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Abstract

This study tested the hypothesis that color affects the behavior of Ephemeroptera, Plecoptera, and
Trichoptera (EPT) adults in the riparian zone of a gravel-bed river in northern Japan. EPT
abundance was measured using plot-scale surveys and a color-choice experiment that utilized
non-shiny sticky traps in two contrasting colors, yellow and blue. Chloroperlidae and
Hydrobiosidae were caught more abundantly in yellow and blue traps, respectively whereas other
taxa exhibited little or no color-affected responses. We proposed that Chloroperlidae responses
were driven by relatively strong diurnal activity compared with those of other taxa.
Hydrobiosidae’s preference of blue remained unknown. Understanding the evolutionary
background of color preferences in relation to other possibly interfering factors, such as
reflection—polarization characteristics, at the species level will help advance the visual sensory

ecology of aquatic insects.

Keywords: dispersal, EPT, gravel-bed river, riparian zone, sticky traps
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Introduction

Understanding of habitat through organisms’ life stages is important for full appreciation of insect
ecology and their conservation. Macroinvertebrates including aquatic insects are a ubiquitous and
diverse group that form a vital part of the aquatic ecosystem as can they constitute intermediate
and upper trophic levels (Wallace & Webster, 1996; Rosi-Marshall & Wallace, 2002; Negishi et
al., 2019). In rivers, their importance in food-web extends to riparian zones adjacent to the rivers
via flight dispersals of aquatic insects (Baxter et al., 2005). These functions require sustained
populations of insects with successful reproduction at their adult stage in the terrestrial zone.
Although abundant knowledge on habitat requirements of larval aquatic stage exists, adult habitat
is less known with previous studies focusing largely on environmental factors such as wind,
humidity, vegetation and artificial barriers (Collier & Smith, 2000; Blakely et al., 2006; Carlson

et al., 2016).

The visual characteristics of objects, such as color and reflectivity, are among the
important cues (Kevan & Baker, 1983). In pollination ecology, pollinator insects are attracted to
yellow and white colors (Vrdoljak & Samways, 2012). Color preferences of insects have also
been described in agricultural pest (e.g., aphid) control studies in relation to the effective use of
traps with specific colors (Déring & Chittka, 2007; Shimoda & Honda, 2013). Furthermore, the
polarization of light affects the navigation behavior of insects (Weir & Dickinson, 2012).
Reflection—polarization characteristics of object surfaces also attract some aquatic insects (Kriska
et al., 2006), which is interpreted as the utilization of this attribute in optimizing the location of
oviposition sites (Horvath et al., 2011). However, whether color affects the flight behavior of

adult aquatic insects is scarcely known.

Subsets of aquatic insects, Ephemeroptera, Plecoptera, and Trichoptera (EPT) are useful
indicators of river conditions and are often used in bio-assessment programs (Bonada et al., 2006;

Beyene et al., 2009). They spend several weeks to years in water and a day to few weeks on the
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land where they mate, after which the females return and oviposit in rivers (Huryn & Wallace,
2000). Several taxa, including Plecoptera species, feed at their adult stages (Wesner, 2012; Tierno
et al., 2019). During these adult stages, they disperse some distance over and along the water or
within riparian forests (Petersen et al., 2004; Muehlbauer et al., 2014). Thus, adult EPTs
encounter various objects with different colors after emerging from the water, and colors may be

used as cues for their behavior.

This study examined the hypothesis that color affects the behavior of EPT taxa, with some
taxa with higher daytime activity, such as Plecoptera species (Hynes, 1976), predicted to be
disproportionately reactive to color. Sticky traps in blue and yellow were selected because they
are among the most commonly tested colors and the only traps that differed in color that were

readily available.

Materials and Methods

The field study was conducted during the summer (June and July) of 2018 and 2020 in the riparian
zones of the Satusnai River in Northern Japan (Figure 1). The Satsunai River is a regulated
gravel-bed river with multiple channels interspersed with both exposed and forested gravel bars.
Riparian vegetation commonly comprises willows such as Salix rorida and Populus suaveolens,
with understory vegetation dominated by Fallopia sachalinensis, Carex spp., and Urtica
platyphylla. During summer, the daily mean air temperature ranged between 15 and 20 °C and

the daily mean flow rate of the river was approximately 4-13 m®/sec (Negishi et al., 2019).

