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Abstract 9 

Background. Congregating behaviors, though common among many animal species, are little 10 

studied among millipedes. It is also unclear to what extent abiotic factors influence the 11 

distribution and behavior of millipedes. The species Oxidus gracilis was surveyed around several 12 

streams on the island of Mo’orea along with soil moisture, leaf litter cover, and rock cover.  13 

Experiments were designed in order to determine how an innate congregating behavior may 14 

affect their distributions. 15 

Methods. Fifteen transects were performed in the field, recording O. gracilis abundances and the 16 

three environmental factors every 1 m. Forty trials were performed using covered bins filled with 17 

soil and five fruits of the Tahitian chestnut tree (Inocarpus fagifer). Ten millipedes were placed 18 

in the box and left for an hour, after which the number of individuals per fruit was recorded. 19 

Results. It was found that while none of the three environmental factors were strong indicators 20 

of the distribution of O. gracilis, individuals did in fact demonstrate a tendency to congregate in 21 

the experimental trials.  22 

Discussion. The lack of significant relationships with the three environmental parameters 23 

suggests a generalist behavior of this millipede species, potentially benefitting its invasive 24 

nature. The congregating behavior could potentially be for the purposes of mating or defense. 25 

Although not studied in this paper, it is possible that conspecific chemical cues are responsible. 26 

Introduction     27 

Grouping behaviors among different animal species may provide several advantages. Clustering 28 

in large groups helps protect populations from predators due to a dilution effect, where a predator 29 

can only attack one animal from a group (Mooring & Hart, 1992). This has been described as of 30 

the “selfish herd,” where risk is distributed from one individual to another when that individual 31 

moves closer to others (Hamilton 1971). This same effect has also been found to protect 32 

populations from various parasites (Mooring & Hart, 1992). Grouping also helps reproduction by 33 

making it easier for individuals to find one another (Dangerfield & Telford, 1993). However, the 34 

functions and the mechanisms in which animals congregate are not known for all animals. 35 

Among terrestrial invertebrates, grouping is often observed in the form of swarming, especially 36 

in flying insect species (Okubo, 1986). Two well-known examples of this are the swarming of 37 
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honey bees and army ants (Allee, 1926), which happen when a colony’s population grows too 38 

large and needs to find a new hive (Seeley & Visscher, 2003). Both are examples of social insect 39 

groupings with complex societal structures driven by chemical signaling (Conte & Hefetz, 2008). 40 

This chemical communication usually consists of pheromones released by individuals and 41 

detected by others (Page & Fondrk, 1995).  42 

Most millipede species (Class Diplopoda) have near random distributions when surface active 43 

and do not usually exhibit grouping tendencies (Dangerfield & Telford, 1993). However, 44 

behavior varies greatly between different species, so it is important to examine possible 45 

examples of aggregation on a species by species basis. Fisher (2004) studied millipede 46 

distributions on the island of Mo'orea and found that two out of three study species of millipedes 47 

were distributed in relation to their resistance to hydraulic stress and submergence in water, 48 

which was seen in the form of each species’ proximity to water. He found that distributions were 49 

related to the different species’ hydrodynamic resistance and their ability to utilize resources in 50 

freshwater environments (Fisher, 2004). However, Fisher (2004) did not account for any other 51 

environmental factors other than stream proximity. Other studies (O’Neill, 1969) have suggested 52 

that desiccation is one of the greatest stresses affecting millipede survival, so environmental 53 

parameters that relate to millipedes’ ability to avoid desiccation need to be examined in further 54 

detail. Millipedes are able to avoid desiccation by increased mobility, hiding under leaf litter, and 55 

burrowing in moist soil (O’Neill, 1969; Sierwald & Bond, 2007). Therefore, it is necessary to 56 

study these other factors in order to construct a more complete charactarization of the ecological 57 

influences on millipedes. 58 

On Mo’orea, French Polynesia in the Fall of 2016, it was observed that individuals of the 59 

millipede species Oxidus gracilis, the greenhouse millipede, would often group together in 60 

clusters rather than having an even distribution. This was the species for which Fisher (2004) 61 

was unable to find a relationship with stream proximity due to lack of data. It is unknown 62 

whether individuals are drawn towards spots of specific environmental parameters, or whether 63 

they are actively seeking out other individuals. Or do both factors contribute to their 64 

distributions? The distribution and abundance of O. gracilis populations were recorded in order 65 

to understand the relative importance of soil moisture, leaf litter, and rock cover on its behavior. 66 
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An experimental study was also performed to see whether if in a controlled environment 67 

individuals would congregate.  68 

 69 

Methods 70 

Study site 71 

Distributions of O. gracilis were examined at three streams between two locations in the 72 

