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While road-side productivity attracts wildlife, roads are also a major cause of mortality.
Thus, roads are potentially an attractive sink. We investigated whether roads in a
desert environment in southern Israel act as an ecological trap for the territorial
mourning wheatear (Oenanthe lugens). We applied an individual-based mechanistic
approach to compare the apparent survival of individually-marked wheatears between
roadside territories and territories in natural habitats farther away from the road, and
determined directionality in territorial shifting to and from the road. Analysis was based on
mark-resight techniques and multi-model inference in a multi-strata approach (program
MARK). Wheatear survival in road-side territories was too low to be compensated by
the maximum possible recruitment, but shifted territories from natural habitat toward the
roadside habitat as these territories were vacated by mortality. Vacated territories along
the road were re-occupied faster than vacated territories in natural habitat. Thus, the
roadside habitat in our study area fuffilled all conditions for an ecological trap. Roads may
act as widespread ecological traps and their impact, therefore, may extend well-beyond
the existing perception of narrow dissecting elements causing local mortality and/or
animal avoidance. In species where habitat selection is based on contest competition
(e.g., territorial species) and contest success has a genetically heritable component,
ecological traps will induce a paradoxical selection process.

Keywords: Oenanthe lugens, mourning wheatear, territorial shift, survival, sink

INTRODUCTION

Roads cover only a small fraction of the planets land surface (~0.5%), yet exert a considerable
impact on biodiversity due to fragmentation, road-kills, contamination and habitat modification
(Brady and Richardson, 2017). Many studies demonstrate that road-side productivity and plant
diversity attracts wildlife while at the same time inflicting mortality (Coffin, 2007). Reduced survival
rates along roads are not only caused by vehicle collisions, but are also induced by indirect factors
stemming from the specific conditions created by the road (e.g., increased presence of predators—
Gates and Gysel, 1978; Blouin-Demers and Weatherhead, 2001). If mortality rates in populations
inhabiting roadside habitats are not compensated by improved recruitment stemming from the
high roadside productivity, then roadside habitats become attractive sinks—i.e., ecological traps
(Coftin, 2007). Considering the abundance of roads and the evidence regarding their attractiveness
and impact on survival to wildlife only few empirical studies have focused specifically on roads as
ecological traps (Norris et al., 2013; Egri et al., 2017), although many studies speculate they may act
as such.
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Theoretical work suggests that ecological traps can have a
considerable negative impact on the viability of populations
(Fletcher et al., 2012). Nevertheless, there are still few empirical
examples of ecological traps that provide insight into the
mechanisms underlying their formation (Robertson et al., 2013).
Ecological traps are expected to evolve as a result of rapid
habitat alteration decoupling the cues animals use to assess
habitat quality from their actual quality. Consequently, habitats
that are poor and cannot support a viable population appear
to animals as good habitats and attract them (Schlaepfer et al.,
2002). This can occur when a good habitat is degraded but the
cues the animals use to assess it are maintained (e.g., Hawlena
et al., 2010), and/or when cues are created in a poor habitat
that are falsely interpreted by animals to be signals of quality
(Schlaepfer et al., 2002).

Ecological traps occur primarily in anthropogenically-
modified habitats. They are generally perceived as an insular issue
resulting from a unique combination of conditions. However,
it is possible that certain, relatively common anthropogenic
habitat modifications such as roads (Forman, 1998) may be
prone toward generating ecological traps. Therefore, traps may
be far more pervasive throughout the landscape than currently
realized (Battin, 2004).

Here we report a study demonstrating that typical road
conditions generate “severe traps’ (as opposed to equal-
preference traps—Robertson et al., 2013). The study focused on
the territorial mourning wheatear (Oenanthe lugens) population
in the Negev Desert highlands, Israel. In deserts, the richer
vegetation along roadside ditches supports a rich population
of insects that is expected to be attractive for the wheatears.
However, residing along the roadside is risky, not only because
of vehicle-related mortality and increased risk of predation
by reptiles attracted to this habitat (Klauber, 1939; Rosen
and Lowe, 1994), but also because preliminary observations
suggested that wheatears tend to get trapped inside the poles of
roadside signposts.

