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Abstract. 1. Plants take nutrients for their growth and reproduction from not only soil 

but also symbiotic microbes in the rhizosphere, and therefore, belowground microbes 

may indirectly influence the aboveground arthropod community through changes in the 

quality and quantity of plants. 

2. Rhizobia are root-nodulating bacteria that provide NH4+ to legume plants. We 

examined the effects of rhizobia on the structure of the atihropod community on host 

plants, using 28 pots of a root-nodulating soybean strain (Glycine max L.: R+) and 48 

pots of a non-nodulating strain (R-) in a common garden. 

3. R+ plants grew larger and produced a greater number ofleaves than R- plants. We 

observed 33 and 29 arthropod species on R+ and R- plants, respectively. They were 

classified into sap feeders (12 species), chewers (16 species), predators (3 species), and 

unknown (5 species). 

4. The species richness and abundance of herbivorous arthropods on R+ plants were 

greater than those on R- plants. Rhizobia positively affected the abundance of both 

sap feeder and chewer herbivores. The community composition of arthropod 

herbivores was significantly different between R- and R+ plants. 

5. Likewise, the abundance and species richness of the predators on R+ plants were 

greater than those on R- plants. 

6. Greater species richness of herbivores increased the species richness and abundance 

of predators. Greater abundance of herbivores increased the species richness of 

predators, although it did not influence predator abundance. 

7. These results indicate that aboveground arthropod communities were largely driven 
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by the belowground microbes. 

Key words. Above- and belowground interactions, bottom-up effects, community 

structure, Glycine max, rhizobia, species richness 
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Introduction 

Ecological communities are structurally organized by complex networks of direct and 

indirect interactions (Ohgushi, 2005; Bascompte & Jordano, 2007; Ings et al., 2009). 

It has been argued that top predators principally regulate the population or community 

dynamics of insect herbivores (Lawton & Strong, 1981; Strong et al., 1984; Schmitz et 

al., 2000; Finke & Denno, 2004). This top-down view in community ecology has been 

strongly influenced by "the green world hypothesis" (Hairston et al., 1960), arguing that 

herbivores are not resource-limited. On the other handi recent studies have revealed 

the prominent role of bottom-up effects of plants on the population and community 

dynamics of herbivores (Hunter et al., 1992; Ohgushi, 1992; Price & Hunter, 2005; 

Crutsinger et al., 2006; Ohgushi et al., 2007; Walker et al., 2008). More recently, there 

is increasing appreciation that bottom-up effects initiated by herbivore-induced plant 

responses have a community-wide impact on arthropods in te1Testrial systems ( e.g. Van 

Zandt & Agrawal, 2004; Ohgushi, 2005, 2008; Utsumi et al., 2009). 

Herbivore-induced changes in a wide range of plant traits, such as C/N ratio, secondary 

metabolic substances, volatile compounds, leaf toughness, and secondary regrowth, 

have a great impact on the organization of arthropod communities through subsequent 

changes in performance, preference, and population dynamics of the herbivorous insects 

involved (Ohgushi, 2005). 

The bottom-up effects can extend to higher trophic levels, depending on the 

plant traits in terrestrial systems (Hunter & Price, 1992; Siemann, 1998; Kagata & 
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Ohgushi, 2006; Chaneton & Omacini, 2007; Bukovinszky et al., 2008; Utsumi & 

Ohgushi, 2009). For example, Nakamura et al. (2006) examined the regrowth of 

willows following artificial cutting and subsequent effects on the abundance and species 

richness of associated arthropods. The artificial damage induced the plants to produce 

a greater number of new leaves with higher water and nitrogen contents, which, in turn, 

increased the abundance and species richness of not only herbivorous but also 

predaceous arthropods. Thus, the bottom-up effect initiated by trait change in plants 

can alter the community structure of higher trophic levels. 

Previous studies on the determination of community structure of arthropods 

have mainly focused on aboveground interactions (Hunter & Price, 1992; Hunter et al., 

1992). Recently, we have begun to pay more attention to how belowground 

interactions influence aboveground ecological processes (Van der Putten et al., 2001; 

Wardle, 2002; Hartley & Gange, 2009). This is because belowground microbes also 

change a wide variety of plant traits (Gange & West, 1994; Gange, 2007). Plants take 

nutrients for their growth and reproduction from not only soil but also symbiotic 

microbes in the rhizosphere (Smith & Read, 1997). Symbiotic belowground microbes 

(mycorrhizal fungi and/or nitrogen-fixing bacteria) provide nitrogen and phosphorus to 

host plants, and plants in return provide photosynthetic carbon to microbial symbionts. 

Plants use these nutrients for their growth, reproduction, and defense. There is a 

~ 
growing body of evidence that mycorrhizal fungi positively or negatively affect the 

performance of aboveground arthropods (Hartley & Gange, 2009). These studies 

suggest that the belowground microbial effects can extend upward to higher trophic 
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levels associated with a plant (Gange et al., 2003; Bennett et al., 2006; Hartley & Gange, 

2009). Although several studies recently demonstrated bottom-up effects of 

belowground microbes on aboveground interactions at the species level (Gange et al., 

2003; Gange, 2007; Kempel et al., 2009), we know little about how belowground 

microbes drive bottom-up effects to higher trophic levels in a community context. 