Opunohu Valley of Mo’orea: The Three Pines Trail and the Three Coconuts Trail (Fig. 1). 73 

Transects began at S 17°32.173’ W 149°49.729, S 17°32.045’ W149°49.839’, S 17°32.709’ 74 

W149°50.103’, each of which marks a separate stream. These locations are characterized by 75 

Tahitian chestnut trees (Fabaceae Inocarpus fagifer) and vary in elevation from 119-220 m. 76 

Transect surveys 77 

Eight 10 m transects were performed along a stream at Three Pines, while seven were performed 78 

at Three Coconuts along two different streams (Fig. 1). Each transect ran parallel and 79 

downstream. This was done to ensure that areas with both high and low soil moisture could be 80 

found, since there is a fair amount of soil variability along the streams but usually some spots of 81 

high moisture. Transects were started where the trail met the stream and then ran downwards. 82 

Where possible, the next transect would be performed 10 meters further downstream from the 83 

end of the previous transect. However, in many cases points were selected where a transect could 84 

be performed. 85 

Each transect ran within 2 meters of the stream. If this was impossible due to terrain, the transect 86 

ran as close to the stream as possible. A 0.25 m2 quadrat was placed every meter for a total of 10 87 

quadrats per transect. At each quadrat, percent leaf litter and rock cover were determined using a 88 

5x5 grid. Leaf litter was measured first, after which leaves were carefully removed to expose the 89 

ground surface. After determining percent rock cover, the total number of individuals of O. 90 

gracilis were counted, including the ones found underneath small moveable rocks. Only living 91 

individuals were counted.  92 

Finally, a soil sample was taken from each quadrat to be taken back to the lab, weighed, and 93 

dried. After drying, the soil samples were weighed again. This gave a wet mass and dry mass 94 
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value for each soil sample, which was used to calculate the percent water content by mass for 95 

each original sample.  96 

Congregation Experiment 97 

Forty experimental trials were run to determine whether the congregating behavior of O. gracilis 98 

is unrelated to environmental conditions. Soil was sieved and mixed evenly with water to make a 99 

uniform, nearly muddy substrate. This was then laid evenly on the bottom of a plastic bin to 100 

create a flat surface. Five fruits of the tree Inocarpus fagifer, the Tahitian chestnut, were then 101 

placed at evenly spaced positions in the center of the bin on the soil. This was chosen due to the 102 

observation that millipedes, especially O. gracilis, seem to congregate on these fruits. It was 103 

found that without providing any food source or refuge from exposure, individuals would remain 104 

in motion and attempt to escape the container. Multiple fruits ensured that the millipedes would 105 

settle and that there would be multiple settlement opportunities, creating a potential for 106 

individuals to congregate. Ten individuals of O. gracilis were placed at ten different spots around 107 

the perimeter of the container. The container was then sealed and left for 1 hour. Afterwards, the 108 

number of individuals found on each fruit was counted as well as the number of individuals 109 

found on the soil. The soil was remixed and the fruits were switched out for different ones after 110 

each trial. After each trial of the chestnut fruit experiment the abundances of millipedes at each 111 

fruit were recorded from highest to lowest. In this manner, one trial’s highest abundance at a fruit 112 

was recorded under ‘Fruit A’, while the lowest was recorded under ‘Fruit E’.  113 

Statistical analyses 114 

Linear regressions were performed in R (R Core Team, 2016) for soil moisture vs. O. gracilis 115 

abundance, leaf litter vs. O. gracilis abundance, and rock cover vs. O. gracilis abundance to 116 

determine to what extent the abundance of O. gracilis is related to these three environmental 117 

parameters. A Kruskal-Wallis Test was performed in R (R Core Team 2016) on the 10 trials to 118 

see if there was a significant difference between the means of Fruits A, B, C, D, and E. A 119 

significant difference would indicate that individual O. gracilis are typically congregating, while 120 

no significance would mean that there is a relatively random distribution of millipedes from fruit 121 

to fruit. 122 

 123 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.2642v1 | CC BY 4.0 Open Access | rec: 17 Dec 2016, publ: 17 Dec 2016