To understand the mechanics of such a process in an
ecological-trap scenario, an individual-based approach is
required that focuses on preference measures such as settlement
order or sequential patch occupancy (Arlt and Pirt, 2007).
An individual-based mechanistic approach is important
because it reveals potential mitigation solutions (Gilroy
and Sutherland, 2007; Robertson, 2012) and provides better
insight into the rapidity (and therefore the risk involved) of
the process as well as what are the specific attributes that
make the trap attractive. Following Robertson and Hutto
(2006) we addressed the three basic questions necessary to
determine the existence of an ecological trap: (1) Do the
wheatears prefer the roadside habitat over natural habitats
farther away from the road? (2) Does a reliable surrogate of
fitness differ between the roadside habitats and the natural
habitats? (3) Is the fitness outcome of settling along the
road lower than in the natural habitats and does it indicate
a negative population growth rate? We addressed these
questions by tracking individual birds over time and in doing so
elucidating the behavioral mechanisms underlying the process
of entrapment.

METHODS
Study Area

The mourning wheatear is common territorial insectivore
occupying high rocky mountainsides, rocky slopes, and dry
riverbeds. The species ranges over North Africa to Sinai, Saudi
Arabia and the Persian Gulf. In Israel, it is found in the
highlands and rocky areas of the Negev desert and the Arava
valley. Mourning wheatears nest in cavities, mainly under rocks.
Breeding season is roughly mid-March to end of June and most
pairs are double brooders, producing 4-5 eggs with usually 2-3
chicks that fledge in each brood (Shirihai, 1996). Wheatears pair
for the season and both parents contribute to raising the chicks,
so both parents must survive through the nesting cycle for the
chicks to fledge.

Our study was carried out from May 2009 to May 2011.
The study area was located in the Negev highlands, Israel,
north west of the town of Mitzpe Ramon, along road # 171
from the 6th km [E669052 N(3)390554 UTM] to the 12th km
[E665610 N(3)387070 UTM] west of road # 40 at the northern
edge of Mt. Negev nature reserve. In this biome the preferred
wheatear habitat is dry desert riverbeds (Shirihai, 1996) with a
diverse vegetative community, rich with insects (Krasnov and
Shenbrot, 1996) and good perches. The study area included two
2-km road sections, 750 m away from each other. Like all desert
roads, roadside ditches in our study area were visibly more
productive (in terms of vegetation cover) than the surrounding
landscape due to runoff from the road and blockage of surface
flow (Holzaphel and Schmidt, 1990; Abd El-Ghani, 1998). The
high vegetation cover supports an abundance of insects and
emulates the preferred habitat of a dry riverbed (Brooks and
Lair, 2005). In each section we identified and delineated wheatear
territories (see below) and classified them as either: roadside
habitat (RSH)—territories traversed by the road, or territories in
“natural habitat” (NH)—territories located within a dry riverbed
300-1,200 m away from the road.

Defining Territories, Trapping, and Marking
Mourning wheatears do not cross the border with neighboring
territories. We carried out weekly transects on foot in the study
area at the early-mid breeding season (May-August 2009 and
March-August 2010). Each sighted unmarked wheatear was
followed on foot repeatedly flushing it. In this manner we could
determine whether the bird was territorial and its territorial
boundaries. Specifically, each time the bird made a turn to avoid
a neighboring territory, we recorded the location with a GPS.
We also recorded locations of observed aggressive interactions
between neighboring birds. For each bird we obtained >12
locations. These locations were then placed on a map to reveal
the territory borders and classified each territory as either RSH or
NH. Territory size was calculated by connecting the outermost
points of all locations into a convex polygon and calculating
the area within this polygon. To determine if NH territories
actually reflect the common natural territory of the species in
terms of size, we surveyed natural areas 5-10 km south of the
road and using the same technique estimated territory sizes of
sighted wheatears.
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After territorial boundaries of a specific individual became
apparent, we placed a half-domed spring trap with a 40cm
diameter within the assumed territory. The traps were baited
with beetle larva. Captured wheatears were individually marked
with one numbered standard ornithologist’s metal ring, and three
plastic rings with a unique color combination allowing individual
identification each time the bird was re-sighted. Trapping was
carried out continuously throughout the study.