Rhizobia are root-nodulating bacteria that have obligate symbiosis with 

legume plants, and live in root nodules that appear as small growths on legume roots. 

Rhizobia synthesize nitrogen compounds (NH/) from N2 in the atmosphere, and 

provide them to a host plant. In the root nodulation, there is a reciprocal signaling 

system between the rhizobia and legume hosts (Miklashevichs et al., 2001). The 

nodulating process is regulated by multiple nod genes of the legumes and rhizobia 

(van Rhijn & Vanderleyden, 1995). Therefore, legume mutants lacking nod genes 

cannot produce root nodules. Recently, Kempel et al. (2009) documented the 

positive effects of rhizobia on the body weight of lepidopteran caterpillars and colony 

size of aphids in a greenhouse experiment using root nodulating and non-nodulating 

clovers (Trifolium repens L.). However, no studies to date have investigated the 

effects of rhizobia on biodiversity components of aboveground herbivorous and 

predacious arthropods. We carried out a common garden experiment to examine the 

effects of rhizobia on the species richness, abundance, and community composition 

of aboveground arthropods on soybean, using a root-nodulating soybea°' strain 

(Glycine max L. cv. Fujimishiro) and a non-nodulating strain (cv. Touzan No. 90). 

In this study, we specifically addressed the following questions. (1) Do 
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abundance, species richness, and community structure of aboveground arthropods differ 

between root-nodulating strains and non-nodu1ating strains counterparts? (2) Do 

rhizobia affect sap feeders and chewers in a different way? and (3) Do effects of 

rhizobia expand upward to predators in a community-context? 

Material and methods 

Materials 

Soybean is an annual legume plant native to East Asia. In central Japan, 

seeds are sown in late June to early July, and begin to bear flowers in August. In 

September, soybean produces pods which gradually mature over the autumn. Several 

bacteria species, including Bradyrhizobium japonicum, B. elkani, and Rhizobium fredii, 

form root nodules on soybean roots. In this study, we used two soybean strains to 

compare the effects of rhizobia. One was a root nodulating strain (cv. Fujimishiro: 

R+) and the other is a non-nodulating strain (cv. Touzan No 90: R-). Touzan No. 90 

was made by backcrossing to Fujimishiro after crossing between Fujimishiro and T201 

(another non-nodulating soybean (K. Takahashi, personal communication)). T201 has 

a mutation in the rj 1 locus, which is responsible for root hair-curling when taking 

rhizobia into the root (Williams & Lynch, 1954; Mathews et al., 1987; Suganuma et al., 

1991). Therefore, Touzan No. 90 is closely related to Fujimishiro except for root 

nodulation. In another potte~ plant experiment, Katayama et al. (in press) showed that 
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the number of root nodules of the R+ plants were 82.4 ± 8.6 (mean± SE, n = 15), but 

there were no nodules on the roots of the R- plants (n = 24). Also, foliar nitrogen and 

phenolics of the R+ plants were 50% higher and 12% lower than those of the R- plants 

in the presence of rhizobia. 

Experimental design 

We carried out a common garden experiment to examine the effects of rhizobia (R) on 

arthropod community structure. In_ May 2006, 100 and 200 seeds of R+ and R

soybeans, respectively, were sown into polyethylene pots with a diameter of 7 cm and 

depth of 6.5 cm and the pots were placed outside. These seeds were provided by the 

Laboratory of Plant Breeding of the Faculty of Agriculture, Kyoto University. Two 

weeks after the emergence of seedlings, we removed non-germinated seeds or badly 

dwarfed seedlings, and transplanted each healthy seedling into an unglazed pot (24 cm 

in diameter and 20 cm in depth) filled with a 1 : 1 mixture of black soil and sand. The 

black soil and sand are low in nutrients (available nitrogen (ammonium-N + nitrate-N) 

concentration: 55 ± 25 µg/soil-g (mean± SE, n = 10)), but may contain belowground 

microbes including rhizobia. Since we focused on overall effects of rhizobia rather 

than species-specific effects of rhizobia, we cultivated R+ and R- soybeans in 

unsterilized soil, without inoculating specific rhizobium species. We added 

ammonium sulphate (5 g/m2
) to all pots to adjust to a normal soil nitrogen level for 

cultivation of agricultural soybeans. 
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We selected 29 pots of R+ plants and 64 pots of R- plants that grew normally 

and randomly placed them in six rows in a common garden of the Center for Ecological 

Research of Kyoto University (34°58' 17"N, 135°57'32"E, Otsu, Japan). The rows 

were spaced at 80-cm intervals, and the pots within a row were spaced at 80-cm 

intervals. We had cleared all plants growing in the garden before we placed the pods. 

As additional fertilization, we applied ammonium sulphate (10 g/m2) to all potted R+ 

and R- plants three times on August 8, August 22, and September 5. 