The color-choice experiment was conducted in 2018 at six sites (Figure 1). Sticky traps
in two colors (yellow and blue, 26 x 10 cm, total sticky surface on both sides of 520 cm?; Horiver,
Arysta LifeScience Co., Tokyo, Japan) were tied to trees at the boundary of the riparian forest

and active channel (five sites) or around 50 m away from the channel in the riparian forest (one
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site) (Figure 2). Traps were hung vertically in the tree shade and suspended >1-m above the
ground, with the relative position of two colors being randomly assigned (closest edge-to-edge
distance between two colors was 5 cm). Additionally, the preference was tested also in a plot-
scale survey in 2020 (Figure 1, S1). Four plots were set, with two each on the riparian forests on
the right and left sides. One plot on each side was provided with yellow or blue traps, and 10 traps
were set up across the plots with at least 10-m distance between them (40 traps in total). Traps
were maintained in the shade at a height of approximately 160-cm above the ground (Figure 2).
The traps were replaced at intervals of 3-5 days (2018) or 7-10 days (2020). At each replacement,
in 2018, the EPTs were in situ counted for the order level whereas the traps were preserved in
70% ethanol, and family-level identification was later performed for EPTs in 2020. Species-level
identifications were performed only for the family Chloroperlidae because the swift identification
in the field was established for this taxon in a parallel study (Rahman et al., 2021). Species-level
identification for other families was not possible even in the preserved samples because of
difficulty in reliable morphological identifications of trapped individuals entangled with the trap

glue. The surface of the traps was neither shiny nor smooth because of the adhesive surface layer.

The insect responses to color were tested by developing generalized linear mixed models
(GLMMs) with abundance as a response variable and trap color, taxa (four or six taxa), and their
interactions as main factors, adopting a negative binomial distribution. The date of sampling and
site (in the color-choice experiment) or bank location (left or right bank in the plot-scale survey)
were included as random factors. When an interaction term was significant at p<0.05, multiple
comparisons were performed between color types within each taxon by rerunning GLMMs after
removing the effects of the taxa. Statistical significance was corrected using the Bonferroni

method for multiple comparisons.

Results
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A total of 255 EPTs in four taxa (Ephemeroptera, Plecoptera excluding Chloroperlidae,
Chloroperlidae, and Trichiptera) were caught in the color-choice experiment. A total of 4,339
EPTs were caught and six numerically dominated families (Heptageniidae, Baetidae, Nemouridae,
Chloroperlidae, Philopotamidae, and Hydrobiosidae; 95.6%) were further analyzed in the plot-

scale survey.

In both cases, there were significant interactions between color and taxa when compared
with the model without the interaction term (p<0.001, likelihood ratio tests). The yellow traps
caught more Chloroperlidae in both experiments with Hydrobiosidae caught in more blue traps
than in yellow traps in the plot scale survey (Figure 3). Alloperla ishikariana dominated
Chloroperlidae in both choice experiment cases (>98%), followed by Sweltsa abdominalis and

Suwallia thoracica.

Discussion

To our knowledge, this study is the first report on color-related behavioral responses of adult
aquatic insects. Consistent with our predictions, the behavior of diurnal Chloroperlidae aquatic
insects was affected by color. However, Hydrobiosidae, was positively responsive to blue color,
indicating that the responses to color differed among taxa with complex taxon-specific
preferences in exceptional taxa. Different colored traps were the same in terms of material,
direction, and light conditions without high reflection of light, suggesting that reflection—

polarization did not confound the results.

