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Ecological traps are maladaptive behavioural scenarios in which animals prefer to settle in habitats with
the lowest survival and/or reproductive success. Aquatic insect species, for example, are attracted to
sources of horizontally polarized light associated with natural water bodies, but today they commonly
prefer to lay their eggs upon asphalt roads and buildings that reﬂect an unnaturally high percentage of
polarized light. Ecological traps are a rapidly emerging threat to the persistence of animal populations,
but the degree to which species vary in their susceptibility to them remains uninvestigated. We designed
a ﬁeld experiment to (1) assess the relative susceptibility of aquatic ﬂies (Diptera) to a single maladaptive
behavioural cue: variation in degree of horizontally polarized light (d), and (2) quantify how the isolation
of an ecological trap from a high-quality habitat affects its relative attractiveness. We exposed wild
dipterans to experimental test surfaces varying in d at three distances from natural streams and mapped
behavioural reaction norms of habitat preference as a function of d and distance from high-quality
habitat. All seven of the dipteran families were captured most in traps with progressively higher
d values, especially those (d ¼ 90e100%) that exceeded that of natural water bodies (30e80%). In most
taxa, the height and slope of numerical responses to d were inﬂuenced by the distance of an ecological
trap from a natural water body. Our results illustrate that dipterans have broadly evolved the use of a
habitat selection behaviour that treats more strongly polarized light sources as indicative higher-quality
habitats, making them broadly susceptible to ecological traps driven by polarized light pollution. We also
found that the spatial isolation of ecological traps from higher-quality, but less attractive, habitats can
either increase or reduce species' susceptibility to them.
© 2017 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.

Ecological traps are scenarios in which, due to some humaninduced rapid environmental change (Robertson, Rehage, & Sih,
2013), a poor-quality habitat becomes more attractive than available high-quality habitats that would lead to greater survival or
reproductive success (Dwernychuk & Boag, 1972; Schlaepfer,
Runge, & Sherman, 2002). Traps occur because animals use indirect cues to assess the ultimate value of potential habitats during
settlement, but these cues can be manipulated independently of
the ﬁtness conditions to which they have been correlated over
evolutionary time (Robertson & Hutto, 2006). The result is that an
animal can prefer to settle in, and compete over, the most
dangerous and low-quality habitats. This extreme form of
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maladaptive behaviour is an increasing conservation reality
affecting a broad taxonomic range of animals (Robertson et al.,
2013) and, perhaps most disturbingly, is sometimes a consequence of interventions designed to restore ecosystems or species
(Hawlena, Saltz, Abramsky, & Bouskila, 2010; Severns, 2011). Given
that ecological traps can lead to rapid population declines or even
extinctions (Delibes, Ferreras, & Gaona, 2001; Donovan &
Thompson, 2001; Fletcher, Orrock, & Robertson, 2012; Hale,
Treml, & Swearer, 2015; Hawlena et al., 2010; Kokko &
Sutherland, 2001), that they can be difﬁcult to identify and that
researchers are infrequently looking for them (Robertson & Hutto,
2006), it is concerning that we still know relatively little about the
underlying sensory-cognitive, behavioural and ecological mechanisms that cause them.
A species' susceptibility to being ecologically trapped can be
deﬁned as the relative tendency of a single misleading environmental cue to trigger a maladaptive behaviour that an animal
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prefers over higher-ﬁtness alternatives. In this sense, interspeciﬁc
susceptibility to evolutionary traps could vary when (1) species
differ in their ability to use and weigh ancillary environmental cues
in adaptive decision making, or (2) species differ in their relative
tendency to prefer more extreme or intense forms of a cue than
those that occur in nature (Robertson et al., 2013; Tinbergen, 1951).
Yet, susceptibility to traps could also vary among taxa if species are
more or less likely to encounter them in space, as a function of their
typical range of movement, for example. An ecological trap in close
proximity to a high-quality habitat may be disproportionately
effective in attracting individuals to settle because it is more easily
detected. Alternatively, animals might ﬁnd spatially isolated
ecological traps disproportionately attractive due to a paucity of
other settlement options in close proximity. The degree to which
species vary in their sensory-cognitive and spatial susceptibility to
ecological traps remains uninvestigated. This knowledge is crucial
in that it illustrates how robust wildlife species are to ecological
novelty, the degree to which an animal's likelihood of getting
trapped is context dependent and whether conservation scientists
can anticipate whether strategies designed to eliminate an
ecological trap affecting one species will be effective in eliminating
it for other species also caught in that trap.
Perhaps the most well-understood example of an ecological trap
occurs when emergent aquatic insects are attracted to lay their eggs
upon man-made objects that are strong sources of horizontally
th, Kriska, Malik, & Robertson,
polarized light (reviewed in Horva
th & Zeil, 1996; Schwind, 1985). The dominant terres2009; Horva
trial source of polarized light on earth has always been the water
surface, due to its ability to reﬂect horizontal polarization stronger
than vertical polarization, the consequence of which is horizontally
polarized water-reﬂected light with maximal degree (or percentage)
of polarization at the Brewster angle (Horv
ath & Varjú, 2004;
th, 2014). In response to this highly reliable and nearly
Horva
unique environmental cue, natural selection has shaped all known
insects that require fresh water bodies to survive or reproduce with
th &
an eye capable of detecting the angle of polarized light (Horva
th, 2014). The percentage (or degree) of horiVarjú, 2004; Horva
zontal polarization of water-reﬂected light (hereafter d) depends on
the smoothness of the water surface and on the reﬂectivity of the
water body (bottom and/or suspended materials), with darker,
smoother objects reﬂecting a higher d (also known as ‘Umow's law’:
Umow, 1905). The d for natural water bodies ranges from ~30% to
80% (Horv
ath, 2014), but humans have populated the earth with
objects that act as artiﬁcial polarizers that commonly polarize
95e100% of reﬂected sunlight (e.g. solar panels: Horv
ath et al., 2010;
th, Farkas, & Horva
th, 2009; automoglass buildings: Kriska, Berna
th, 2006; asphalt: Kriska,
biles: Kriska, Csabai, Boda, Malik, & Horva
th, & Andrikovics, 1998). Adults of insect species with aquatic
Horva
life-history phases commonly prefer to swim on, dive into (Kriska
et al., 2006; Schwind, 1985, 1991, 1995) or sexually display and
mate above, then touch down and lay eggs on (Horv
ath, 2014;
th et al., 2010; Kriska et al., 1998, 2006; Kriska, Malik,
Horva
k, & Horva
th, 2008; Lerner et al., 2008, 2011) artiﬁcial polarSziva
izing surfaces that approximate or exceed the d of water.
Current evidence suggests that polarized light is the most
important, perhaps only, sensory cue that many freshwater aquatic
th, 2014; but see
insect species use in locating water bodies (Horva
th, Horva
th, & Meyer-Rochow, 2012). When exposed to a
Berna
higher versus lower degree of polarization, insects are typically
th, Kriska, Blaho
, &
more attracted to the higher value (Boda, Horva
th & Zeil, 1996; Horva
th, Berna
th, & Molna
r,
Csabai, 2014; Horva
 ra, Bern
1998; Horv
ath, Mo
ath, & Kriska, 2011; Kriska et al., 1998).
A behavioural reaction norm is a visualization of the behavioural
responses produced by individuals as a function of different environments or stimuli. Because the shape of a reaction norm

