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Wildlife-vehicle collisions (WVC) produce considerable costs in road traffic due to human

fatalities as well as ecological and economic losses. Multiple mitigation measures have

been developed over the past decades to separate traffic and wildlife, to warn humans,

or to prevent wildlife from entering roads. Among these, wildlife warning reflectors (WWR)

have been frequently implemented, although their effectiveness remains a subject of

discussion due to conflicting study results. Here we present a literature review on the

effectiveness of WWR for N = 76 studies, including their methodological differences,

such as the type of WWR (model and color), study conditions, and study designs.

We used boosted regression trees to analyse WVC-data addressed in the literature

to compare WWR effectiveness depending on the study design, study conditions,

effective study duration, length of the tested sections, time period of the study, data

source, reflector type, and animal species. Our analyses revealed no clear evidence

for the effectiveness of WWR in preventing WVC. Instead, our meta-analysis showed

that most studies indicating significant effects of WWR on the occurrence of WVC may

be biased due to insufficiencies in study design and/or the approach of WVC data

acquisition. Our computation of log response ratios (LRRWVC) showed that only studies

applying a before-after (BA) design concluded that WWR were effective. Moreover, BRT

modeling revealed that only studies of <12 months effective study duration and <5 km

test site length indicated that WWR might lower WVC. Based on the vulnerability to

confounding factors of WWR-study designs applied in the past, this review suggests

the standardization of study conditions, including a before-after control-impact (BACI) or

a cross-over study design with spatial and temporal control sections, a minimum test

site length and a minimum study duration.

Keywords: animal-vehicle collisions, deer-vehicle collisions, wildlife mirrors, roadside reflectors, deer mirrors,

swareflex, strieter lite, van de ree

INTRODUCTION

Since the beginning of the automobile era, wildlife-vehicle collisions (WVC) have strongly
influenced the environmental impact of road traffic and have increasingly threatened both humans
and wildlife (Stoner, 1925). Reliable data on economic and ecological costs is available to date for
only a few European countries over the past three decades (cf. Langbein et al., 2011). For the year
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1996 alone, in Europe 500,000 collisions with ungulates, 300
human fatalities and an economic loss of ca. one billion US
dollars were estimated by Bruinderink and Hazebroek (1996).
Two decades later, 263,000 officially reported WVC and an
economic loss of almost 0.7 billion Euros were reported for
Germany alone (GDV, 2017)1. The total damage in Europe
overall can therefore be assumed to be far larger than in 1996.
At present, a total of 800,000 WVC with ungulates is estimated
for Germany, given that likely more than two-thirds of all
collisions remain unreported, as reported for the US and Canada
(Huijser and Kociolek, 2008; Snow et al., 2015; Hesse and Rea,
2016). However, WVC are not randomly distributed, but tend to
accumulate in certain areas as a result of spatial and temporal
factors (Gunson et al., 2011; Bíl et al., 2013). The duration
of temporary WVC-hotspots is determined by diurnal and
seasonal changes depending on species and climate conditions
(Madsen et al., 2002; Compare et al., 2007). Furthermore, local
differences in WVC-hotspots usually depend on species’ habitat
characteristics (Malo et al., 2004), type of road, and traffic volume
(Clarke et al., 1998; van Langevelde and Jaarsma, 2009; Langbein
et al., 2011; Beben, 2012). As mammals utilize landscapes at a
different spatial scale than, for example, amphibians, predicting
exact WVC-hotspots for these species is difficult (van Gelder,
1973; Ashley and Robinson, 1996; Madsen et al., 1998). Deer-
vehicle collisions are the most common type of reported WVC
in northern Europe (DeNicola et al., 2000; Rutberg and Naugle,
2008) and involve ∼6% of the roe deer (Capreolus capreolus)
spring population (Bruinderink and Hazebroek, 1996); or up
to 264,000 animals in Germany every year (GDV, 2017)2.
WVC-hotspots and temporal aggregations for this species are
potentially due to habitat structure (Finder et al., 1999; Nielsen
et al., 2003; McShea et al., 2008), seasonality (Hubbard et al.,
2000), and perhaps lunar cycles (Steiner et al., 2014; Colino-
Rabanal et al., 2018). Although WVC depend on both human
and deer activities (Mysterud et al., 2004), deer-vehicle collisions
have increased by 25% over the past decade, whereas all non-
deer-vehicle collisions have decreased by 5–10% (Hothorn et al.,
2015). The overall increase in WVC may therefore be due to an
increase in deer population density rather than an increase in
human activity or traffic intensity.