The color preferences of flying insects have been determined using traps in non-aquatic
environments (Broughton & Harrison, 2012). Several flower-visiting insects express an innate
color preference, with many insects being attracted to yellow (wavelength: 560-590 nm)

(Prokopy & Owens, 1983), including Diptera (flies) and Lepidoptera (butterflies and moths)
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(Kevan, 1983). Blue (400-500 nm) flowers have been observed to be attractive to Hymenoptera
(bees), whereas pink and red (650700 nm) flowers are frequently visited by Lepidoptera (Kevan,
1983). Although the evolutionary mechanisms underlying these color preferences remain
equivocal, the attractiveness of different colors may be partially related to taxon-specific

differences in the diurnal cycles of their flight activities.

Adult aquatic insects are mainly crepuscular or nocturnal (Brakel et al., 2018; Shimoda
& Honda, 2013). Thus, the absence of color preferences for most Trichoptera and Plecoptera was
possibly related to their nocturnal flight activities. The attraction of insects to colors that differs
in relation to the time of the sampling has been shown, with yellow being more attractive for
flying insects during the day than at night (Long et al., 2011). Briers et al. (2003) suggested that
some plecopterans were more active during the day. At our study site, A. ishikariana were
observed to be largely diurnal, with large numbers of individuals being spotted resting and
occasionally mating on plant leaves in the riparian zones during the day (personal observations).
Therefore, the higher abundance of Chloroperlidae in the yellow traps could be attributed to an
increased distinguishability of colors during the day. An intriguing exception in Trichoptera was
the preference of blue by Hydrobiosidae. Nocturnal insects can be sensitive to light (Shimada &
Honda, 2013), and thus this taxon might have a relatively high ability of sensing color differences
at night. Future studies should determine circadian rhythm in their flight activities in relation to
color preferences at species-level identification. This species-level understanding is needed for
other taxa because the color-related behavior might have been blurred by coarse taxonomic

identifications at the order or family levels.

In conclusion, we showed that some taxa of adult aquatic insects could exceptionally
distinguish between at least two contrasting colors. This points to the possibility that visual
appearance of objects in riparian zone may affect terrestrial habitat use of aquatic insects.

However, ecological reasons behind color preference remains unclear. The interference effects of
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polarization also need to be further examined. Regarding the preference for yellow, one
explanation is that the color acts as a cue for the insects to locate food resources. Yellowish
resources, such as pollen, are utilized as food items by some taxa, including Chloroperlidae
(Tierno De Figueroa & LOpez-Rodriguez, 2019). They may also benefit from color cues in
increasing the probability of encountering mates and reaching forested riparian zones. Future
studies on the mechanistic understanding of the importance of colors in Chloroperlidae and
Hydrobiosidae will help advance adult habitat ecology as well as the visual sensory ecology of
aquatic insects. In such efforts, potential artifacts in this study such as hormone effects of trapped

individuals and the presence of attractant ingredient in the trap glue need to be carefully controlled.

Acknowledgements

This study was supported in part by the research fund for the Tokachi River provided by the MLIT

and JSPS KAKENHI grant to JNN and FN (18H03408 and 18H03407).

Declarations

Funding

The Tokachi River provided by the MLIT and JSPS KAKENHI grant to JNN and FN (18H03408

and 18H03407).

Conflicts of interest/Competing interests

No conflict of interest exists



182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

Availability of data and material

Available from authors upon reasonable requests

Code availability

Not applicable

Authors' contributions

Project design: JNN, TN, FN, data collection and analysis: JNN and TN, and paper writing: JNN,

TN, FN

References

Baxter, C.V., Fausch, K.D., & Carl Saunders, W. (2005). Tangled webs: reciprocal flows of
invertebrate prey link streams and riparian zones. Freshwater biology, 50, 201-220.

https://doi.org/10.1111/j.1365-2427.2004.01328.x

Beyene, A., Addis, T., Kifle, D., Legesse, W., Kloos, H., Triest, L. (2009). Comparative study of
diatoms and macroinvertebrates as indicators of severe water pollution: case study of the
Kebena and Akaki rivers in Addis Ababa, Ethiopia. Ecol. Indic. 9, 381-392.

https://doi.org/10.1016/j.ecolind.2008.05.001.