determines whether or not there is an ecological trap present,
demonstrating relative susceptibility to artiﬁcial polarizers versus
water bodies requires higher-resolution behavioural maps that
compare attraction among d values typical of land (<30%) or water
th, 2014) and those that are only produced by
(~30e80%; Horva
man-made objects (80e100%; but see Lerner et al., 2008: Chironomidae; Kriska et al., 2009: Odonata).
We designed a ﬁeld-based experiment to (1) assess the relative
susceptibility of ecologically similar aquatic insect taxa to ecological traps triggered by a single maladaptive behavioural cue: variation in the d of horizontally polarized light, and (2) quantify how
distance from a natural, high-quality habitat affects the relative
attractiveness of ecological traps. We chose aquatic ﬂies (Diptera)
as our focal taxon because they are an abundant and diverse group
of aquatic insect known to be attracted to horizontally polarized
light: Dolichopodidae (Horv
ath et al., 2010), Ceratopogonidae
(Robertson et al., 2017), Empididae (Robertson et al., 2017), Simuth et al., 2011;
liidae (Robertson et al., 2017), Chironomidae (Horva
Lerner et al., 2011, 2008; Robertson et al., 2017). We created
behavioural reaction norms by examining the numerical response
of insects caught in oil traps that varied in the percentage of reﬂected sunlight they polarized (d), and we examined the inﬂuence
of trap distance from natural water bodies in shaping reaction
norms by placing rows of traps varying in their d at three distances
from river banks.
METHODS
Study Sites and Experimental Design
We designed the experiment with ﬁve polarization treatments
(Fig. 1a). Two represented degrees of polarization (87% and 99%) that
do not exist in nature, but are typical of artiﬁcial polarizers (e.g.
th et al., 2010; Kriska et al., 1998, 2008). Two treatments (28%
Horva
and 51%) were typical of natural bodies of water, and the ﬁnal (16%)
was only typical of certain (white) man-made objects or land
th, 2014). Two of our treatments mimicked the
(reviewed in Horva
visual characteristics of natural water bodies, and did so at each of
the three distances we examined in our experiment. We interpret
relative captures among these water-typical polarization treatments
between distance categories as reﬂective of the underlying distribution of insects in each taxon. Within distance categories, differences in relative captures are indicative of the relative preferences
that individuals have for each polarization treatment. We selected
study sites on ﬁve tributaries of the Hudson River in southern New
York State, U.S.A. (Fig. 1b). Study locations were located in sparsely
populated areas along heavily forested river corridors. We chose
residential properties that maintained mown lawns extending from
the high water line inland at least 60 m to ensure sufﬁcient area for
our experiment and so that vegetation would not impede insect
lines of sight towards experimental test surfaces.
In 2012, we trapped ﬂying emergent aquatic insects under clear
skies three times at each site: 19 Maye3 June (Visit 1); 4e16 June
(Visit 2); 19e25 June (Visit 3). Each trapping session lasted for
120 min, ending exactly 30 min after sunset. Diurnal aquatic insect
taxa are most active at sunset, in part because polarotactic water
th, Ga
l, &
detection is easiest at lower solar elevations (Berna
th, 2004). Furthermore, at low sun elevations the reﬂected
Horva
polarization cues are more stable and reliable in comparison to the
intensity cues (Lerner et al., 2008). We placed one of each of ﬁve
shades (white, black and three shades of grey) of oil-trap in a row
parallel to the riverbank at three distances: 5 m, 10 m, 50 m
(Fig. 1b). Each row of trays was centred upon a 2  8 m piece of
black plastic tarpaulin that acted as a strong polarizer attracting
insects to the general location of the experimental trays (Kriska
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et al., 1998). Trays were spaced 0.5 m apart from each other. To
avoid potential capture bias associated with the spatial relationship
of trays to each other, the edges of the tarpaulin or other environmental features (e.g. prevailing wind), we began the experiment
with trays placed in a random shade order within rows and rotated
and transposed their relative positions within their row every
20 min according to a predetermined and standardized algorithm
(position 1 / position 3, 3 / 5, 5 / 2, 2 / 4, 4 / 1).
At the conclusion of each sampling visit, tray contents were
poured through ﬁne cheesecloth to separate oil from insects. Insects were labelled and stored in 80% ethanol for later identiﬁcation
to the family level. While numerical responses to variation in d are
most statistically convenient for mapping reaction norms, biomass
is typically a better indicator of the ecological functions (e.g.
nutrient cycling, decomposition, translocation of materials) that
arthropods play in ecological communities (Saint-Germain et al.,
2007). We estimated the dry biomass of each individual via published lengthebiomass regressions for respective families (Hodar,
1996; Sabo, Bastow, & Power, 2002). Aquatic dipteran families
were deﬁned as families whose larvae typically require water
bodies in which to mature (Johnson & Triplehorn, 2004). The insects in this study were collected under the guidelines outlined by
the New York Department of the Environmental Conservation, License to Collect or Possess: Scientiﬁc No. 1632.
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individuals within each dipteran family, (2) a weighted index of
abundance reﬂective of captures of the entire dipteran community
and (3) the estimated biomass of all dipterans captured. Familyspeciﬁc analyses serve to illustrate the behavioural preferences of
each taxon. Our second goal was to understand whether dipterans,
as an order, respond maladaptively to supernormally strong to
polarized light sources and as a function of distance. To do so, we
created a standardized metric of abundance designed to eliminate
results being biased towards responses typical of more abundant
families. We adjusted captures of each family associated with each
test surface to be a fraction of the total number of captures in each
row for that site. Each of these totals was divided by the total
number of families included in the analyses of total dipterans (see
Results) and then fractions for each family were added together to
represent a single metric reﬂective of total dipteran captures per
treatment that gave equal weight to each family. We treated both
distance from water and the d values emerging from polarimetry of
test surfaces as quantitative variables.
Because the timing of captures has the potential to bias estimates of behavioural preferences for experimental treatments, we