From June 21 to September 28 we conducted 27 censuses at 3-4 day intervals 

on average to determine both arthropod abundance and species richness per plant. In 

the first census, we took one individual of each morphologically distinct species, and 

brought them to a laboratory for identification. Then, we counted the number of 

arthropods on each plant. In later censuses, we counted the number of each identified 

arthropod species without capturing. When we found an unidentified species, one 

individual was collected for identification. At 6-13-day intervals, we measured plant 

height and number of leaves as indicators of plant growth. We recorded the number of 

individuals of each arthropod species and number of species (species richness) on each 

plant in each census. 

During the season, we observed 33 and 29 arthropod species on R+ and R

plants, respectively (Appendix: Table S 1 ). These species were classified into sap 

feeders (12 species), chewers (16 species), and predators (3 species). Five arthropod 

species could not be classified into any guild, and they were excluded from the analysis. 

For each arthropod species, the number of individuals on each plant was summed and 
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the number of species (species richness) was pooled for all 27 census data. 

Since we excluded dead plants during the experiment, the replications of R+ 

and R- plants were 28 and 48, respectively. 

Statistical procedures 

A repeated measures ANOVA was used to compare plant height and leaf number 

between R+ and R- plants. The species richness and the cumulative number of 

individuals of each guild were compared using at-test between R+ and R- plants. 

We calculated the log response ratio of the abundance of each herbivore 

species to compare the strength of rhizobia effects on sap feeders and chewers. Log 

response ratio is widely used to compare effect sizes in manipulation experiments 

(Hedge et al., 1999). When the value is < 0, the effect is negative relative to the 

control, and when the value is> 0, the effect is positive. In our study, the log response 

ratio of the abundance of i-th herbivore species was obtained as follows: 

log response ratio= loge [(nR+;+l)/ (nR-;+l)] 

nR+; indicates the cumulated number of individuals of the i-th arthropod species on R+ 

plants, and nR-i indicates the cumulated number of the individuals of the i-th arthropod 

species on R- plants. The average log response ratio was compared using a t-test 

between sap feeders and chewers. 
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In comparing the community structure of herbivorous arthropods between R+ 

and R- plants, we calculated a standardized value to prevent common species from 

swamping less abundant species (Whitham et al., 1994). The relative abundance value 

for each species was expressed by loge(n+ 1 )-transformed numbers. We calculated 

loge(n+ 1 )-transformed average cumulative number of each arthropod species per plant. 

Then, the log-transformed data were divided by the values of total log-transformed 

number of arthropods so that all species were weighed equally. Bray-Cmiis 

dissimilarity matrices were calculated for the dissimilarity in the species composition 

among plants. ANOSIM was used to test the difference in the dissimilarities between 

R+ and R- plants. SIMPER was used to examine the percentage contribution of sap 

feeders and chewers to the dissimilarities of the herbivore community between R + and 

R- plants. 

To examine whether treatment differences in herbivore richness were driven 

by difference in arthropod abundance, we constructed rarefaction curves to con·ect for 

biases in species richness that arise from differences in the number of individuals 

(Gotelli & Colwell, 2001). We used the cumulative abundance of each species within 

each treatment (Ecosim 7.72, 10,000 iterations; Gotelli & Entsminger, 2004). 

Linear regression analysis was conducted to reveal the relationships between 

species richness of predators and species richness or abundance of herbivores, and 

between abundance of predators and species richness or abundance of herbivores. 

Results 
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Plant growth 

From late June to early August, R+ and R- plants grew gradually and reached a peak 

height thereafter (repeated measures two way ANOVA, time: F12,61 = 220.35, P < 0.001). 

R+ plants were significantly larger than R- plants (F1,n = 4.63, P < 0.001). The 

average height of R+ and R- plants on 28 September was 34.9 ± 1.0 and 31.5 ± 0.8 

(mean± SE), respectively. Similarly, the leaf number of both kinds of plants increased 

throughout the season (repeated measures two way ANOVA, time: F12,61 = 246.92, P < 

0.001). The leaf number of R+ plants was significantly greater than that of R- plants 

(F1,n = 11.73, P = 0.001). The average leaf number of R+ and R- plants on 28 

September was 41.0 ± 1.5 and 34.6 ± 1.2 (mean± SE), respectively. 

Richness and abundance of herbivorous arthropods 

The species richness of sap feeders and chewers on R+ plants were 

significantly greater than those on R- plants (t-test, sap feeders: t10 = 7.45, P < 0.001; 

chewers: t10 = 8.73, P < 0.001; Fig. IA, B). Although the number of sap feeder 

individuals did not significantly differ between R+ and R- plants, the number of 

chewers on R+ plants was significantly greater than that on R- plants (t-test, sap feeders: 

t10 = 1.21, P = 0.232; chewers: t10 = 8.34, P < 0.001; Fig. IC, D). Among sap feeders, 

Aphis glycines (Hemiptera) was the most dominant species, accounting for 84 % of all 
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sap feeders (Appendix Table S 1 ). The number of A. glycznes did not differ between 

R+ and R- plants (t-test, t10 = 0.86, P = 0.393), but the number of other sap feeders was 

significantly greater on R+ plants than on R- plants (t-test, t70 = 3.18, P = 0.002). 