Habitat Preference

Marked individuals were relocated weekly from May 2009 to
February 2010 and from March 2010 to February 2011, using
NIKON 12 x 42 binoculars. We devoted 15 min to each known
territory to relocate the marked individuals associated with the
territory. We recorded the position of relocated individuals to
the nearest 3m using an ArcGIS GPS program on a palm
top computer. This information helped validate the pre-tagging
territory assessment. Individuals not re-sighted during this time
were marked as absent. If an individual was sighted in a territory
that was not its own for more than 2 consecutive weeks, we
considered it as a territorial shift. The new territory was then
delineated as described above and classified as RSH or NH and
whether it was the first, second, or third territory of the season
(we never recorded more than two shifts/individual/season).
During the weekly relocations, attention was payed to the
presence of marked birds in the immediate surroundings of each
section to detect birds that have shifted their territory to outside
of the study area.

We predicted that the high productivity of the RSH would
attract individual wheatears and, therefore, territorial shifts
would be mostly from NH to RSH. However, such directional
shifting may also occur if the wheatears recognize the risks
associated with RSH so competition for NH will be fiercer forcing
a directional movement from NH to RSH due to despotic activity;
i.e., the RSH is a regular sink (Gundersen et al., 2001) and as RSH
territories are vacated due to high mortality, their reoccupation is
caused by subordinate individuals from the NH territories being
expelled by dominant competitors. To validate that a directional
shift in territories is by choice, we monitored the sequence of
the territorial establishment at the onset of the 2010 breeding,
and the time it took during the breeding season for abandoned
territories in both habitats to become re-occupied. The presence
of vacant territories and slow re-occupation in one habitat while
the other is fully occupied but has a faster turnover, combined
with a directional shift in territories toward the more saturated
habitat, provides the necessary evidence of a preferred habitat.

We complimented the dynamics of territory-holding with an
analysis of territory size in the RSH vs. NH. Territory size is
a proxy of habitat productivity and/or intraspecific competition
(Hixon, 1980), where smaller territories indicate more resources
and more competition. Although this is not a condition for
determining ecological traps, it provides additional evidence
regarding territorial quality in terms of available resources, which
is indicative of the attractiveness of a given area.

Assessing Population Growth Rate
We used mark/resight techniques to assess apparent survival
of individuals occupying RSH vs. NH territories. In addition,

we searched for nests and monitored the number of breeding
cycles and chicks per nest. We used these data as a proxy for
recruitment in the RSH vs. NH. We estimated recruitment as
the expected number of fledglings/pair/breeding cycle in the
successful nests multiplied by the probability of both parents
surviving a single cycle. This is, of course, an overestimate of
recruitment, as not all fledglings survive to breed successfully.
By combining survival and the proxy for recruitment we could
compare population growth rates between the two territory
types and determine if growth rate was negative in any of the
habitats. If our overestimate of recruitment would still be too
low to compensate for adult mortality, this would be conclusive
evidence of a sink population.

Data Analysis

Apparent survival and territorial shifts were estimated using the
multi-state module in Program MARK (White and Burnham,
1999; Doherty and Grubb, 2002), based on capture/resight
of ringed individuals from the population in the study area.
The estimation uses maximum likelihood for fitting potential
predictor models to the data, and provides estimates for
the models’ parameters. Models were ranked using multi-
model inference (Burnham and Anderson, 1998) based on
an information-theoretic approach and Akaike’s Information
Criteria (AIC). In this approach, the probability of an individual
being sighted is a combination of two parameters: (¢)—the
probability the bird survived and remained in the sample area
from one survey to the next, and (p)—the probability that the
bird was encountered conditional on being alive and in the
sample area (White and Burnham, 1999).

In the MARK multi-state module W represents the probability
of moving among strata. Strata are discrete locations, states, or
conditions, in which the marked individual may potentially be
encountered, conditional on being alive and in that stratum. In
this study the strata are the territories and W is the probability of
abandoning a former territory and establishing a new one.