6 

 

Results 124 

Field Survey 125 

Oxidus gracilis abundances ranged from 0 to 106 individuals per quadrat, with a mean 126 

abundance of 10.48 individuals. Soil moisture ranged from 6.67% to 89.6% by mass per quadrat 127 

with a mean of 27.1%. Leaf litter ranged from 0% to 97% cover per quadrat with a mean of 128 

40.3%. Rock cover ranged from 0% to 100% per quadrat with a mean of 49.8%. As seen in 129 

Figure 2, streamside leaf litter was the strongest predictor of O. gracilis abundance, where a 130 

slight positive relationship was observed (R2=0.034, p<0.01, standard error=12.5 on 167 df).  131 

Abundance was negatively related to rock cover, though again only slightly (R2=0.026, p<0.05, 132 

standard error=13.2 on 148 df, Fig. 3). Soil moisture, when compared to abundance, had no 133 

detectable relationship with O. gracilis distributions (R2=0.0025, p=0.25, standard error=13.6 on 134 

138 df, Fig. 4). However, the low R2 values of indicates that streamside leaf litter and rock cover 135 

are not a strong predictors of O. gracilis abundance. 136 

 Experimental Study 137 

Millipede counts for group A ranged from 1 to 6 individuals per trial, while the mean number of 138 

millipedes found in group A was 3.43. Group B ranged from 0 to 3 individuals per trial with a 139 

mean of 1.95. Group C ranged from 0 to 2 individuals per trial with a mean of 0.975. Group D 140 

ranged from 0 to 1 individuals per trial with a mean of 0.500. Group E ranged from 0 to 1 141 

individuals per trial with a mean of 0.125. The ‘Open’ group, which represents the number of 142 

individuals not found on a fruit each trial, ranged from 0 to 8 individuals per trial with a mean of 143 

3. Individuals of O. gracilis were much more likely to be found at the same location than to be 144 

randomly dispersed (Kruskal-Wallis X2 = 169.22, df=5, p<2.2e-16, Fig. 5). Though a large 145 

portion of individuals were found off the fruits, they demonstrated a tendency to congregate 146 

when found on the fruits. 147 

 148 

Discussion 149 

There was no correlation between O. gracilis distributions and soil moisture, leaf litter, and rock 150 

cover. However, it is possible that their locations are dictated by proximity to streams, as 151 
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suggested by Fisher (2004). Fisher’s study only found trends between other millipede species 152 

and stream proximity and could not find enough O. gracilis individuals to establish a significant 153 

relationship. Therefore, further field surveys should be conducted in order to verify to lack of 154 

significance of these three factors as influential factors. Performing more perpendicular transects 155 

is particularly important, as it still remains unclear how stream proximity affects O. gracilis 156 

populations. 157 

An ability to utilize a large spectrum of environmental conditions could potentially aid the 158 

species in invading new environments (Seabloom et al., 2003). Oxidus gracilis, having 159 

originated in Asia, has spread worldwide (Nakamura & Taira, 2005). Being non-native to French 160 

Polynesia and most oceanic islands, it would make sense for this species of millipede to be a 161 

generalist and have a large range of conditions that it can survive in. 162 

The congregating behavior supported by the experimental data could also play a role in O. 163 

gracilis’ ability to settle in new habitats. As mentioned before, the phenomenon of ‘selfish 164 

herding’ could be at play in the distribution of these millipedes (Hamilton, 1971). By grouping 165 

together, it is possible that they are protecting their total population from predation, as predators 166 

can only take on a few individuals at a time. On Mo’orea, O. gracilis millipedes are potentially 167 

susceptible to predation from ant species, which are able to prey O. gracilis despite its secretion 168 

of poisonous cyanide, so selfish herding may be useful (Brown, 1992; Hamilton, 1971; Taira et 169 

al., 2003) It may also give the millipedes a competitive advantage by creating more opportunity 170 

for mating due to closer proximity of individuals (Dangerfield & Telford, 1993). However, as 171 

this study only established that congregating is occurring, further research needs to be conducted 172 

to determine why they are behaving as such. It is possibly due to the release and detection of 173 

pheromones by individuals, which could also be for mating purposes (Takeda, 1984). A potential 174 

future study could examine the frequency of copulative pairs in areas of high population density 175 

as well as analyzing the chemicals and pheromones at play. 176 

As humans continue to alter the natural environment, it is important to understand why certain 177 

species have advantages over others and how behavior plays a role. It is predicted that because of 178 

increased drought, lower leaf litter quality due to increased atmospheric CO2, and land cover 179 

changes in tropical regions that there will be a decrease in specialist millipede populations 180 