Blakely, T.J., Harding, J.S., Mclntosh, A.R., & Winterbourn, M.J. (2006). Barriers to the recovery
of aquatic insect communities in urban streams. Freshwater Biology, 51, 1634-1645.

https://doi.org/10.1111/j.1365-2427.2006.01601.x

Bonada, N., Prat, N., Resh, V.H., Statzner, B. (2006). Developments in aquatic insect
9



204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

biomonitoring: a comparative analysis of recent approaches. Annu. Rev. Entomol., 51, 495-

523. https://doi.org/10.1146/annurev.ent0.51.110104.151124.

Brakel K., Wassink L.R. & Houghton D.C. (2018). Nocturnal flight periodicity of the caddisflies
(Trichoptera) in forest and meadow habitats of a first order Michigan stream. Great Lakes

Entomol, 48, 34-44.

Briers R.A, Cariss H.M. & Gee J.H. (2003). Flight activity of adult stoneflies in relation to

weather. Ecol Entomol, 28, 31-40. https://doi.org/10.1046/j.1365-2311.2003.00480.x

Broughton, S., & Harrison, J. (2012). Evaluation of monitoring methods for thrips and the effect
of trap colour and semiochemicals on sticky trap capture of thrips (Thysanoptera) and
beneficial insects (Syrphidae, Hemerobiidae) in deciduous fruit trees in Western Australia.

Crop protection, 42, 156-163. https://doi.org/10.1016/j.cropro.2012.05.004

Carlson, P.E., McKie, B.G., Sandin, L., & Johnson, R.K. (2016). Strong land-use effects on the
dispersal patterns of adult stream insects: Implications for transfers of aquatic subsidies to

terrestrial consumers. Freshwater Biology, 61, 848-861. https://doi.org/10.1111/fwb.12745

Collier, K.J., & Smith, B.J. (2000). Interactions of adult stoneflies (Plecoptera) with riparian zones
|. Effects of air temperature and humidity on longevity. Aquatic Insects, 22, 275-284.

https://doi.org/10.1076/0165-0424(200010)22:4;1-Y;FT275

Doéring, T.F., & Chittka, L. (2007). Visual ecology of aphids—a critical review on the role of
colours in host finding. Arthropod-plant interactions, 1, 3-16.

https://doi.org/10.1007/s11829-006-9000-1

Horvéth, G., Mora, A., Bernath, B., & Kriska, G. (2011). Polarotaxis in non-biting midges: female
chironomids are attracted to horizontally polarized light. Physiology & behavior, 104, 1010—

1015. https://doi.org/10.1016/j.physbeh.2011.06.022

10



227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

Huryn, A.D., & Wallace, J.B. (2000). Life history and production of stream insects. Annual review

of entomology, 45, 83-110. https://doi/10.1146/annurev.ento.45.1.83

Hynes, H.B.N. (1976). Biology of plecoptera. Annual review of entomology, 21, 135-153.

https://doi.org/10.1146/annurev.en.21.010176.001031

Kevan, P.G. (1983) Floral colors through the insect eye: what they are and what they mean.

Handbook of experimental pollination biology, 3, 30.

Kevan, P.G., & Baker, H.G. (1983). Insects as flower visitors and pollinators. Annual review of

entomology, 28, 407-453. https://doi.org/10.1146/annurev.en.28.010183.002203

Kriska, G., Csabai, Z., Boda, P., Malik, P., & Horvéath, G. (2006). Why do red and dark-coloured
cars lure aquatic insects? The attraction of water insects to car paintwork explained by
reflection—polarization signals. Proceedings of the Royal Society B: Biological Sciences, 273,

1667-1671. https://doi.org/10.1098/rspb.2006.3500

Long, C.V., Flint, J.A. & Lepper, P.A. (2011). Insect attraction to wind turbines: does colour play

a role? Eur J Wildlife Res, 57, 323-331. https://doi.org/10.1007/s10344-010-0432-7

Muehlbauer, J.D., Collins, S.F., Doyle, M.W., & Tockner, K. (2014). How wide is a stream?
Spatial extent of the potential “stream signature” in terrestrial food webs using meta-analysis.