In this study four strata inscribed “A” “B” “C)” “D” were
defined: The first territory established by an individual in a
given habitat, either RSH or NH, was inscribed as “A” or “B,
respectively. If an individual shifted a territory within the habitat
the second territory was assigned “C” or “D” for RSH or NH,
respectively. If a bird shifted a territory from one habitat to
another, then the new territory was considered a first territory
in that specific habitat and inscribed, depending on the habitat,
as “A” or “B.” In this study birds never shifted their territory
more than once per season within a habitat. Thus, within
this constellation, six types of territorial shifts were possible
(Figure1): A -C, B -D, A —-B, B A, D —A, and C
— B. Territorial shift from D —A and C —B were defined as
having equal probabilities as B— A and A — B, respectively (i.e.,
the probability of shifting between habitats is the same if done
from the first or second territory the current habitat). Under
this scheme, territory shifts from B —-C, A —D, C =D, or D
—C are not possible as they reflect shifts directly into a second
territory in the other habitat, and their probability in the analyses,
therefore, was fixed to zero. Similarly, because territorial shifts
within a habitat never occurred more than once, territory shifts
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RSH

¢ BB

),

FIGURE 1 | Transition options (territorial shifts) between the four strata
(territory types) with arrows indicating the possible transitions: Roadside
Habitat (RSH) first (A) and second (C) territory of the season, and Natural
Habitat (NH) first (B) and second (D) territory of the season. ¢ values are the
probabilities of both surviving and moving and can be decomposed into its

components. Assuming that survival from time i to i+1 does not depend on
stratum at time i+1, then ¢ = S/¥/® where S} is the probability of survival

from time 7 to /i + 1, given that the individual is in state r at time /, and ¥’ is the
conditional probability that a bird in stratum r at time / is in stratum s at time
i+1, given that it is alive at i+1.

of C —A and D —B were not possible and were fixed to zero
as well.

We estimated survival and territorial-shifting probabilities
using weighted model averaging (Anderson, 2008) across all
models considered. Predictors used in the analysis included: road
sections, years, territory location (RSH vs. NH) and season (dry
season up to December and wet season from December).

Roadside Signposts as a Cause of
Mortality

Sign posts in the study area are typically 10-15cm diameter, 2
m high uncapped steel tubes. This design is commonly used in
many countries for roadside posting. Wheatears (and other cavity
nesters) get trapped within them presumably because they enter
them in search of a nesting cavity and cannot exit because they
are unable to spread their wings. While we were unable to assess
most specific causes of mortality (vehicle collisions, predation, or
disease), we were able to quantify mortality due to entrapment
in signposts by withdrawing carcasses from within the posts
along the studied road sections. To estimate mortality rate due
to signposts alone, we extracted wheatear carcasses from all posts
in the study area at the end of the study, and identified those
individual marked during the study. We then used the “dead
recoveries only” module in program MARK to assess the rates of
signpost-related mortality setting the week after their last sighting
as the time of mortality.

RESULTS

We marked 96 wheatears: 48 were classified as holding RSH
territories and 48 as NH. Observations made on five nesting
pairs (two RSH and three NH) during the spring-summer
2010 breeding season (following a high-precipitation/high-
productivity winter) indicated that there were three breeding
cycles with an average of 3 fledglings per cycle per pair. In the
2011 breeding season (following an extremely dry winter), four
nesting pairs were observed (one RSH and three NH) with an
average of 1.5 fledglings per pair and only one cycle.

Territories

The two sections studied supported up to 32 known territories of
individuals or pairs of mourning wheatears. Territories averaged
8.4 ha. (n = 31). RSH territories were considerably smaller than
NH territories (p < 0.0001, 3.7 ha. £1.8 vs. 11.4 ha. £5.3, n =12
and n = 19, respectively). One natural habitat territory flanked
a vineyard and therefore, could not defensibly be considered as
NH and was excluded from this analysis. The size of territories
observed outside the research area averaged 16.8 ha. (n =5).