(a)
5m

We used oil-ﬁlled trays painted white, black and three shades of
grey to capture insects and assess their relative preference for test
surfaces varying in their light polarization signature (Figs 1a and 2).
Reﬂectionepolarization characteristics of oil-ﬁlled trays were
th & Varjú, 2004) in
measured using imaging polarimetry (Horva
the red (650 ± 40 nm ¼ wavelength of maximal sensitivity ± half
bandwidth of the polarimeter detector), green (550 ± 40 nm) and
blue (450 ± 40 nm) parts of the light spectrum. We illustrate the
polarization patterns of trays in the blue spectral range only (Fig. 2)
because patterns obtained by visualizing the red and green parts of
the spectrum were similar.
We captured images of test surfaces using an imaging polarimeter modiﬁed from a Canon DSLR camera. This method involves
the capture of three images taken through a polarized light ﬁlter
placed at three different angles, which are then processed into
composite imagery using Polarworks software developed by Dr
n Hegedüs (Horva
th & Varjú, 1997). We performed polariRamo
metric measurements under clear skies with the optical axis of the
polarimeter viewed towards the anti-solar meridian at the Brewster angle qBrewster ¼ arctan(n) z 56.3 from the vertical calculated
for the refractive index (n z 1.5) of salad oil. At the Brewster angle,
light reﬂected from the surface is perpendicular to the refracted ray
penetrating the oil, resulting in the highest possible degree of polarization. We created two darker test surfaces that reﬂected light
at the Brewster angle with higher d values (black: 98% < d < 100%;
dark grey: d ¼ 87 ± 5%) than water is capable of reﬂecting, two
shades of grey that were typical of natural water bodies (medium
grey: d ¼ 51 ± 4%; light grey: d ¼ 28 ± 3%), and one white tray that
reﬂected light with d ¼ 16 ± 2% being lower than natural water
bodies in general. Before deploying trays in the ﬁeld experiment we
veriﬁed that they polarized reﬂected sunlight approximately horizontally with 85  a  95 (Fig. 2).
Statistical Analyses
We examined the effect of distance of an artiﬁcial polarizer from
the river and the d (percentage of polarization of reﬂected sunlight)
associated with a test surface on (1) the number of captured

River

Polarization Trap Design and Imaging

10 m

50 m

(b)
Esopus
Roeliff-jansenkill
Rondout
Wallkill

Wassaic

Hudson

Figure 1. (a) The spatial arrangement of oil-ﬁlled polarization traps of ﬁve shades at
each study site. Squares represent trays of different shades in three rows placed at
three distances from each river and perpendicularly offset from each other. (b) Locations of polarized light experiments in the Hudson Valley region of southern New York
State. Stars indicate locations of experimental sites on ﬁve tributaries of the Hudson
River (in white) located in three of the six counties shown.
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(a)

(b)

(c)

(d)

(e)

0°
–45°
Degree of linear
0%

–90°
100%

polarization d

+45°
+90°

+135°
180°
Angle of polarization
α from the vertical
–135°

Figure 2. The reﬂectionepolarization characteristics of salad oil-ﬁlled (a) black, (b) dark grey, (c) medium grey, (d) light grey and (e) white trays used in the choice experiments and
measured by imaging polarimetry in the blue (450 nm) part of the spectrum. Below the top row of coloured images the middle row shows pixels with a higher degree of polarization in darker grey. The bottom row of images are coloured to reﬂect the angle of polarization (a patterns). Double-headed arrows show the horizontal direction of polarization
of reﬂected light. When viewed toward the solar meridian, polarization patterns were similar.

conducted preliminary analyses to determine whether captures
changed over the course of our experiment as a function of time.
We used generalized linear mixed models to model distance and
d as ﬁxed variables, and Julian date of sampling session and study
site as random variables, in predicting captures for each family, for
all dipterans combined and for total dipteran biomass. Family and
total dipteran captures best ﬁt a Poisson distribution while biomass
ﬁt a normal distribution. In all cases Julian date and study site were
unimportant in explaining the dependent variable (all P > 0.12). For
this reason, we combined observations for all three visits prior to
analysis and used simple Poisson regression in our ﬁnal analyses of
captures and a general linear model in our biomass analysis. Poisson regression models ﬁt the data well and produced very similar
results to those of mixed models so we present results of Poisson
regressions only.
RESULTS
We captured a total of 6720 adult aquatic dipterans in 12 families: Chironomidae (nonbiting midges), Empididae (dance ﬂies),
Dolichopodidae (long-legged ﬂies), Simuliidae (black ﬂies), Ceratopogonidae (biting midges), Phoridae (humpbacked ﬂies), Psychodidae (sand ﬂies), Chaoboridae (phantom midges), Culicidae
(mosquitos), Ephydridae (shore ﬂies), Sciomyzidae (marsh ﬂies) and
Tabanidae (deer ﬂies). We focused our analysis on seven families
that were captured in sufﬁcient abundance to examine statistically
(Table 1). Fit of data to Poisson models was good (^c ¼ 0.95e3.72).
All seven dipteran families were captured in greater numbers in
trays with increasingly higher values of d, but numerical responses