Ecology, 95, 44-55. https://doi.org/10.1890/12-1628.1

Negishi, J.N., Terui, A., Nessa, B., Miura, K., Oiso, T., Sumitomo, K., Kyuka, T., Yonemoto, M.,
Nakamura, F. (2019). High resilience of aquatic community to a 100-year flood in a gravel-

bed river. Landsc. Ecol. Eng. 15, 143-154. https://doi.org/10.1007/s11355-019-00373-y

Petersen, I., Masters, Z., Hildrew, A.G., & Ormerod, S.J. (2004). Dispersal of adult aquatic insects
in catchments of differing land use. Journal of Applied Ecology, 41, 934-950.

https://doi.org/10.1111/j.0021-8901.2004.00942.x

11



250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

Prokopy, R.J. & Owens, E.D. (1983). Visual detection of plants by herbivorous insects. Annu Rev

Entomol, 28, 337-364. https://doi.org/10.1146/annurev.en.28.010183.002005

Rahman, M. A.T.M.T., Negishi, J.N., Alam, M.K., Yiyang, G., Tolod, J.R., & Pongsivapai, P.
(2021). Lateral and longitudinal flight dispersals of a stonefly, Alloperla ishikariana
(Plecoptera, Chloroperlidae), from the hyporheic zone in a gravel-bed river in Japan.

Limnologica, 89, 125886. https://doi.org/10.1016/j.1imno.2021.125886

Rosi-Marshall, E.J., Wallace, J.B. (2002). Invertebrate food webs along a stream resource

gradient. Freshwater Biol, 47, 129-141. https://doi.org/10.1046/].1365-2427.2002.00786.x.

Shimoda, M., Honda, K. I. (2013). Insect reactions to light and its applications to pest

management. Appl Entomol Zool, 48, 413-421. https://doi.org/10.1007/s13355-013-0219-x

Tierno De Figueroa, J.M., & L&pez-Rodriguez, M.J. (2019). Trophic ecology of Plecoptera
(Insecta): a review. The European Zoological Journal, 86, 79-102.

https://doi.org/10.1080/24750263.2019.1592251

Vrdoljak, S.M., & Samways, M.J. (2012). Optimising coloured pan traps to survey flower visiting

insects. Journal of Insect Conservation, 16, 345-354. https://10.1007/s10841-011-9420-9

Wallace, J.B., Webster, J.R. (1996). The role of macroinvertebrates in stream ecosystem function.

Annu. Rev. Entomol. 41, 115-139. https://doi.org/10.1146/annurev.en.41.010196.000555.

Weir, P.T., & Dickinson, M.H. (2012). Flying Drosophila orient to sky polarization. Current

Biology, 22, 21-27. https://doi.org/10.1016/j.cub.2011.11.026

Wesner, J.S. (2012). Emerging aquatic insects as predators in terrestrial systems across a gradient
of stream temperature in North and South America. Freshwater Biology, 57, 2465-2474.

https://doi.org/10.1111/fwb.12013

12



273

13



274

275

276

277

278

279

280

281

282

283

284

285

286

287

Figure captions

Figure 1: The location of the study area in the Tokachi River in Hokkaido (a), and the study site
in the Satsunai River (b). In (b), the point source of nutrient inputs from waste water treatment
plant (WWTP) in a red circle, the location of the study sites in the color-choice experiment in the

gray-filled circles, and the location of study plots in the plot-scale survey in a shaded gray box.

Figure 2: Sticky traps used in the color choice experiment (a), a yellow trap used in the plot-scale
survey (b) and a blue trap used in the plot-scale survey. Ziplock bags were set above the upper

end of the trap to prevent rainfall from reducing glue stickiness of the traps.

Figure 3: Number of individuals caught per day by blue or yellow sticky traps in the color-choice
experiment (a) and plot-scale survey (b). ***: p<0.001 in multiple comparisons between colors
for respective taxa after Bonferroni correction for statistical significance. Outliers were shown in

dots.
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