Survival and Territorial Shifts

Fourteen different models of survival and movement were tested
for likelihood using the multi-strata module in Program MARK.
The three best models are essentially not distinguishable (AAIC
<0.4), and together carry over 70% of the weight (Table 1).

In terms of survival, the type of habitat (RSH vs. NH) was
included in all six leading models composing >99% of the weight.
Models that assumed a difference in survival between RSH and
NH occupants were more than 83,000 times more likely to
represent the observed data than models assuming equal survival.
After model averaging, weekly survival probability was 0.9665 in
NH territories (SE 0.0074, 95% CI for Wgt. Ave. Est. is 0.9482-
0.9785) vs. 0.8847 in RSH territories (SE 0.0177, 95% CI for Wgt.
Ave. Est. 0.8449-0.9154).

The structure of the three leading models was very similar also
in terms of weekly probabilities of shifting a territory. The only
difference between these three models was in the probabilities
of territorial shifts within a habitat, i.e., p(B—D) was either the
same as p(A—C) (model 1) same as p(B—A) (model 2), or
unique (model 3). Calculating the likelihood ratio between the
leading model and the 4th (first one to impart movement between
RSH and NH both ways) shows the Ist is 2.65 times more likely.

Detected territorials shifts were overwhelmingly to nearby
territories which, presumably, could be evaluated by the shifting
bird. We documented no shifts between the two studied sections.
After model averaging, weekly probabilities of a territorial shift
(W) were lowest for movements from a first or second territory
in RSH to a territory in the NH [(A—B) = (C—B) = 0.0062;
SE = 0.0034] (Figure 2). By contrast, weekly probabilities of a
territorial shift from first or second territory in the NH to a
territory in RSH were nearly three-fold [(B—A) = 0.0174; SE =
0.0034 and (D—A) = 0.01740; SE = 0.0048, respectively]. The
probabilities of shifting from a first to second territory within
the habitats were intermediate [with (A—C) = 0.0073; SE =
0.0034 and (B—D) = 0.0106; SE = 0.0035]. The “road section”
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TABLE 1 | Output table from the multi-state module in program MARK.

Model AlCc Delta AlCc AICc weight Model likelihood No. Par
{Survival(RSH## NH) TerrShift(BD=AC# DA=BA# AB=CB)} 1699.2 0.00 0.270 1.00 6
{Survival(RSH## NH) TerrShift(BD=DA =BA# AB = AC =CB)} 1699.5 0.30 0.232 0.86 5
{Survival(RSH=# NH) TerrShift(BD# DA =BA# AB=AC=CB)} 1699.6 0.37 0.225 0.83 6
{Survival(RSH## NH) TerrShift(BD# AC# DA=BA# AB=CB)} 1701.1 1.95 0.102 0.37 7
{Survival(RSH(A)# RSH(C)# NH(B)# NH(D)) 1701.3 2.10 0.094 0.34 7
TerrShift(AB=BA=CB=DA# AC=BD)}

{Survival(RSH## NH) TerrShift(AB=CB=BA=DA# AC=BD)} 1701.8 2.86 0.074 0.27 5
{Survival(RSH=| NH) TerrShift(BD=AC# DA=BA# AB=CB)} 1719.4 20.23 0.000 0.00

{Survival(RSH(A)= NH(B)# RSH(C)= NH (D)) 1721.4 22.17 0.000 0.00 5
TerrShift(AB=AC=CB# BD=DA=BA)}

{Survival(RSH(A)= NH(B)# RSH(C)= NH (D)) 1721.4 22.24 0.000 0.00 6
TerrShift(AB=CB# BD=AC# BA=DA)}

{Survival(RSH(A)= NH(B)# RSH(C)= NH (D)) 1723.3 24.08 0.000 0.00 5
TerrShift(AB=BA=CB=DA# AC=BD)}

{Survival(RSH## NH) Survival() TerrShift(BD=AC# DA=BA# AB=CB)} 1758.2 59.04 0.000 0.00 6
{Survival(RSH=NH) TerrShift(AB# BA# AC=BD)} 1789.2 89.98 0.000 0.00 5
{Survival(RSH=NH) TerrShift(AB=BA# AC=BD)} 1791.3 92.07 0.000 0.00 4
{Survival(RSH=NH) Survival() TerrShift(AB# BA# AC=BD)} 1970.9 271.74 0.000 0.00 4