(David, 2009). Since O. gracilis was found to not be significantly influenced by soil moisture or 181 
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leaf litter, it could be predicted that it will be one of the species that will thrive despite (or even 182 

because of) human disturbance. Their survival and advantage over other species could also be 183 

amplified by their tendency to congregate (Hamilton, 1971). As such, further research is 184 

necessary to verify the overall mechanism of this behavior. This will hopefully help provide a 185 

means of understanding the spread of invasive terrestrial diplopods and potentially aid in 186 

mitigating their expansion. 187 

 188 

Conclusion 189 

The fact that the distributions of O. gracilis did not seem to be dictated by soil moisture, leaf 190 

litter, or rock cover may indicate that the species is a generalist. The results of this study 191 

demonstrate some potential reasons for why Oxidus gracilis is so abundant on the island of 192 

Mo’orea and why it is so globally widespread. It could also indicate that there are other factors at 193 

play that require further investigation. The congregating behavior supported by the experimental 194 

results is an interesting case of how much behavior can vary within a group of animals. It thus 195 

remains important to avoid generalizations for the behavior of large groups. The results of the 196 

study also provide an example of why invasive species are so successful. By utilizing a large 197 

range of the resource spectrum, and by clustering, O. gracilis millipedes are able to occupy 198 

previously unoccupied niches and outcompete the native species of filled niches. It is therefore 199 

very important to continue to learn the specifics of invasive species behavior and resource 200 

utilization so that we can further find solutions to prevent ecosystem disruption. 201 

Acknowledgements 202 

I would like to thank Patrick O’Grady, Cindy Looy, Jonathan Stillman, Justin Brashares, Ignacio 203 

Escalante, Eric Armstrong, and Natalie Stauffer for providing guidance in the completion of this 204 

study and transportation to my different study sites. I would also like to thank my fellow 205 

classmates in IB 158LF for sharing this amazing experience with me, helping me perform field 206 

work, and for being supportive throughout our time on Mo’orea. 207 

  208 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.2642v1 | CC BY 4.0 Open Access | rec: 17 Dec 2016, publ: 17 Dec 2016



9 

 

References 209 

Allee WC. 1926. Studies in animal aggregations: Causes and effects of bunching in land isopods. 210 

Journal of Experimental Zoology 45(1):255-277. DOI: 10.1002/jez.1400450108.  211 

 212 

Brown Jr. WL. 1992. Two new species of Gnamptogenys, and an account of millipede predation 213 

by one of them. Psyche 99(4):275-289. 214 

 215 

Conte YL, Hefetz A. 2007. Primer Pheromones in Social Hymenoptera. Annual Review of 216 

Entomology 53:523-542. DOI: 10.1146/annurev.ento.52.110405.091434. 217 

 218 

Dangerfield JM, Telford SR. 1993. Aggregation in the tropical millipede Alloporus uncinatus 219 

(Diplopoda: Spirostreptidae). Journal of Zoology 230:503-511. DOI: 10.1111/j.1469-220 

7998.1993.tb02702.x. 221 

 222 

David JF. 2009. Ecology of millipedes (Diplopoda) in the context of global change. Soil 223 

Organisms 81(3):719-733. 224 

 225 

Fisher BG. 2004. On the Aquatic Adaptation of Invasive Millipedes to the Streams in Moorea, 226 

French Polynesia. Biology and Geomorphology of Tropical Islands: Research papers: Fall 2004 227 

33-42. 228 

 229 

Hamilton WD. 1971. Geometry of the selfish herd. Journal of Theoretical Biology 31(2):295-230 

311. DOI: 10.1016/0022-5193(71)90189-5. 231 

 232 

Mooing MS, Hart BL. 1992. Animal Grouping for Protection from Parasites: Selfish Herd and 233 

Encounter-Dilution Effects. Behavior 123(3):173-193. DOI: 10.1163/156853992X00011. 234 

 235 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.2642v1 | CC BY 4.0 Open Access | rec: 17 Dec 2016, publ: 17 Dec 2016

http://dx.doi.org/10.1016/0022-5193(71)90189-5
http://dx.doi.org/10.1163/156853992X00011


10 

 