of aquatic dipteran families to d as a function of distance from water
were diverse (Fig. 3). The reaction norm of chironomids was
steepest at a distance of 10 m (distance: c2 ¼ 191.2, P < 0.0001; d:
c2 ¼ 1229.4, P < 0.0001; distance)d: c2 ¼ 73.8, P < 0.0001; Fig. 3a).
In contrast, the reaction norm of simuliids became steeper as distance from water decreased (distance: c2 ¼ 23.7, P < 0.0001; d:
c2 ¼ 278.8, P < 0.0001; distance)d: c2 ¼ 29.4, P < 0.0001; Fig. 3b).
Two families (Dolichopodidae and Ceratopogonidae) exhibited reaction norms that were steeper at 50 m than at 5 m, but whose
reaction norms at 10 m did not show a clear increase in captures
with increasing d. In both the ceratopogonids (distance: c2 ¼ 80.0,
P < 0.0001; d: c2 ¼ 57.6, P < 0.0001; distance)d: c2 ¼ 40.3,
P < 0.0001; Fig. 3c) and the dolichopodids (distance: c2 ¼ 159.6,
P < 0.0001; d: c2 ¼ 52.5, P < 0.0001; distance)d: c2 ¼ 20.4,
P ¼ 0.009; Fig. 3d), captures were actually lower at d ¼ 100% than at
d ¼ 90% (post hoc LSD: Ceratopogonidae: P ¼ 0.01; Dolichopodidae: P ¼ 0.05).
For the family Empididae, captures were a positive function of d,
and were greater further from water, but there was no signiﬁcant
interaction effect of distance and d (distance: c2 ¼ 19.0, P < 0.0001;
d: c2 ¼ 23.7, P < 0.0001; distance)d: c2 ¼ 9.0, P ¼ 0.34; Fig. 3e). In
the remaining two families, captures were a positive function of
d but were unaffected by the distance from water (Psychodidae:
distance: c2 ¼ 2.1, P < 0.38; d: c2 ¼ 46.6, P < 0.0001; distance)d:
c2 ¼ 3.4, P ¼ 0.84; Fig. 3f; Phoridae: distance: c2 ¼ 5.1, P < 0.08; d:
c2 ¼ 31.8, P < 0.0001; distance)d: c2 ¼ 7.2, P ¼ 0.51; Fig. 3g).
The collective response of all seven aquatic dipteran families
combined (Fig. 3h) was most similar to that of the family Psychodidae (Fig. 3f) in that the traps with a d value approximating water
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Table 1
Abundance and biomass of the seven most abundant families of emergent aquatic dipterans captured during the course of the experiment
Family

Common name

Captures

Biomass (mg)

% Total biomassa

Psychodidae
Phoridae
Ceratopogonidae
Simuliidae
Dolichopodidae
Chironomidae
Empididae

Sand ﬂies
Humpbacked ﬂies
Biting midges
Black ﬂies
Long-legged ﬂies
Midges
Dance ﬂies

143
441
633
567
992
2790
961

0.1
0.3
0.4
1.0
3.4
5.1
12.8

0.4
1.4
1.8
4.2
14.8
22.2
55.2

a

Indicates the relative contribution of biomass of each family to the total of the seven families.

(d ¼ 50%) were more attractive than the less typical and much
lighter-shaded traps, but traps with d values of 90e100% were
substantially, and progressively, more attractive as measured by
relative captures (distance: F2,68 ¼ 0.01, P ¼ 0.99; d: F4,68 ¼ 17.4,
P < 0.0001; Fig. 3h). The estimated dry biomass of aquatic dipterans
increased with d and with the distance of the traps from water
(distance: F2,68 ¼ 34.5, P < 0.0001; d: F4,68 ¼ 31.9, P < 0.0001; distance)d: F8,68 ¼ 1.2, P ¼ 0.99; Fig. 3i).
DISCUSSION
We mapped reaction norms of numerical responses of aquatic
ﬂies to variation in the percentage of horizontally polarized light (d)
and found that all seven families were captured in traps with
stronger polarized light signatures. Increasing preference for these
artiﬁcial water bodies with higher fractions of reﬂected horizontally polarized light was generally robust to the distance that they
were placed from rivers. Besides indicating that these families all
use polarized light as a habitat and/or oviposition selection cue, all
seven dipteran families exhibited strongest behavioural responses
to d values (90e100%) exceeding that of natural water bodies
(~30e80%), indicating that evolution has predisposed them to being caught in ecological traps associated with artiﬁcially strong
sources of polarized light. As important, we found that the height
and slope of reaction norms were, in several taxa, inﬂuenced by the
distance of an ecological trap from a natural water body. This shows
for the ﬁrst time that the spatial isolation of ecological traps from
higher-quality, but less attractive, habitats can shape the degree to
which animals are maladaptively attracted to them.
Previous research has demonstrated that the d of horizontal
polarization is used as an oviposition and habitat selection cue in a
diversity of aquatic taxa (e.g. mosquitos (Culicidae): Bern
ath et al.,
2012; dragonﬂies (Odonata): Wildermuth, 1998; nonbiting midges
th,
(Chironomidae): Lerner et al., 2008, 2011; horse ﬂies: Horva
th, & Kriska, 2008; aquatic Heteroptera and ColeopMajer, Horva
tera: Schwind, 1991, 1995; Trichoptera: Kriska et al., 2008). However, studies examining responses to more than a dichotomous
th
high versus low value of d have been only accomplished by Horva
et al. (2009) for four species of mayﬂy (Ephemeroptera), and by
Lerner et al. (2008) for chironomids. Three of those species
exhibited generally linear unimodal numerical responses to
increasing d, but a fourth strongly avoided intermediate values of d.
This would allow it to avoid a ‘severe’ evolutionary trap (Robertson
& Hutto, 2006) associated with artiﬁcially high degrees of polarized
light. In contrast, we found that reaction norms of aquatic Diptera
were all positive with respect to d but varied in their slope
(steepest: Chironomidae; shallowest: Dolichopodidae). Some
families exhibited ﬂatter, more unimodal responses (e.g. Dolichiopodidae) while reaction norms of others (e.g. Chironomidae)
approached shallow exponential shapes, indicating that preference
for traps was nonadditively (e.g. multiplicatively) related to the
degree of polarization. Collectively, and independent of these exact
shapes, insects in all seven families were most attracted to