Models are ranked by AICc for model likelihood. RSH, roadside habitat; NH, natural habitat; TerrShift, territorial shift between strata. “A,” “B,” “C,” “D” are the four strata representing
individual territories: The first territory established by an individual in a given habitat, either RSH or NH, was inscribed as “A” or “B,” respectively. If an individual shifted a territory within
the habitat the second territory was assigned “C” or “D” for RSH or NH respectively. Individual shifting between habitats shift into a first territory in the new habitat. Thus, an individual
occupying its first territory of the season in RSH (A) can only shift to a second territory in the same habitat (C) or a first territory in the NH (B), but not to a second territory in the NH

habitat (D).

parameter was not an important factor in terms of territory
shifting or survival.

Establishing Territories at the Beginning of
the Season and the Reoccupation of

Abandoned Territories

Territories were established during March of both study years.
The establishment was rapid, occurring within 1-2 weeks.
Because resighting attempts were on a weekly schedule we
could not, at this resolution, discern differences in time of
establishment between NH and RSH territories. However,
abandoned NH territories were reoccupied after a minimum of
3 weeks. In 31% of the cases, the territory remained vacant until
the end of the breeding season. By contrast, RSH territories were
re-occupied in 92.8% of the cases within <2 weeks and only in
7.2% of cases RSH territories remained unoccupied.

The Role of Signposts

Carcass counts in the 31 signposts along the roadside in the study
area produced a total of 478 bird skulls in 23 of the 31 posts
[eight posts were corked by house sparrow (Passer domesticus)
nests]. Of these, 298 were identified as mourning wheatear. One
hundred and seventy four skulls were classified as house sparrow
(Passer domesticus), five skulls were of kestrel (Falco tinnunculus),
and one owl (Athene noctua).

Seventeen of the wheatears found in the signposts were birds
marked during the study and accounted for 16.3% of the total
marked birds (N = 96) in the research area. Twelve of the
17 were originally captured in RSH territories. The remaining
five individuals were originally captured in NH territories
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FIGURE 2 | Weekly probability of territorial shifts (¥) and their 95% confidence
interval based on model averaging. (A,C) Are first and second territory in the
roadside habitat (RSH) and (B,D) are first and second territory in the natural
habitat (NH), respectively. Arrows indicate the direction of shift, thus A—C and
B—D are shift from a first to second territory within habitat and the others are
between habitats.

and we have no record of them changing territory in our
observations prior to their disappearance, suggesting that either
they performed a foray to the road or were trapped immediately
after shifting to a RSH territory.

Weekly mortality in signposts of RSH residents was at least
3% (i.e., estimated survival = 0.9704, calculated only for known
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RSH territory holders using MARK “Dead recoveries only”
module with SE = 0.01336, and 95% CI 0.9295-0.9879). When
considering overall weekly RSH survival from the multi strata
analysis (Survival = 0.8847, 95% CI for Wgt. Ave. Est. 0.8449-
0.9154), then the posts account for roughly 25% of the mortality.
The high end CI survival rate in the RSH translates into 8.46%
weekly mortality while low end survival rate translates into
15.51% mortality (95% CI boundaries). Given that mortality due
to entrapment in the signpost tubes is at least 1.21% and at
most 7% (95% CI boundaries) of the population per week, then
the signposts account for 7.8% (1.21/15.51) — 82.35% (7/8.46)
of all mortalities. Although the range is large, the extremes are
unlikely (as they are the squared upper end percentile —0.0252)
and the conclusion is that the signposts account for only part of
the mortalities but likely present a substantial threat to wheatear
survival along the road.

DISCUSSION

Is the Road in the Study Site an Ecological

Trap for Morning Wheatears?

For an ecological traps to form, individual fitness at the given site
must be <1 and individuals must be attracted to the site because
it is viewed as good-as or better than the surrounding habitat
(Delibes et al., 2001; Donovan and Thompson, 2001; Schlaepfer
et al., 2002; Battin, 2004).

