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Abstract
Human activities introduce new environmental cues to wild organisms, leading to maladaptive behavioral and life history decisions 
known as the “evolutionary trap.” This trap is thought to be a major conservation concern for free-living organisms. However, it has 
never been studied in endosymbionts, one of the most successful and diverse life forms on Earth. Here, we examine this trap in the 
extended phenotype of a parasite that exploits the visual system of hosts to alter host behavior for its benefit. Arboreal mantids 
infected by nematomorph parasites are drawn to horizontally polarized light, thereby inducing them to enter the water. In this study, 
we found that the degree of linear polarization (DOP) of reflected light served as a reliable environmental cue for identifying perennial 
waters, where nematomorphs can survive in their aquatic life stage without drying out. Infected mantids exhibit attraction to 
horizontally polarized light with higher DOP in behavioral assays and jumped into pools reflecting light with higher DOP in field 
experiments. The asphalt road reflected horizontally polarized light closely resembling the polarization levels observed in perennial 
waters, likely leading to a higher prevalence of mantids on asphalt roads compared with those found in natural arboreal habitats. In a 
field experiment, we observed infected mantids walking on asphalt roads more often than on cement roads. These findings imply that 
evolutionary traps can endanger endosymbionts beyond their hosts that directly perceive environmental cues.
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Introduction
Organisms have evolved to use environmental cues, such as light, 
sound, and odor, to make various adaptive behavioral and life his-
tory decisions (1). Human activities have led organisms to rely on 
these formerly reliable cues for making maladaptive decisions, 
known as the “evolutionary trap” (1–3). This trap has been demon-
strated in many free-living organisms (3–7) and is now recognized 
as a major threat to their biodiversity loss in human-dominated 
environments (1–3). However, the evolutionary trap has never 
been investigated in endosymbionts, even though they are the 
most successful and diverse life forms on earth, and their conser-
vation is rapidly growing field (8, 9). In nature, various parasites 
manipulate host behavior as their extended phenotypes (10) to 
complete their life cycles (11). These parasites have evolved the 
ability to exploit their host’s perception of environmental cues 
to induce behavioral changes in the host for their own benefit. 
For example, zombie ant fungi alter the visual perception of 
ants, causing them to climb trees and bite leaves, facilitating fun-
gal spore transmission (12). Similar light-induced behavioral al-
terations have been observed in other manipulative parasites 

like baculovirus (13) and parasitic helminths (14, 15). Here, we hy-
pothesized that human-induced environmental changes compel 
manipulated hosts to use formerly reliable environmental cues, 
leading to maladaptive behavior toward parasites, which should 
be regarded as an evolutionary trap for the extended phenotypes 
of endosymbionts.

Nematomorph parasites induce terrestrial hosts to enter the 
water, necessary for them to reproduce in aquatic habitats (16). 
Previously, we demonstrated that arboreal mantids (Hierodula 
patellifera) infected by nematomorph parasites (Chordodes formosa-
nus) are attracted to horizontally polarized light, which is strongly 
reflected from water surfaces (17). This enhanced positive polaro-
taxis explains the water entry behavior of infected mantids (18) 
(Fig. 1A). Perennial water bodies (deeper with darker surfaces) 
are expected to reflect light with a higher degree of linear polariza-
tion (DOP; Fig. 1A, B, and F), whereas intermittent water bodies 
(shallower depths with brighter surfaces) likely reflect light with 
a lower DOP (Fig. 1A, C, and G) (19). Adult nematomorphs repro-
duce, and their larvae need to infect aquatic insect larvae in water 
without drying out until they are transmitted to terrestrial hosts 
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upon an emergence of the aquatic insect hosts (16). Hence, nem-
atomorphs would gain from inducing infected mantids to jump 
into perennial waters by attracting them toward light with a high-
er DOP (Fig. 1A).

However, this adaptive behavioral manipulation might prove 
maladaptive for nematomorphs in human-dominated environ-
ments. Particularly, nematomorph-infected mantids were often 
found on asphalt roads and were subsequently road-killed with 
the parasites (Fig. 1A). Asphalt roads share physical traits, such 
as smooth darker surfaces, with dark water surfaces and the abil-
ity to strongly polarize light, leading to polarized light pollution in 
many free-living organisms (5). This highlights the potential for 
asphalt roads introduced into nematomorphic habitats to mislead 
infected mantids. Herein, we hypothesized that the enhanced 
positive polarotaxis of infected mantids is adaptive for nemato-
morphs to selectively enter perennial water bodies but poses an 
evolutionary trap for the parasite if the asphalt roads run close 
to their habitats (Fig. 1A).

Results and discussion
We began to test these hypotheses by measuring the DOP (d ) and 
relative intensity of light (RIL) reflected from various water bodies 
(n = 30) in nematomorph habitats in Japan. DOP was higher in per-
ennial waters (mean ± SD: d = 38.1 ± 10.2%) than in intermittent 
waters (d = 12.7 ± 11.5%; Fig. 2A, Table S1), whereas RIL was large-
ly overlapped between the 2 water types (RIL: 0.36 ± 0.33 in peren-
nial waters and 0.22 ± 0.23 in intermittent waters; Table S1). 
As revealed using the logistic regression model, DOP was a reliable 
environmental cue to distinguish perennial waters from intermit-
tent waters [generalized linear model with a binomial error distri-
bution (GLMbinomial): z = 2.54, P = 0.011]; no significant effects of 
RIL or its interaction with DOP were observed (Table S2). 
Subsequently, we tested whether the infected mantids (H. patelli-
fera) were attracted to light with a higher DOP using a two-choice 
test, in which horizontally polarized light with different DOP 
(d = 15–100%) was illuminated (Fig. S1). Infected mantids were 
more likely to be attracted to horizontally polarized light with 