polarized light with d values of 90e100% that exceed that of natural
water bodies, indicating that all have evolved a susceptibility to
both weak (d z 90%) and strong (d z 100%) ecological traps
created by man-made artiﬁcial polarizers, most likely as a byproduct of historical selection for a unimodal-type attraction
response to typical d values of water-polarized light (i.e. ‘supernormal releasers’ (Tinbergen, 1951).
Spatial context (e.g. scale dependence, habitat connectivity) is
known to shape adaptive habitat selection behaviour across a diversity of animal taxa (Burgess, Treml, & Marshall, 2012; Ciarniello,
Boyce, Seip, & Heard, 2007; Donovan, Jones, Annand, & Thompson,
1997), but the role of context in shaping animal preferences for
deceptively attractive resources like ecological traps has so far been
ignored. If individuals' preferences for ecological trap habitat are
dependent not just upon the relative attractiveness of the ecological trap's associated environmental cues, but also its availability,
proximity to alternative habitats and/or their detectability, then the
evolved behavioural reaction norms that predispose animals to
ecological traps should vary in their shape as a function of their
isolation from alternative habitat patches. For example, Lerner et al.
(2008, 2011) found that chironomid midges that used polarize light
as an oviposition cue were less choosy in their oviposition site
preference and laid eggs in low-d patches when large patches of
natural river habitat were restricted. We found great variation in
the relative preference of dipteran families for ecological traps as a
function of their isolation from free-ﬂowing rivers. Midges (Chironomidae) exhibited one of the steepest reaction norms, and
therefore showed an exaggerated preference for trap habitats, at
intermediate distance (10 m) from the river, while black ﬂies
(Simuliidae) showed a greater relative preference for traps when
they encountered them further from the stream. In this way, chironomids in our study did not exhibit a distance)d pattern (steeper
reaction norms in proximity to river) consistent with the mechanism identiﬁed by Lerner et al. (2008, 2011). Two families (Phoridae, Psychodidae) did not shift their reaction norm in response to
distance from river, suggesting their behavioural responses to
variation in the d of horizontally polarized light are independent of
their spatial context.
Behavioural reaction norms for ceratopogonids and dolichopodids were increasing functions of d at 5 m and 50 m from rivers, and
were moderately steeper at greater distances from the river.
However, reaction norms for these families at the 10 m distance
were atypically shaped, suggesting avoidance of the strongest
(d ¼ 100%) ecological trap. This pattern is actually predicted as an
adaptively evolved response to the ﬁtness cost of ovipositing in an
ecological trap, but such a response should be independent of
distance to water and only likely to evolve in more heavily urbanized areas, which were not characteristic of our study sites. The
diversity of ways in which habitat preference varied with trap
isolation could emerge as a function of the capability of different
taxa to detect alternative habitats at a distance, the relative availability of alternative habitats combined with the short period (~1e4
days) that these taxa have to mate and oviposit (Lerner et al., 2008),
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Figure 3. Captures of aquatic dipterans in polarized light traps as a function of the percentage d of horizontally polarized light reﬂected by the trap and the distance of the trap from
the edge of ﬁve rivers in the Hudson Valley of New York State. Shaded oil-ﬁlled trays (Fig. 2) reﬂected 16% (white), 28% (light grey), 51% (medium grey), 87% (dark grey), or 99%
(black) of reﬂected sunlight. One tray of each type was placed in a row at 5 m (ﬁlled circles), 10 m (open circles) or 50 m (ﬁlled triangles) from a river bank. Graphs show the
abundance of captures in each trayedistance combination (±SE) for seven families of aquatic-breeding dipterans (aeg) and for the abundance of all seven families of aquatic
dipterans captured (h). The dry biomass of captures is also estimated (i). Within each graph, signiﬁcant main effects from Poisson regressions (aeg) or glms (hei) are indicated for
the effect of the percentage of polarization of traps (d), the distance from water (dist.), or interaction effects (d)dist.) on abundance or biomass. Where distance from water was
unimportant in explaining dipteran abundance (feh), only the estimated marginal means for d are given (black squares). The units in (h) reﬂect captures standardized to give equal
weight to each of the seven families in (a)e(g).
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limitations on the mobility of taxa that constrain their ability to
detect and choose among alternatives, attraction to concentrations
of food, or the avoidance of predators or challenging microhabitats
(e.g. windy, hot). Indeed, the diversity of family-speciﬁc responses
that we observed seems inconsistent with any single ecological or
behavioural mechanism. Our study did not test for the inﬂuence of
other habitat selection cues that dipterans might use in guiding
their behaviour. Indeed, the d of water bodies is currently known to
be the predominant habitat selection cue used by aquatic insect
species and entirely explains the maladaptive oviposition of a
diverse array of taxa upon windows, roads, solar panels and autoth, 2014), but Aedes aegypti mosquitos are also
mobiles (Horva
th et al., 2012; Wildermuth,
known to use olfactory cues (Berna
1998). Avoidance of whiter traps, which are better reﬂectors of
light, is unlikely because certain aquatic insects are also attracted to
intense unpolarized light sources (Boda et al., 2014; Nowinszky,
lyi, Puska
s, & Lada
nyi, 2012; Nowinszky & others,
Kiss, Szentkira
€ lker, & Tockner, 2014; Szaz et al., 2015), which
2003; Perkin, Ho
can synergistically enhance their attraction to polarized light
sources (Boda et al., 2014; Robertson et al., 2017) or even cause
them to ignore polarized light (Robertson et al., 2017).
Regardless, our ﬁndings indicate that strong sources of polarized
light pollution (e.g. asphalt roads, solar panels, glass buildings)
placed further from rivers in our study region create ecological