Survival in this study is apparent and maybe underestimated
if birds shifted territories to outside the study area. However,
we believe this bias is minor as territorial shifts were: (a)
overwhelmingly to nearby territories that were vacated, (b)
we regularly monitored the areas adjacent to the outer most
territories in the study site, (c) we detected no shifts between
the two study sections, and (d) horizontal shifts (along the road)
were rare even though territories were vacated. Furthermore,
such a bias would be stronger in the NH territories, as they were
abandoned more often, and a substantial part of the reduced
survival in RSH was accounted for by detected mortality in the
sign posts.

Approximately 40 days (5.7 weeks) are necessary before
wheatear hatchlings become independent. Both parents must
survive this time period for the young to fledge. The probability
that a parent in the RSH survives the 5.7 weeks of nesting (p;)
is py>7 = 0.5 (pyis weekly survival = 0.8847). Because both
parents must survive to the fledging stage, the probability of a
nest reaching this point successfully is p;> = 0.25. Assuming # is
the number of pairs in the population and X is the number of
fledglings per successful pair, 7(p;>)X will be total fledglings per
one nesting cycle. The probability that an individual adult does
not survive to the fledging stage of its young is 1- p;, so total adult
mortality in 5.7 weeks of nesting is 2n(1- p;).

For the population to end a breeding cycle having the same
amount of individuals when entering the cycle, the number of
fledgling added (recruitment) must equal to the number of adults
that died. Thus, for a wheatear population to exit the breeding
season with the same number of individuals that entered it:
n(p,-z)x = 2n(1-p;) (recall that for RSH territories p; = 0.5).

Solving this equation for x, produces one realistic result of x
= 4, which is the number of fledglings/pair necessary for the
RSH population not to decline during the breeding season.
This exceeds the maximum fledging success of the species.
Furthermore, even if wheatears could sustain such a high level
of fledging, for the population to sustain itself between years
would require an unrealistic assumption of 100% survival during
the non-breeding period. Solving for x in the NH territories (p,,
weekly survival = 0.9665, and p; = 0.82) we find a value ~0.6
fledglings per breeding cycle. Thus, while the NH population has
the potential to grow, the RSH population is undoubtedly a sink.

The smaller-sized RSH territories indicate higher habitat
productivity or increased competition due to habitat
attractiveness (Smith and Shugart, 1987), but could also be
explained the presence weaker individuals displaced from the
NH habitat and which cannot sustain a large territory. However,
RSH territories were also reoccupied quicker than NH territories,
and a much higher proportion of NH territories remained
unoccupied once they were abandoned. Thus, the directional
movement toward the RSH cannot be explained by despotic
activity meaning that wheatears moved at will to what they
perceived as superior habitat, and consequently fulfilling the
necessary conditions for an ecological trap.

The type of anthropogenic change determines the short- and
long-term impacts of the trap (Fletcher et al., 2012). In this
study the roadside habitat acted as a severe ecological trap
(as opposed to equal preference traps—Robertson et al., 2013)
and is extremely effective because it offers, on the one hand,
more attractive foraging grounds than the natural habitat, in
combination with a novel yet deadly cue (sign posts for perching
and nesting) and increased mortality rates due to other factors.
The above results demonstrate the mechanics of the ecological
trap we studied. Wheatears seek to improve their territory during
the breeding season, and as RSH territories are vacated due to
road-related mortality, individuals occupying NH territories will
move to occupy these vacated lots.