Nakamura K, Taira J. 2005. Distribution of Elements in the Millipede Oxidus gracilis C.L. Koch 236 

(Polydesmida: Paradoxosomatidae) and the Relation to Environmental Habitats. Biometals 237 

18(6):651-658. DOI: 10.1007/s10534-005-4575-z. 238 

 239 

O’Neill RV. 1969. Adaptive Responses to Desiccation in the Millipede, Narceus americanus 240 

(Beauvois). The American Midland Naturalist 81(2):578-583. DOI: 10.2307/2423992.  241 

 242 

Okubo A. 1986. Dynamical Aspects of Animal Grouping: Swarms, Schools, Flocks, and Herds. 243 

Advances in Biophysics 22:1-94. DOI: 10.1016/0065-227X(86)90003-1. 244 

 245 

Page RE, Fondrk MK. 1995. The effects of colony-level selection on the social organization of 246 

honey bee (Apis mellifera L.) colonies: colony-level components of pollen hoarding. Behavioral 247 

Ecology and Sociobiology 36(2):135-144. DOI: 10.1007/BF00170718. 248 

 249 

R Core Team. 2016. R: A Language and Environment for Statistical Computing. R Foundatio250 

n for Statistical Computing. Available at https://www.R-project.org/ 251 

 252 

Seabloom EW, Harpole WS, Reichman OJ, Tilman D. 2003. Invasion, competitive dominance, 253 

and resource use by exotic and native California grassland species. Proceedings of the National 254 

Academy of Sciences of the United States of America 100(23):13384-13389. DOI: 255 

10.1073/pnas.1835728100. 256 

 257 

Seeley TD, Visscher PK. 2003. Choosing a home: how the scouts in a honey bee swarm perceive 258 

the completion of their group decision making. Behavior Ecology and Sociobiology 54(5):511-259 

520. DOI: 10.1007/s00265-003-0664-6. 260 

 261 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.2642v1 | CC BY 4.0 Open Access | rec: 17 Dec 2016, publ: 17 Dec 2016

http://dx.doi.org/10.1016/0065-227X(86)90003-1


11 

 

Sierwald P, Bond JE. 2007. Current Status of the Myriapod Class Diplopoda (Millipedes): 262 

Taxonomic Diversity and Phylogeny. Annual Review of Entomology 52:401-420. DOI: 263 

10.1146/annurev.ento.52.111805.090210. 264 

 265 

Taira J, Nakamura K, Higa Y. 2003. Identification of secretory compounds from the millipede, 266 

Oxidus gracilis C. L. Koch (Polydesmida: Paradoxosomatidae) and their variation in different 267 

habitats. Applied Entomology and Zoology 38(3):401-404.  268 

 269 

Takeda N. 1984. The aggregation phenomenon in terrestrial isopods. Symposia of the Zoological 270 

Society of London 53:381-404. 271 

  272 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.2642v1 | CC BY 4.0 Open Access | rec: 17 Dec 2016, publ: 17 Dec 2016



12 

 

Appendix 273 

 274 

Figure 1. Map of the island of Mo’orea. Points A, B, and C represent the stream sites for the 275 

field surveys. (A) Three Pines Trail starting at S 17°32.173’ W 149°49.729, elevation 168 m; (B) 276 

Three Coconuts Trail starting at S 17°32.045’ W149°49.839’, elevation 220 m; (C) Three 277 

Coconuts Trail starting at S 17°32.709’ W149°50.103’, elevation 201 m. 278 
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 279 

Figure 2. Abundance of O. gracilis in relation to leaf litter. Linear regression indicates 280 

relationship but that it accounts for only a small portion of the observed variance. 281 
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 282 

Figure 3. Abundance of O. gracilis in relation to rock cover. Linear regression indicates 283 

relationship but a weaker one than seen in Figure 2. 284 
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 285 

Figure 4. Abundance of O. gracilis in relation to soil moisture. Linear regression indicates that 286 

there is no significant relationship and that soil moisture cannot be used as a predictor for 287 

millipede abundance. 288 
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 289 

Figure 5. Results from congregation experiment. “Group” indicates that the fruit with the 290 

largest abundance of millipedes on it per trial, with “A” having the most individuals and “E” 291 

having the least. “Open” indicates the number of individuals per trial not found on any of the 292 

fruits. The results indicate that there is a very significant difference between the groups, meaning 293 

that a congregating behavior is likely.  294 
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