The log response ratios of the abundance of both sap feeders and chewers 

were significantly greater than O (P < 0.05), but no difference was found between them 

(t-test, t26 = 0.68, P = 0.500; Fig. 2). This indicates that the intensity of rhizobial effect 

did not differ between sap feeders and leaf chewers. 

The herbivore community composition on R+ plants differed significantly 

from that on R- plants (ANOSIM, global R = 0.485, P < 0.001). The percentage 

contributions of sap feeders and chewers to the dissimilarities of the herbivore 

community between R+ and R- plants were 43% and 57%, respectively. 

The rarefaction curves indicated that rarefied estimates for R+ plants were 

significantly greater than those for R- plants in the range of more than 800 individuals. 

Thus, the increased species richness of herbivores on R+ plants was not due to different 

sampling efforts. 

Richness and abundance of predators 

We found three predator groups: an ant (Formica japonica), a ladybird beetle 

( Coceinaella septempunctata), and spiders (Appendix: Table S 1 ). The species richness 

and abundance of predators on R+ plants were greater than those on R- plants (t-test, 

species richness: t10= 2.97, P = 0.004; number of individuals: t10= 3.56, P < 0.001; Fig. 
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4). 

Species richness of predators increased with increases in species richness and 

abundance of herbivores (species richness of herbivores: slope= 0.133 ± 0.07 (mean± 

95% CI), t10= 3.88, P < 0.001, abundance of herbivores: slope= 0.0026± 0.0021, t10= 

2.38, P = 0.020; Fig. SA, B). Although the abundance of predators increased with an 

increase in species richness of herbivores (slope = 0.469 ± 0.268, t10 = 3 .49, P < 0.001; 

Fig. SC), it was not affected by the abundance of herbivores (slope = 0.0064 ± 0.0084, 

t10= 1.51, P = 0.135; Fig. SD). 

Discussion 

This is the first study to illustrate the effects of belowground rhizobia on biodiversity 

components of aboveground arthropods. R+ plants were larger and produced a greater 

number of leaves than R- plants. The species richness and abundance of herbivorous 

arthropods on R+ plants were significantly greater than those on R- plants. The 

strength of the positive effects of rhizobia on abundance did not differ between sap 

feeders and chewers. Furthermore, the herbivore community composition was 

significantly different between R- and R+ plants. Rhizobia also increased the species 

richness and abundance of predators. In general, species richness and/or abundance of 

predators were positively correlated with those of herbivores. Thus, our results 

suggest that belowground rhizobia largely govern not only herbivore but also predator 

aboveground arthropods. 
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Removing rhizobia is not practically possible in a common garden 

experiment, because soil bacteria easily colonize soybeans in the field. Therefore, we 

used a non-nodulating strain to evaluate the effects of rhizobia on aboveground 

arthropods. Likewise, Kempel et al. (2009) examined the effects of rhizobia on the 

performance of aboveground lepidopteran caterpillars and aphids, using a 

non-nodulating mutant of white clover. In another common garden experiment, R+ 

plants had many root nodules (82.4 ± 8.6: mean± SE), while R- plants had no nodules 

(Katayama et al., in press). Therefore, the observed differences in the community 

properties of aboveground arthropods are more likely to be caused by belowground 

rhizobia, although the possibility that other plant traits of the non-nodulating strain may 

have affected the abundance or species richness of arthropods was not excluded. 

Effects of rhizobia on richness and abundance of herbivores 

Recent studies have paid much attention to the effects of belowground 

symbiotic microbes on aboveground plant-arthropod interactions (Gange, 2007; Hartley 

& Gange,. 2009). For example, the body weight of aboveground herbivorous 

arthropods can be positively or negatively affected by arbuscular myconhizal fungi 

(Goverde et al., 2000; Vicari et al., 2002). In a meta-analysis using 34 studies, 

Koricheva et al. (2009) showed that mycorrhizal fungi colonization decreased the 

abundance or body weight of mesophyll feeders, but increased those of sucking insects. 

There is increasing evidence that mycorrhizal fungi influence the survival or abundance 
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of aboveground arthropods (Hartley & Gange, 2009). However, to date we know little 

about the effects of nitrogen fixing-bacteria on aboveground arthropods (but see 

Kempel et al., 2009). Our study showed that rhizobia increased the abundance of 

aboveground leaf chewers, but not of sap feeders. This was because the most abundant 

sap feeders, A. glycines, was not affected by rhizobia, although other sap feeders 

increased. Our study showed that the strength of the positive effect of rhizobia did not 

differ between sap feeders and leaf chewers. 