higher DOP [Fig. 2B; generalized linear mixed model with a 
binomial error distribution (GLMMbinomial): z = 3.0, P = 0.003; 
Table S3], suggesting their sensitivity to changes in DOP. We fur-
ther investigated whether the infected mantids selectively enter 
perennial waters that strongly reflect horizontally polarized light 
in a natural setting. Particularly, we conducted a field experiment, 
where four pools (W × H = 1.7 × 0.8 m with 0.05–0.48 m in depth) 
that 
reflected horizontally polarized light with different DOPs (mean 
d = 2, 23, 43, and 61%) were randomly placed in a greenhouse 
(L × W = 20 × 5 m; Fig. S2). Infected mantids entered pools with a 
higher DOP (d > 23%) more frequently than that with a low DOP 
(P = 2; Fig. 2C, Table S4). The value above which the probability 
of perenniality of natural water bodies was 50% or higher in the 
above GLM was d = 23%. We conclude that enhanced positive po-
larotaxis is a key factor not only in detecting water bodies (18) but 
also in directing infected mantids into perennial waters, where 
nematomorphs can survive in their aquatic life stage.

Next, we compared the DOP of light reflected from asphalt 
roads and water bodies to test the evolutionary trap for the 
nematomorphs. The DOP of the asphalt roads measured in the 
nematomorph habitats (mean ± SD: d = 30.2 ± 10.9%, range 15.8– 
57.0%) largely overlapped with that of the perennial water bodies 
(Fig. 2A, Table S1). In field observations in Taiwan and Japan, 
the prevalence of nematomorphs (C. formosanus) in mantids 
(Titanodula formosana in Taiwan; H. chinensis in Japan) collected 
from asphalt roads (>80%) was much higher than those found 
in their natural arboreal habitats (<20%; GLMbinomial: z = 6.6, 
P < 0.001; Fig. 2D, Table S5). Observations of mantids (H. patellifera) 
at two other distant sites in Japan further supported the high nem-
atomorph prevalence on asphalt roads (>92%; Fig. 1D), although 
we were unable to measure their prevalence in the natural habi-
tats at these two sites. To further test the misleading of the 
infected mantids to the asphalt roads, we conducted a field ex-
periment in which four different mimetic roads (one asphalt 
road and three cement roads with different colors; W × H = 1.8 ×  
0.9 m) that reflected horizontally polarized light with different 
DOP (asphalt roads: d = 30.7%; cement roads: d = 2.8–18.57%) 

Fig. 1. A potential evolutionary trap for the extended phenotype of a nematomorph parasite and related photos. A) Conceptual diagram of the hypothesis 
for the evolutionary trap. B–D) Color photos and (E–G) polarization images are shown for the representative perennial water body (B, E), intermittent 
water body (C, F), and asphalt road (D, G). In a color chart (bottom middle) synthesized using the angle of polarization (AOP, left bar) and DOP (right bar), 
the color indicates the AOP direction, and brightness indicates the DOP. The polarization images were taken at the Brewster’s angle (∼38° from the 
horizontal). H) A photo of a mantid jumping into the water. I) A photo of a mantid walking on the asphalt road.
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were randomly placed in a greenhouse (L × W = 20 × 5 m; Fig. S3). 
The infected mantids walked more frequently on asphalt roads 
than on any other cement roads (Fig. 2E, Table S6). These results 
strongly suggest that the infected mantids experienced chal-
lenges in distinguishing asphalt roads from perennial water bod-
ies with similarly high DOP and were attracted to asphalt roads. 
Dead nematomorphs were frequently observed [e.g. >100 worms 
in ∼500 m road in a sampling size in Osaka (OSK) each in 2021 
and 2022], with infected mantids, which were exhausted and/or 
killed on asphalt roads (Fig. 2F), indicating substantial negative se-
lection pressure on the nematomorphs’ extended phenotype. 
However, its effect on population decline or evolutionary re-
sponses to these artificial environments remains uncertain.

This study presents lines of evidence to suggest that an evolu-
tionary trap can affect organisms beyond those directly sensing en-
vironmental cues, that is, the evolutionary trap for the extended 
phenotype of parasites. This type of the evolutionary trap has never 
been reported before, except in this study. However, ∼40% of known 
species are parasitic (20), and phylogenetically diverse parasites, 
such as viruses, fungi, protozoa, and metazoans, have evolved 
strategies to manipulate hosts (11) with diverse sensory systems 
(1). Recent advancements in molecular biology techniques 
applied to nonmodel organisms have unveiled widespread host 

manipulations by parasites. These studies have begun to elucidate 
the neural and molecular mechanisms, often involving visual per-
ception (12–15, 18), through which parasites exploit host sensory 
systems to manifest their extended phenotypes. Meanwhile, the 
global proliferation of human activities has altered the distribution 
of environmental stimuli, including artificial lights (3) and chemical 
agents (1). Therefore, our findings may be one of the several exam-
ples highlighting threats to parasites and their evolutionary trajec-
tories, an issue demanding recognition and resolution.
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Supplementary material is available at PNAS Nexus online.
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