceae Solanum lycopersicum  L. polyphenol oxidase unknown Di N. et al. (2018) Yes

c Solanaceae Solanum lycopersicum  L. superoxide dismutases unknown Di N. et al. (2018) Yes

e Plantaginaceae  Plantago lanceolata  L. iridoid glycosides
The carbon–nutrient balance hypothesis, the adaptive

plasticity hypothesis or dilution effects
Barton & Bowers (2006) Yes

e 	Fabaceae Phaseolus vulgaris L. catalase unknown Di N. et al. (2018) Yes

e Brassicaceae Brassica rapa  L. catalase unknown Di N. et al. (2018) Yes

e Cucurbitaceae Cucurbita pepo  L. polyphenol oxidase unknown Di N. et al. (2018) Yes
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Figure 19. Six patterns of variation of concentration of leaf secondary metabolites in response to 

plant-plant interaction. 

 

Thus, even though plant-plant interactions involve at least two or more phenomena, such 

as resource competition and neighbor recognition, most previous studies have regarded plant-plant 

interaction as competition (e.g., Barton and Bowers, 2006; Bustos-Segura et al., 2017). 

Distinguishing and clarifying competition and neighbor recognition may improve our understanding 

of the complex patterning of changes in the concentration of secondary metabolites. We need to 

objectively examine plant-plant interactions using detailed chemical analysis sach as gene 

expression analysis in plant, metabolome analysis in plant and resource composition analysis in 

environment. For example, it is useful to analyse components of soil nutrients and lights in the 
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cultivation experiments and to experimentally manipulate soil nutrient and light conditions in order 

to determine whether resource availability affects changes in leaf chemicals. Competition for water 

is unlikely to influence change in leaf chemicals, as all studies referenced in Table 3 showed that 

water was provided adequately. To determine whether recognition of neigbouring plants occurs 

through plant-plant interactions, it is necessary to examine the response of the focal plants to the 

presence of neighbouring plants when light and soil nutrient conditions are held constant. The 

Chapter 3 research was a useful to certain the effects of recognition. In this experiment, only the 

presence of neighbouring plants could be presented to the for plants using root exudate with keeping 

the same conditions of resource and light. Then, we detected effects of recognition through root 

exudate chemicals in Chapter 3, but which differed from the results of experiments with direct 

plant-plant interaction in Chapter 2. Rumex obtusifolius recognize neighboring plants and occur 

chemical responses of leaves, but this effect of recognition is thought to be masked by the effects of 

resource competition in field. Thus, we must not forget that both recognition and competition may 

arise, which collectively influence changes in leaf chemicals. To distinguish the effects of resource 

competition and neighbour recognition, it may be useful to focus on the spatial scale at which each 

phenomenon can occur. Competition occurs to the area that plants can share resources with 

neighbours, whereas neighbour recognition occurs to the area that plants can give and receive the 

mediums with neighbours. Root exudates and volatile organic compounds are diffused extensively, 
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so recognition may arise more extensively than competition. Future experiments should therefore 

focus on distance-dependent responses. 

Resource utilization by herbivores was affected by changes in leaf secondary metabolites following 

plant–plant interaction. Plants with high concentrations of secondary metabolites were preferred by 

the specialist leaf beetle in Chapter 2 and rejected by the generalist deer in Chapter 4. The first 

experimental evidence is that plant–plant interactions and associated variations in leaf chemical traits 

are involved in resource selection by herbivores were provided by these results. As mentioned in the 

General Introduction, secondary metabolites in plants act as a defense against herbivory by 

generalists (e.g., Jeschke et al., 2017; Macel, 2011; Schoonhoven et al., 2005), while specialists can 

overcome and use secondary metabolites for foraging (e.g. Goodey et al., 2015; Wheat et al., 2007). 

These ecological characteristics of herbivores may have made the difference between the results of 

Chapters 2 and 3. However, Galerucella grisescens did not respond to secondary metabolites despite 

being generalist herbivores. Accumulation of further empirical studies will help understand the 

impact of host range on foraging and hence distribution patterns of herbivores. 

In previous study, ecological researchers interpreted the local population density of plants as patch 

size and resource abundance (e.g., Root, 1973; Otway et al., 2005). The density has then been 

thought to influence the resource selection of herbivores by controlling foraging efficiency and 

associational effects with neighboring plants. Conversely, our results provide evidence that the local 
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population density of host plants can influence the resource selection of herbivores by causing 

changes in the concentration of leaf chemicals, i.e., resource quality. A unified understanding of the 

multiple mechanisms for determining herbivore distribution, such as the resource concentration 

hypothesis (Root, 1973) and resource dilution (Otway et al., 2005), may be provided by our 

hypothesis. Further studies with herbivores from a wide variety of taxa are needed to evaluate the 

generality of this mechanism. 

Our findings may also help to understand the formation mechanisms of the herbivore community. It 

has been tried in many studies to predict herbivore distribution and community structure from plant 

communities (e.g., Scherber et al., 2010; Moreira et al., 2012; Bustos et al., 2017). Sherber et al. 

(2010) reported that as the number of species in plant communities increases the amount and number 

of species of herbivores also increases. In these studies, researchers focused on parameters such as 

species diversity or composition and the density or biomass of each plant species in plant 

communities. However, variations in the local population density of host plants within their habitat 

or spatial structure have rarely been accounted for and have been regarded as uniform. Our results 

reveal that the spatial structure of plant communities may result in spatial heterogeneity in the 

chemicals used by herbivores, which may influence arthropod community formation. More 

comprehensive research, including multiple plants and herbivore species, should be included in 

future studies to determine how the herbivore community is affected by the spatial structure of the 
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plant community.  
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