Several studies have experimentally documented that increased plant biomass 

can increase the abundance of a wide variety of arthropod herbivores (Siemann, 1998; 

Forkner & Hunter, 2000; Fonseca et al., 2005). Rhizobia increased plant biomass in 

terms of height and leaf number. Also, rhizobia increased leaf nitrogen of soybeans by 

50 % and decreased phenolics by 12 % (Katayama et al., in press). Nitrogen is an 

essential limiting element for survival and/or growth of many herbivorous arthropods 

(Mattson & Scriber, 1987; White, 1993). For example, the leaf beetle Plagiodera 

versicolora Laicharting (Coleoptera: Chrysomelidae) had a significantly greater mass 

and fecundity when fed on new willow leaves with high nitrogen content than when fed 

on mature leaves with low nitrogen content (Utsumi & Ohgushi, 2008). Leaf phenolics 

are defensive substances against arthropod herbivores (Feeny, 1970; Larson & Berry, 

1984; Dudt & Shure, 1994). Actually, egg production of a spider mite (Tetranycus 

urticae Koch) increased when it was fed on R+ soybean leaves with greater nitrogen 

and low phenolics (Katayama et al., in press). If higher performance of herbivorous 

atihropods will increase their abundance (Hunter et al., 1996), the increased resource 
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availability derived from rhizobia is likely to increase the abundance of herbivorous 

atihropods associated with the plant. 

This study also found that the species richness of herbivores on R+ plants was 

significantly greater than that on R- plants. Heterogeneity of nitrogen and secondary 

metabolic compounds of plants may explain the increased diversity of herbivores 

(Hunter & Price, 1992; Utsumi et al., 2009). Utsumi et al. (2009) examined the effect 

of variation of leaf quality of willow trees using artificial cuttings and natural boring by 

a moth larva. The enhanced heterogeneity of leaf nitrogen of trees that were subjected 

to moderately atiificial cutting and attack by the stem borer increased the overall 

abundance and diversity of insect herbivores. However, it is unknown whether 

rhizobia increase the heterogeneity of plant quality because our study did not examine 

the variation in quality among plants. 

Effects of rhizobia on richness and abundance of arthropod predators 

Recent studies have revealed that plastic responses of plants following herbivory affect 

the third trophic level via changes in the second trophic level (Omacini et al., 2001; 

Nakamura et al., 2006; Kagata & Ohgushi, 2006; Utsumi et al., 2009; Utsumi & 

Ohgushi, 2009). For example, Utsumi et al. (2009) showed that herbivore-induced 

willow regrowth largely determined the entire arthropod community structure due to 

changes in plant quality. Our study revealed the bottom-up effects initiated by rhizobia, 

leading to increased species richness and abundance of predators. 
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There are several explanations for the bottom-up effects of plants resulting in 

an increase in abundance and/or species richness of predators. First, plants show 

increased herbivore abundance, which may in turn increase the abundance and/or 

species richness of predators (Siemann, 1998; Knops et al., 1999; Forkner & Hunter, 

2000). This is because a greater number of prey species of predators can aggregate 

when prey becomes abundant (Ives et al., 1993; Cardinale et al., 2006). Second, 

plants show increased species richness of herbivores, which may provide a wider range 

of prey items for generalist predators (Hunter & Price, 1992). Our results generally 

support the notion that the species richness and abundance of predators are greatly 

dependent on those of herbivores. In fact, species richness of herbivores was 

associated with increased species richness and abundance of predators. Also, greater 

abundance of herbivores was associated with increased species richness of predators, 

although it did not influence predator abundance. 

The abundance and species richness of predaceous arthropods are also 

influenced by plant architecture, because a complex architecture provides shelter, and 

foraging and/or oviposition sites for arthropods (Langellotto & Dennno, 2004; Denno et 

al., 2005). Note that this is a direct effect of plant architecture on predators, not an 

indirect effect through a change in herbivores. Rhizobia may enhance the structural 

plant complexity by increasing plant biomass, which may result in an increase in the 

abundance and richness of predators by providing favorable habitats. 

Many terrestrial plants harbor belowground symbiotic microbes. These 

microbes can largely modify biomass, nutrient conditions, and defensive compounds 
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(Gange & West, 1994), which can modify aboveground multi-trophic interactions 

(Gange, 2007; Hartley & Gange, 2009). To demonstrate the belowground microbial 

effects on aboveground multi-trophic interactions, previous studies have mainly focused 

on species-level interactions with a single species at each trophic level (Gange et al., 

2003; Bennett et al., 2006). In this study, we illustrated that community-level 

bottom-up effects were initiated by belowground rhizobia. To our knowledge, this is 

the first evidence demonstrating a strong impact of belowground microbes on 

biodiversity of aboveground herbivorous and predacious arthropods. To understand 

the structure of arthropod communities on plants, we should pay more attention to 

belowground microbes as strong drivers generating bottom-up effects in a multi-trophic 

context. 

Acknowledgements 

We thank Dr. Takatoshi Tanisaka for providing soybean seeds, and Drs. Tatsuhiko 

Shiraiwa, Keisuke Katsura, and Junko Sato for advisee on the cultivation of soybeans. 

We also thank Drs. Hideki Kagata, Osamu Kishida, Ando Yoshino, Shunsuke Utsumi 

and Takaaki Nishida and Mr. Kouhei Kurachi for their helpful comments during this 

experiment, and Dr. Elizabeth Nakajima for English correction of this text. This study 

was supported by a Grant-in-Aid for Scientific Research of the Ministry of Education, 

Culture, Spmis, Science, and Technology (A-15207003 and B-20370010) to T. Ohgushi, 

19 



the 21st Century COE program (A14) and the Global COE program (A06) of Kyoto 

University, and by a JSPS Research Fellowship for Young Scientists to N. Katayama. 