traps for aquatic ﬂies, and that these traps are more attractive for
some species and less attractive for others. The ﬁtness penalty of
arthropod attraction to artiﬁcial polarizers is severe in that adults
perish and oviposition always results in complete reproductive
th
failure because eggs desiccate and perish out of water (Horva
et al., 2010; Kriska et al., 1998, 2008, 2006; Szaz et al., 2015). The
supernormal strength of d associated with artiﬁcial polarizers
commonly leads to individuals being unable to escape the area
(also known as ‘the polarization captivity effect’; Horv
ath et al.,
2009) and they exhaust themselves and die or are eaten by predth, Majer, Horva
th, Sziva
k, & Kriska, 2008; Robertson,
ators (Horva
2010; reviewed in ; Robertson et al., 2013). Whether ecological
traps driven by artiﬁcial polarized light will, or have already led to,
population declines in aquatic arthropods, as mathematical simulations (Fletcher et al., 2012; Kokko & Sutherland, 2001) suggest,
remains unclear, but unpolarized light pollution represents a global
threat to biodiversity and species persistence (Gaston, Bennie,
€lker, Wolter, Perkin, & Tockner, 2010;
Davies, & Hopkins, 2013; Ho
Longcore & Rich, 2004) and unpolarized light can be strongly and
horizontally polarized by man-made objects to create ecological
traps at night (Szaz et al., 2015).
Of the over 50 extant examples of ecological traps (reviewed by
Robertson et al., 2013), all have been identiﬁed only after their
accidental creation. The use of ﬁeld experiments that reveal
behavioural reaction norms appears to be a promising way to
predict conditions under which future ecological novelty will
create ecological traps as it allows an explicit and quantitative
comparison of behavioural responses to environmental cues that
span historical and novel levels of variation. Our focus on polarized
light as a quantitative habitat selection cue was convenient because
th, 2014),
it is so closely and uniquely associated with water (Horva
which itself is a resource key to the survival of a broad taxonomic
range of insects. Yet, this approach could be adapted to predict
maladaptive behavioural responses in other contexts (e.g. mate
selection, food choice, navigation and orientation; ‘evolutionary
traps’ sensu Robertson et al., 2013; Schlaepfer et al., 2002) as the
result of multiple cues and cue types (e.g. presence/absence, categorical, quantitative) and how they are weighted by organisms in
assessing behavioural options. For example, nocturnally active
aquatic insects are attracted to sources of both horizontally polarized and unpolarized light and these two ecological traps can act
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synergistically to create even more attractive, and therefore
demographically costly, ecological traps (Boda et al., 2014). Another
beneﬁt of employing reaction norms in understanding and managing ecological traps is that they are also capable of revealing
when evolution or learning is adapting organisms to trap conditions (Schlaepfer, Sherman, Blossey, & Runge, 2005) by reshaping
reaction norms in such a way that they guide individuals away from
previously attractive, but poor-quality, habitats.
Understanding the mechanisms by which anthropogenic impacts can trigger maladaptive behaviour like evolutionary traps is
critical both to ecological and evolutionary theory and central to
the development of conservation strategies to eliminate traps
where they threaten species persistence (Hawlena & Bouskila,
2006; Hawlena et al., 2010; Kessler et al., 2015; Schlaepfer et al.,
2005; Van der Meer, Fritz, Blinston, & Rasmussen, 2014) and to
prevent their creation in the ﬁrst place (Robertson et al., 2013). Our
ﬁndings indicate the aquatic dipterans are broadly susceptible to
ecological traps triggered by supernormally strong polarized light
sources, and the similarity of their respective reaction norms suggests that this susceptibility is a consequence of the evolution of
similar habitat selection algorithms. The more variable ways in
which spatial isolation affected preference for ecological traps in
our study indicates that attraction to traps is contextualized by lifehistory traits, and that the potential for habitat acting as an
ecological trap in one spatial context could, in theory, be adaptively
settled in another. From a conservation point of view, these results
are worrying in that a single novel ecological cue can cause severe
behavioural maladaptation for an entire suite of species.
Conversely, this result also illustrates that interventions to eliminate this speciﬁc multispecies ecological trap can efﬁciently target
the elimination of a single misleading cue via a number of practical
th et al., 2009, 2010). To contexand inexpensive methods (Horva
tualize our results, future research assessing the susceptibility of
species to ecological traps might examine how a more taxonomically diverse range of species responds to similar sources of
ecological novelty, but exposing animals to a more diverse set of
environmental cues.
DATA ACCESSIBILITY
Data are available via Dyrad (https://doi.org/10.5061/dryad.
nq3s6).
Acknowledgments
Funding for this study was generously provided by Bard College
€tvos
with logistical support from the Environmental Optics Lab at Eo
University. B.A.R. contributed to study design, data collection, data
analysis and writing and editing of the manuscript. I.A.K., S.D.S.,
L.Y.S. and C.E.W. helped to analyse data and draft the manuscript.
I.H. helped design the study and collect data and G.H. helped design
the study and edit the manuscript.
References
th, B., G
th, G. (2004). Why is it worth ﬂying at dusk for aquatic
Berna
al, J., & Horva
insects? Polarotactic water detection is easiest at low solar elevations. Journal of
Experimental Biology, 207(5), 755e765.
th, B., Horva
th, G., & Meyer-Rochow, V. B. (2012). Polarotaxis in egg-laying
Berna
yellow fever mosquitoes Aedes (Stegomyia) aegypti is masked due to infochemicals. Journal of Insect Physiology, 58(7), 1000e1006. https://doi.org/
10.1016/j.jinsphys.2012.05.004.
th, G., Kriska, G., Blaho
, M., & Csabai, Z. (2014). Phototaxis and
Boda, P., Horva
polarotaxis hand in hand: Night dispersal ﬂight of aquatic insects distracted
synergistically by light intensity and reﬂection polarization. Naturwissenschaften, 101(5), 385e395. https://doi.org/10.1007/s00114-014-1166-2.