Ecological Traps as a Selective Force

In addition to impacting the numerical and spatial dynamics
of a population, ecological traps are potentially a selective force
(Fletcher et al., 2012). To be a selective force, the response
to the trap must vary between the individuals of the given
population and this variance must have some genetic basis. Such
intraspecific variation in the response to ecological traps has
received little attention in empirical studies. The type of selection
and its impact depends on the behavioral characteristics of the
species. The establishment of territories in territorial species,
as described herein, is a good example. If the genetic basis of
territorial establishment is manifested only by individual habitat
preferences, then the genotype preferring the trap will be selected
against and the population will evolve to avoid the trap regardless
of the type of competition (contest or scramble). By contrast,
if the genetic basis of territorial establishment is manifested
through contest competition, a paradoxical selection process will
take place where the stronger competitors will have lower fitness
countering that existing in the natural habitats.
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Behavioral Rigidity, Nest Construction, and
Roads

The ability of an organism to cope with human-induced
rapid environmental change (HIREC) depends, in part, on the
plasticity of the species behavior which, in turn, depends on
the evolutionary history and the stability of the environment in
which the species evolved (Sih et al., 2011). Because predation
risk is inherently temporally variable, birds exhibit flexibility in
nesting behavior in response to changes in the risk imposed
by predators (Lima, 2009). Nest-building, on the other hand,
is strongly linked to the physical environment which is not
as dynamic as predation risk and nest construction strategies
are characteristically evolutionarily conservative (Martin, 1993).
Rigidity of behavioral responses can be a major threat to
wild populations (Berger-Tal et al., 2011) when anthropogenic
changes to the environment take place. Thus, HIREC can have
a considerable impact on bird-fitness if mediated through nest
construction behavior which is relatively inflexible. In the study
reported here, a simple common, and apparently harmless,
human structure—signposts—interact with the cavity nesting
behavior of wheatears to produce an effective and potentially
wide-spread ecological trap along roads.

Carcasses we collected from sign-posts show that other,
less common, bird species also entrapped. Other road-related
detrimental factors (e.g., car collisions and increased predation
risk—Blouin-Demers and Weatherhead, 2001) are, also, not
species specific. Thus, it is likely that roads are ecological traps
for other insectivorous/predatory and/or cavity-nesting birds
because of the abundance of resources and nesting sites along
the roadside ditches. Furthermore, this impact may cascade and
adversely affect the entire community structure and penetrate
deep into the natural areas away from the road (see below).

Ecological traps are formed when novel elements that mimic
attractive cues are added to an environment, or when natural
cues normally used by individuals change in intensity, type, or
number (Weldon and Haddad, 2005), or when habitat quality is
reduced without significant change in the settlement cues (e.g.,
Lloyd and Martin, 2005). The underlying mechanism for all these
scenarios is a mismatch between cues and habitat quality (Kokko
and Sutherland, 2001; Schlaepfer et al.,, 2002; Kristan, 2003).
In our study the trap was formed by a combination of several
factors: (1) increased production along the road shoulders—an
honest attractive cue, (2) sign posts—an attractive but deadly cue,
(3) vehicle related mortality—a reduction in habitat quality not
perceived by the birds.

Roads as Ecological Traps

Past studies have demonstrated that roadside abundance of
wild populations may be higher, lower, or unchanged, relative
to the abundance of the same species farther away from the
road (Fahrig and Rytwinski, 2009). Typically, lower densities
along roads are interpreted as avoidance (Benitez-Lopez et al.,
2010) while higher densities are interpreted as attraction.
However, if based on snapshot estimates with no temporal
replication at the correct scale and monitoring of individual

movements, such data may be misleading if the road acts
as an ecological trap. For example, high densities along the
road may occur when the road acts as a severe ecological
trap, so while the abundance reflects the attractiveness of
the road it does not reveal the negative growth rate of the
population alongside it. Similarly, if the road is an equal-
preference trap and animals exhibit a quick spatial response
using an ideal-free-distribution strategy, the roadside habitat
and the habitat away from the road will have equal densities
as individuals move quickly toward the road to fulfill vacant
patches and equalize densities. If this is the case, densities in
both habitats will gradually decline over time and, without
temporal replication, will go un-noticed. If the road is an equal-
preference trap but animals are slow in their spatial response,
abundance along the road may appear lower and interpreted
as avoidance while, in fact, the road is acting as a trap. Thus,
snapshot data regarding population abundance along roads are
insuflicient to draw conclusions, highlighting the importance of
gaining insight into the mechanisms underlying population-level
responses for sound decision making and conservation protocols
(Bro-Jergensen et al., 2019).
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