20 



References 

Bascompte, J. & Jordano, P. (2007) Plant-animal mutualistic networks: the architecture 

of biodiversity. Annual Review of Ecology, Evolution and Systematics, 38, 

567-593. 

Bennett, A.E., Alers-Garcia, J. & Bever, J.D. (2006) Three-way interactions among 

mutualistic myconhizal fungi, plants, and plant enemies: hypotheses and synthesis. 

American Naturalist, 167, 141-152. 

Bukovinszky, T., van Veen, F.J.F., Jongema, Y. & Dicke, M. (2008) Direct and indirect 

effects ofresource quality on food w~b structure. Science, 319, 804-807. 

Cardinale, B.J., Weis, J.J., Forbes, A.E., Tilmon, K.J. & Ives, A.R. (2006) Biodiversity 

as both a ca~se and consequence of resource availability: a study of reciprocal 

causality in a predator-prey system. Journal of Animal Ecology 75, 497-505. 

Chaneton, E.J. & Omacini, M. (2007) Bottom-up cascades induced by fungal 

endophytes in multitrophic systems. Ecological Communities: Plant Mediation in 

Indirect Interaction Webs (eds. by T. Ohgushi, T.P. Craig and P.W. Price), pp. 

164-187. Cambridge University Press, Cambridge, U.K. 

Crutsinger, G.M., Collins, M.D., Fordyce, J.A., Gompert, Z., Nice, C.C. & Sanders, N.J. 

(2006) Plant genotypic diversity predicts community structure and governs and 

ecosystem process. Science, 313, 966-968. 

Denno, R.F., Finke, D.L. & Langellotto, G.A. (2005) Direct and indirect effects of 

vegetation structure and habitat complexity on predator-prey and predator-predator 

21 



interactions. Ecology Predator-Prey Interactions ( eds. by P. Barbosa and I. 

Castellanos), pp. 211-239. Oxford University Press, Oxford, U.K. 

Dudt, J.F. & Shure, D.J. (1994) The influence of light and nutrients on foliar phenolics 

and insect herbivory. Ecology, 75, 86-98. 

Feeny, P. (1970) Seasonal changes in oak leaf tannins and nutrients as a cause of spring 

feeding by winter moth caterpillars. Ecology, 51, 565-581. 

Finke, D.L. & Denno, R.F. (2004) Predator diversity dampens trophic cascades. Nature, 

429, 407-410. 

Fonseca, C.R., Prado, P.I., Almeida-Neto, M., Kubota, U. & Lewinsohn, T.M. (2005) 

Flower-heads, herbivores, and their parasitoids: food web structure along a fertility 

gradient. Ecological Entomology, 30, 36-46. 

Forkner, R.E. & Hunter, M.D (2000) What goes up must come down? Nutrient addition 

and predation pressure on oak herbivores. Ecology, 81, 1588-1600. 

Gange, A.C. (2007) Insect-mycorrhizal interactions patterns, processes and consequence. 

Ecological Communities: Plant Mediation in Indirect Interaction Webs. (eds by T. 

Ohgushi, T.P. Craig & P.W. Price), pp. 124-144. Cambridge University Press, 

Cambridge, U.K. 

Gange, A.C. & West, H.M. (1994) Interaction between arbuscular-mycorrhizal fungi 

and foliar-feeding insects in Plantago lanceolata L. New Phytologist, 128, 79-87. 

Gange, A.C., Brown, V.K. & Aplin, D.M. (2003) Multitrophic links between arbuscular 

mycorrhizal fungi and insect parasitoids. Ecology Letters, 6, 1051-1055. 

Gotelli, N.J. & Colwell, R.K. (2001) Quantifying biodiversity: procedures and pitfalls in 

22 



the measurement and comparison of species richness. Ecology Letters, 4, 379-391. 

Gotelli, N.J. & Entsminger, G.L. (2004) EcoSim: Null models software for ecology. 

Version 7. Acquired Intelligence Inc. & Kesey-Bear. Jericho, VT 05465. 

http://garyentsminger.com/ ecosim/index.htm. 

Goverde, M., van der Heijden, M.GA., Wiemken, A., Sanders, I.R., & Erhardt, A. 

(2000) Arbuscular mycorrhizal fungi influence life history traits of a lepidopteran 

herbivore. Oecologia, 125, 362-369. 

Hairston, N.G., Smith, F.E. & Slobodkin, L.B. (1960) Community structure, population 

control and competition. American Naturalist, 94, 421-425. 

Hartley, S.E. & Gange, A.C. (2009) Impacts of plant symbiotic fungi on insect 

herbivores: mutualism in a multitrophic context. Annual Review of Entomology, 54, 

323-342. 

Hedges, L.V., Gurevitch, J., & Curtis, P.S. (1999) The meta-analysis of response ratios 

in experimental ecology. Ecology, 80, 1150-1156. 

Hunter, M.D. & Price, P.W. (1992) Playing chutes and ladders: heterogeneity and the 

relative roles of bottom-up and top-down forces in natural community. Ecology, 73, 

724-732. 