84

B. A. Robertson et al. / Animal Behaviour 135 (2018) 77e84

Burgess, S. C., Treml, E. A., & Marshall, D. J. (2012). How do dispersal costs and
habitat selection inﬂuence realized population connectivity? Ecology, 93(6),
1378e1387. https://doi.org/10.1890/11-1656.1.
Ciarniello, L. M., Boyce, M. S., Seip, D. R., & Heard, D. C. (2007). Grizzly bear habitat
selection is scale dependent. Ecological Applications, 17(5), 1424e1440. https://
doi.org/10.1890/06-1100.1.
Delibes, M., Ferreras, P., & Gaona, P. (2001). Attractive sinks, or how individual
behavioural decisions determine sourceesink dynamics. Ecology Letters, 4(5),
401e403.
Donovan, T. M., Jones, P. W., Annand, E. M., & Thompson, F. R. (1997). Variation in
local-scale edge effects: Mechanisms and landscape context. Ecology, 78(7),
2064e2075. https://doi.org/10.2307/2265945.
Donovan, T. M., & Thompson, F. R., III (2001). Modeling the ecological trap hypothesis: A habitat and demographic analysis for migrant songbirds. Ecological
Applications, 11(3), 871e882.
Dwernychuk, L. W., & Boag, D. A. (1972). Ducks nesting in association with gulls: An
ecological trap? Canadian Journal of Zoology, 50(5), 559e563.
Fletcher, R. J., Orrock, J. L., & Robertson, B. A. (2012). How the type of anthropogenic
change alters the consequences of ecological traps. Proceedings of the Royal
Society B: Biological Sciences, 279(1738), 2546e2552. https://doi.org/10.1098/
rspb.2012.0139.
Gaston, K. J., Bennie, J., Davies, T. W., & Hopkins, J. (2013). The ecological impacts of
nighttime light pollution: A mechanistic appraisal. Biological Reviews of the
Cambridge Philosophical Society, 88(4), 912e927. https://doi.org/10.1111/
brv.12036.
Hale, R., Treml, E. A., & Swearer, S. E. (2015). Evaluating the metapopulation consequences of ecological traps. Proceedings of the Royal Society B: Biological Sciences, 282(1804), 20142930. https://doi.org/10.1098/rspb.2014.2930.
Hawlena, D., & Bouskila, A. (2006). Land management practices for combating
desertiﬁcation cause species replacement of desert lizards. Journal of Applied
Ecology, 43(4), 701e709. https://doi.org/10.1111/j.1365-2664.2006.01177.x.
Hawlena, D., Saltz, D., Abramsky, Z., & Bouskila, A. (2010). Ecological trap for desert
lizards caused by anthropogenic changes in habitat structure that favor predator activity. Conservation Biology, 24(3), 803e809. https://doi.org/10.1111/
j.1523-1739.2010.01477.x.
Hodar, J. A. (1996). The use of regression equations for estimation of arthropod
biomass in ecological studies. Acta Oecologica, 17(5), 421e433.
€lker, F., Wolter, C., Perkin, E. K., & Tockner, K. (2010). Light pollution as a biodiHo
versity threat. Trends in Ecology & Evolution, 25(12), 681e682. https://doi.org/
10.1016/j.tree.2010.09.007.
Horv
ath, G. (Ed.). (2014). Polarized light and polarization vision in animal sciences.
Berlin, Germany: Springer. https://doi.org/10.1007/978-3-642-54718-8.
th, B., & Molna
r, G. (1998). Dragonﬂies ﬁnd crude oil visually
Horv
ath, G., Berna
more attractive than water: Multiple-choice experiments on dragonﬂy polarotaxis. Naturwissenschaften, 85, 292e297. https://doi.org/10.1007/s001140050503.
, M., Egri, A., Kriska, G., Seres, I., & Robertson, B. (2010). Reducing
Horv
ath, G., Blaho
the maladaptive attractiveness of solar panels to polarotactic insects. Conservation Biology, 24(6), 1644e1653. https://doi.org/10.1111/j.1523-1739.2010.
01518.x.
Horv
ath, G., Kriska, G., Malik, P., & Robertson, B. (2009). Polarized light pollution: A
new kind of ecological photopollution. Frontiers in Ecology and the Environment,
7(6), 317e325. https://doi.org/10.1890/080129.
th, L., Sziv
Horv
ath, G., Majer, J., Horva
ak, I., & Kriska, G. (2008). Ventral polarization
vision in tabanids: Horseﬂies and deerﬂies (Diptera: Tabanidae) are attracted to
horizontally polarized light. Naturwissenschaften, 95(11), 1093e1100. https://
doi.org/10.1007/s00114-008-0425-5.
ra, A., Berna
th, B., & Kriska, G. (2011). Polarotaxis in non-biting
Horv
ath, G., Mo
midges: Female chironomids are attracted to horizontally polarized light.
Physiology & Behavior, 104(5), 1010e1015. https://doi.org/10.1016/j.physbeh.
2011.06.022.
Horv
ath, G., & Varjú, D. (1997). Polarization pattern of freshwater habitats recorded
by video polarimetry in red, green and blue spectral ranges and its relevance for
water detection by aquatic insects. Journal of Experimental Biology, 200(7),
1155e1163.
Horv
ath, G., & Varjú, D. (2004). Polarized light in animal vision. Berlin, Germany:
Springer. https://doi.org/10.1007/978-3-662-09387-0.
Horv
ath, G., & Zeil, J. (1996). Kuwait oil lakes as insect traps. Nature, 379(6563),
303e304. https://doi.org/10.1038/379303a0.
Johnson, N. F., & Triplehorn, C. A. (2004). Borror and DeLong's introduction to the
study of insects (7th ed.). Silverwater, NSW, Australia: Cengage Learning.
Kessler, S. C., Tiedeken, E. J., Simcock, K. L., Derveau, S., Mitchell, J., Softley, S., et al.
(2015). Bees prefer foods containing neonicotinoid pesticides. Nature,
521(7550), 74e76. https://doi.org/10.1038/nature14414.
Kokko, H., & Sutherland, W. J. (2001). Ecological traps in changing environments:
Ecological and evolutionary consequences of a behaviourally mediated Allee
effect. Evolutionary Ecology Research, 3(5), 537e551.
Kriska, G., Bern
ath, B., Farkas, R., & Horv
ath, G. (2009). Degrees of polarization of
reﬂected light eliciting polarotaxis in dragonﬂies (Odonata), mayﬂies (Ephemeroptera) and tabanid ﬂies (Tabanidae). Journal of Insect Physiology, 55(12),
1167e1173. https://doi.org/10.1016/j.jinsphys.2009.08.013.