Hunter, M.D., Ohgushi, T. & Price, P.W. (1992) Effects of Resource Distribution on 

Animal-Plant Interactions. Academic Press, San Diego, California. 

Hunter, M.D., Malcolm, S.B. & Hartly, S.E. (1996) Population-level variation in plant 

secondary chemistry, and the population biology of herbivores. Chemoecology, 7, 

45-56. 

23 



Ings T.C., Montoya, J.M., Bascompte, J., Bluthgen, N., Brown, L., Dormann, C.F., 

Edwards, F., Figueroa, D., Jacob, U., Jones, J.I., Lauridsen, R.B., Ledger, M.E., 

Lewis, H.M., Olesen, J.M., van Veen, F.J.F., Warren, P.H. & Woodward, G. (2009) 

Ecological networks - beyond food webs. Journal of Animal Ecology, 78, 253-269. 

Ives, AR., Kareiva, P. & Perry, R. (1993) Response of a predator to variation in prey 

density at 3 hierarchical scales - lady beetles feeding on aphids. Ecology, 74, 

1929-1938. 

Kagata, H. & Ohgushi, T. (2006) Bottom-up trophic cascades and material transfer in 

terrestrial food webs. Ecological Research, 21, 26-34. 

Katayama, N., Nishida, T., Zhang, Z.Q. & Ohgushi, T. (in press) Belowground microbial 

symbiont enhances plant susceptibility to a spider mite through change in soybean 

leaf quality. Population Ecology. 

Kempel, A., Brandl, R. & Schadler, M. (2009) Symbiotic soil microorganisms as 

players in aboveground plant-herbivore interactions - the role of rhizobia. Oikos, 

118, 634-640. 

Knops, J.M.H., Tilman, D., Haddad, N.M., Naeem, S., Mitchell, C.E., Haarstad, J., 

Ritchie, M.E., Howe, K.M., Reich, P.B., Siemann, E. & Groth, J. (1999) Effects of 

plant species richness on invasion dynamics, disease outbreaks, insect abundance 

and diversity. Ecology Letters, 2, 286-293. 

Koricheva, J., Gange, A.C., & Jones, T. (2009) Effects of mycorrhizal fungi on insect 

herbivores: a meta-analysis. Ecology, 90, 2088-2097. 

Langellotto, G.A., & Denno, R.F. (2004) Responses of invertebrate natural enemies to 

24 



complex-structured habitats: A meta-analytical synthesis. Oecologia, 139, 1-10. 

Larson, K.C & Berry, R.E (1984) Influence of peppe1mint phenolics and monoterpenes 

on two spotted spider mite (Acari: Tetranychidae ). Environmental Entomology, 13, 

282-285. 

Lawton, J.H. & Strong, D.R. Jr (1981) Community patterns and competition m 

folivorous insects. American Naturalist, 118, 317-338. 

Mattson, W.J. & Scriber, J.M. (1987) Nutritional ecology of insect folivores of woody 

plants: nitrogen, water, fiber, and mineral considerations. Nutritional Ecology of 

Insects, Mites, Spiders, and Related Invertebrates (eds. by F. Slansky & J. G. 

Rodrigues), pp. 105-146. John Wiley and Sons, New York. 

Mathews, A., Carroll, B.J. & Gresshoff, P.M. (1987) Characterization of non-nodulating 

mutants of soybean [Glycine max (L.) Merr]: Bradyrhizobium effects and absence 

of root hair curling. Journal of Plant Physiology, 131, 349-361. 

Miklashevichs, E., Rohrig, H., Schell, J. & Schmidt, J. (2001) Perception and signal 

transduction of rhizobial NOD factors. Critical Review in Plant Sciences, 20, 

373-394. 

Nakamura, M., Kagata, H. & Ohgushi, T. (2006) Trunk cutting initiates bottom-up 

cascades in a tri-trophic system: sprouting increases biodiversity of herbivorous and 

predaceous arthropods on willows. Oikos, 113, 259-268. 

Ohgushi, T. (1992) Resource limitation on insect herbivore populations. Effects of 

Resource Distribution on Animal-Plant Interactions (eds. by M. D. Hunter, T. 

Ohgushi and P. W. Price), pp. 199-241. Academic Press, San Diego, California. 

25 



Ohgushi, T. (2005) Indirect interaction webs: herbivore-induced effects through trait 

change in plants. Annual Review of Ecology, Evolution, and Systematics, 36, 

81-105. 

Ohgushi, T. (2008) Herbivore-induced indirect interaction webs on terrestrial plants: the 

importance of non-trophic, indirect, and facilitative interactions. Entomologia 

Experimentalis et Applicata, 128, 217-229. 

Ohgushi, T., Craig, T.P. & Price, P.W. (2007) Ecological Communities: Plant Mediation 

in Indirect Interaction Webs. Cambridge University Press, Cambridge, U.K. 

Omacini, M., Chaneton, E.J., Ghersa, C.M. & Muller, C.B. (2001) Symbiotic fungal 

endophytes control insect host-parasite interaction webs. Nature, 409, 78-81. 

Price, P.W. & Hunter, M.D. (2005) Long-term population dynamics of a sawfly show 

strong bottom-up effects. Journal of Animal Ecology, 74, 917-925. 

Schmitz, 0., Hamback, P.A. & Beckerman, A.P. (2000) Trophic cascades in terrestrial 

systems: a review of the effects of carnivore removals on plants. American 

Naturalist, 155, 141-153. 

Siemann, E. (1998) Experimental tests of effects of plant productivity and diversity on 

grassland arthropod diversity. Ecology, 79, 2057-2070. 

Smith, S.E. & Read, D.J. (1997) Mycorrhizal Symbiosis. Second edition. Academic 

Press, San Diego, California. 

Strong, D.R. Jr., Lawton, J.H. & Southwood, T.R.E. (1984) Insects on Plants: 

Community Patterns and Mechanisms. Blackwell Scientific Publications, Oxford, 

U.K. 

26 



Suganuma, N., Kanada, H., & Yanagimoto, N. (1991) Detection of polypeptides 

involved in early stages of nodulation in soybean roots. Plant and Cell Physiology, 

32, 1259-1266. 

Utsumi, S. & Ohgushi, T. (2008) Host plant variation in plant-mediated indirect effects: 

moth boring-induced susceptibility of willows to a specialist leaf beetle. Ecological 

Entomology, 33, 250-260. 

Utsumi, S. & Ohgushi, T. (2009) Community-wide impacts of herbivore-induced plant 

regrowth on arthropods in a multi-willow species system. Oikos, 118, 1805-1815. 

Utsumi, S., Nakamura, M. & Ohgushi, T. (2009) Community consequences of 

herbivore-induced bottom-up trophic cascades: the importance of resource 

heterogeneity. Journal of Animal Ecology, 78, 953-963. 

Van der Putten, W.H., Vet, L.E.M., Harvey, J.A. & Wackers, F.L. (2001) Linking 

above- and belowground multi-trophic interactions of plants, herbivores, pathogens 

and their antagonists. Trends in Ecology and Evolution, 16, 547-554. 

Van Rhijn, P. & Vanderleyden, J. (1995) The rhizobium-plant symbiosis. 

Microbiological Reviews, 59, 124-142. 

Van Zandt, P.A. & Agrawal, A.A. (2004) Community-wide impacts of 

herbivore-induced plant responses in milkweed (Asclepias syriaca). Ecology, 85, 

2616-2629. 

Vicari, M., Hatcher, P. E. & Ayres P.G. (2002) Combined effect of foliar and 

mycorrhizal endophytes on an insect herbivore. Ecology, 83, 2452-2464. 

Walker, M., Hartley, S.E. & Jones, T.H. (2008) The relative importance ofresources and 

27 



natural enemies m determining herbivore abundance: thistles, tephritids and 

parasitoids. Journal of Animal Ecology, 77, 1063-1071. 

Wardle, D.A. (2002). Communities and Ecosystems: Linking the Aboveground and 

Belowground Components. Princeton University Press, Princeton, New Jersey, New 

Jersey. 

White, T.C.R. (1993). The Inadequate Environment: Nitrogen and the Abundance of 

Animals. Springer, Berlin, Germany. 

Whitham, T.G., Mon-ow, P.A. & Potts, B.M. (1994). Plant hybrid zones as centers of 

biodiversity: the herbivore community of two endemic Tasmanian eucalypts. 

Oecologia, 97, 481-490. 

Williams L.F., & Lynch, D.L. (1954) Inheritance of a non-nodulating character in the 

soybean. Agronomy Journal, 46, 28-29. 

28 



Figure legends 

Fig. 1. Species richness of (A) sap feeders and (B) chewers, and number of 

individuals of (C) sap feeders and (D) chewers on an individual plant during the 

whole census. Bars show SE. Asterisks indicate significant difference between 

R+ and R- plants (t-test, * P < 0.05, ** P < 0.01, and** P < 0.001). 

Fig. 2. Log response ratio of abundance of sap feeders and chewers. Bars show 95% 

CI. There was no significant difference between R+ and R- plants (t-test, P > 

0.05). 

Fig. 3. Rarefaction curves between number of individuals and herbivore richness. 

We simulated herbivore richness from 10,000 re-sampling iterations using Ecosim 

7.72 (Gotelli & Entsminger, 2004). Solid and open circles indicate the root 

nodulating (R+) and non-nodulating (R-) plants, respectively. Bars show 95% CI. 

Asterisks indicate significant difference in species richness between R + and R

plants at the level of the same individual (P < 0.05). 

Fig. 4. (A) Species richness and (B) number of individuals of predators during the 

whole census. Bars show SE. Asterisks indicate significant difference between 

R+ and R- plants (t-test, * P < 0.05, ** P < 0.01, and** P < 0.001). 
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Fig. 5. Relationships between (A) species richness of predators and herbivores, (B) 

predator species richness and herbivore abundance, (C) predator abundance and 

herbivores species richness, and (D) abundance of predators and herbivores. Solid 

lines indicate linear regressions (A: slope = 0.133 ± 0.07 (mean ± 95% CI), P < 

0.001; B: slope= 0.0026± 0.0021, t70= 2.38, P = 0.020; C: slope= 0.469 ± 0.268, P 

< 0.001). 
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