th, G. (2006). Why do red and darkKriska, G., Csabai, Z., Boda, P., Malik, P., & Horva
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(1594), 1667e1671. https://doi.org/10.1098/
rspb.2006.3500.
k, I., & Horva
th, G. (2008). Glass buildings on river banks as
Kriska, G., Malik, P., Sziva
‘polarized light traps’ for mass-swarming polarotactic caddis ﬂies. Naturwissenschaften, 95(5), 461e467. https://doi.org/10.1007/s00114-008-0345-4.
Kriska, G., Horv
ath, G., & Andrikovics, S. (1998). Why do mayﬂies lay their eggs en
masse on dry asphalt roads? Water-imitating polarized light reﬂected from
asphalt attracts Ephemeroptera. Journal of Experimental Biology, 201(15),
2273e2286.
Lerner, A., Meltser, N., Sapir, N., Erlick, C., Shashar, N., & Broza, M. (2008). Reﬂected
polarization guides chironomid females to oviposition sites. Journal of Experimental Biology, 211(22), 3536e3543. https://doi.org/10.1242/jeb.022277.
Lerner, A., Sapir, N., Erlick, C., Meltser, N., Broza, M., & Shashar, N. (2011). Habitat
availability mediates chironomid density-dependent oviposition. Oecologia,
165(4), 905e914. https://doi.org/10.1007/s00442-010-1893-9.
Longcore, T., & Rich, C. (2004). Ecological light pollution. Frontiers in Ecology and the
Environment, 2(4), 191e198. https://doi.org/10.2307/3868314.
Nowinszky, L. (2003). The handbook of light trapping. Szombathely, Hungary: Savaria
University Press.
lyi, F., Pusk
Nowinszky, L., Kiss, O., Szentkira
as, J., & Lad
anyi, M. (2012). Inﬂuence of
illumination and polarized moonlight on light-trap catch of caddisﬂies (Trichoptera). Research Journal of Biology, 2(3), 79e90.
€lker, F., & Tockner, K. (2014). The effects of artiﬁcial lighting on adult
Perkin, E. K., Ho
aquatic and terrestrial insects. Freshwater Biology, 59(2), 368e377. https://
doi.org/10.1111/fwb.12270.
Robertson, B. A. (2010). Investigating targets of avian habitat management to
eliminate an ecological trap. Avian Conservation and Ecology, 7(2), 2.
th, G.
Robertson, B. A., Campbell, D.-R., Durovich, C., Hetterich, I., Les, J., & Horva
(2017). The interface of ecological novelty and behavioral context in the formation of ecological traps. Behavioral Ecology, 28(4), 1166e1175. https://doi.org/
10.1093/beheco/arx081.
Robertson, B. A., & Hutto, R. L. (2006). A framework for understanding ecological
traps and an evaluation of existing evidence. Ecology, 87(5), 1075e1085. https://
doi.org/10.1890/0012-9658(2006)87[1075:AFFUET]2.0.CO;2.
Robertson, B. A., Rehage, J. S., & Sih, A. (2013). Ecological novelty and the emergence
of evolutionary traps. Trends in Ecology & Evolution, 28(9), 552e560. https://
doi.org/10.1016/j.tree.2013.04.004.
Sabo, J. L., Bastow, J. L., & Power, M. E. (2002). Lengthemass relationships for adult
aquatic and terrestrial invertebrates in a California watershed. Journal of the
North American Benthological Society, 21(2), 336e343. https://doi.org/10.2307/
1468420.
e, M., Mercado, A., Motchula, T., Reichert, E.,
Saint-Germain, M., Buddle, C. M., Larrive
et al. (2007). Should biomass be considered more frequently as a currency in
terrestrial arthropod community analyses? Journal of Applied Ecology, 44(2),
330e339. https://doi.org/10.1111/j.1365-2664.2006.01269.x.
Schlaepfer, M. A., Runge, M. C., & Sherman, P. W. (2002). Ecological and evolutionary
traps. Trends in Ecology & Evolution, 17(10), 474e480. https://doi.org/10.1016/
S0169-5347(02)02580-6.
Schlaepfer, M. A., Sherman, P. W., Blossey, B., & Runge, M. A. (2005). Introduced
species as evolutionary traps. Ecology Letters, 8(3), 241e246.
Schwind, R. (1985). A further proof of polarization vision of Notonecta glauca and a
note on threshold intensity for eliciting the plunge reaction. Experientia, 41(4),
466e467. https://doi.org/10.1007/BF01966149.
Schwind, R. (1991). Polarization vision in water insects and insects living on a moist
substrate. Journal of Comparative Physiology A, 169(5), 531e540. https://doi.org/
10.1007/BF00193544.
Schwind, R. (1995). Spectral regions in which aquatic insects see reﬂected polarized
light. Journal of Comparative Physiology A, 177(4), 439e448. https://doi.org/
10.1007/BF00187480.
Severns, P. M. (2011). Habitat restoration facilitates an ecological trap for a locally
rare, wetland-restricted butterﬂy. Insect Conservation and Diversity, 4(3),
184e191. https://doi.org/10.1111/j.1752-4598.2010.00120.x.
Szaz, D., Horvath, G., Barta, A., Robertson, B. A., Farkas, A., Egri, A., et al. (2015).
Lamp-lit bridges as dual light-traps for the night-swarming mayﬂy, Ephoron
virgo: Interaction of polarized and unpolarized light pollution. PLoS One, 10(3),
e0121194. https://doi.org/10.1371/journal.pone.0121194.
Tinbergen, N. (1951). The study of instinct. Oxford, U.K.: Oxford University Press.
Umow, N. (1905). Chromatische depolarisation durch Lichtzerstreuung. Physikalische Zeitschrift, 6, 674e676.
Van der Meer, E., Fritz, H., Blinston, P., & Rasmussen, G. S. A. (2014). Ecological trap
in the buffer zone of a protected area: Effects of indirect anthropogenic mortality on the African wild dog Lycaon pictus. Oryx, 48(2), 285e293. https://
doi.org/10.1017/S0030605312001366.
Wildermuth, H. (1998). Dragonﬂies recognize the water of rendezvous and oviposition sites by horizontally polarized light: A behavioural ﬁeld test. Naturwissenschaften, 85, 297e302.