Mitigation measures (cf. Iuell et al., 2003; van der Ree et al.,
2015) to reduce WVC on roads are often accompanied by
high costs for construction and maintenance, including fencing,
green bridges, or electric warning signs (Kruidering et al., 2005;
Huijser et al., 2007a). Other, less costly measures (e.g., olfactory
repellents, wildlife warning signs, speed limit reductions, or
specific training to warn humans) have been shown to be
ineffective in the long term, partly due to habituation (Elmeros
et al., 2011; Beben, 2012). So far, only optical alarm devices, such
as wildlife warning reflectors (WWR) have been occasionally
reported to reduce WVC, but their effectiveness remains in
question, as findings are mixed and concomitant conclusions are

1http://www.gdv.de/2016/11/wildunfaelle-erreichen-hoechststand-alle-zwei-
minuten-kracht-es/. Accessed 08.02.2017.
2http://www.gdv.de/2016/11/wildunfaelle-erreichen-hoechststand-alle-zwei-
minuten-kracht-es/. Accessed 08.02.2017.

highly contradictory (cf. Brieger et al., 2016). Previous reviews
have surveyed outcomes on the effectiveness of WWR and
have sometimes conducted meta-analyses to include national
and international published studies (D’Angelo and van der Ree,
2015: N = 13 studies; Brieger et al., 2016: N = 23 directly
available studies, N = 18 indirectly available studies, N = 12
newspaper articles and N = 37 not accessible studies). However,
we identified a considerable number of additional peer-reviewed
studies which have not been evaluated, and which also focus on
the effectiveness of WWR (Supplementary Table 1).

In this review we provide an extensive summary of research
findings on the effectiveness of WWR (N = 65 directly available
studies, N = 13 indirectly available studies); and excluded non-
scientific public articles as sources. As far as we know, this
is to date the most comprehensive review on the effectiveness
of WWR, with almost twice as many studies than the next
comprehensive review [cf. (D’Angelo and van der Ree, 2015) (N
= 13 studies), and (Brieger et al., 2016) (N = 41 studies, 12
newspaper articles)]. In addition, we focused on methodological
differences due to the variability in WWR models, such as
manufacturer, reflector color, as well as study approaches, such as
study designs and collision reports. This is the first study testing
WWR, of which we are aware, that examines the relationship
between study approaches and study results. We also aimed to
identify minimal requirements for a successful study design in
order to make further recommendations for effective studies on
WWR efficiency. Consequently, we tested the hypotheses that:
(H1) existing study results can be explained by the specifics
of study designs, and (H2) a meta-analysis of previous studies
identifies minimal requirements for a successful study design.

FUNDAMENTALS

Wildlife Warning Reflectors
Optical warning devices, such as WWR, are mounted along
the road on guideposts oriented toward the road verge. WWR
are intended to prevent wildlife from entering a road when a
vehicle passes at night, its headlights reflecting off the WWR
toward the road verge. The reflections from several WWR are
supposed to create a “fence of light” in front of animals in close
proximity to the moving vehicles. This is believed to alter the
behavior of animals and interrupt their movement toward the
road (e.g., Beilharz, 20173; Schilderwerk Beutha, 2017). WWR
have been distributed since the early 1960s and are now available
in diverse construction types and in a variety of colors. Among
the first models were the “Van de Ree” mirrors, developed in
the Netherlands (McLain, 1964; Nettels, 1965), followed by the
“Ruppert” reflectors (Queal, 1968). More commonly applied and
tested are the models “Swareflex,” developed by Swarovski in
1973 in Austria (Rudelstorfer and Schwab, 1975) and “Strieter
Lite,” developed by Strieter Corp. in 1994 in the United States
(Barlow, 1997). Other WWR were developed by Bosch and GFT
(Bosch, “WEGU,” and “AWIWA” reflectors), both in Germany
(Gladfelter, 1984; Ujvari et al., 1998).

3http://www.beilharz.eu/de/wildwarnreflektor.html. Accessed 08.02.2017.
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Color Vision
WWR are most commonly produced in red, but also in white
or amber colors (D’Angelo et al., 2006). Whereas humans are
trichromatic and perceive red as a warning signal (Goldstein,
1942; Elliot et al., 2007), most mammals, including ungulates,
are dichromatic with a high density of rods (Witzel et al., 1978;
Jacobs et al., 1994, 1998). Thus, ungulates have one photo-
pigment associated with a cone mechanism for short wavelengths
with a peak between 450 and 460 nm (S-cone), and a second
photo-pigment associated with a cone mechanism 167 for middle
wavelengths with a peak of 537 nm (M/L-cone) (e.g., Carroll et al.,
2001). Therefore, red light with a wavelength of 650 nm exceeds
the visible range of ungulates (Jacobs et al., 1994; Yokoyama
and Radlwimmer, 1998; Pürstl, 2006). Thus, recently developed
WWR models have been adjusted accordingly, and are now
produced in colors of shorter wavelengths, such as green and
blue (e.g., Beilharz, 20174; Brieger et al., 2017a,b; Kämmerle et al.,
2017; Schilderwerk Beutha, 2017).

MATERIALS AND METHODS

Literature Survey and Study Selection
The available literature was surveyed systematically using the
online databases ISI Web of Knowledge (webofknowledge.com)
and Google Scholar (scholar.google.de). The search was
conducted by combining the terms (“wildlife” OR “deer” OR
“roadside” OR “animals”) AND (“reflectors” OR “mirrors”)
using multiple languages (Dutch, Danish, German, Norwegian,
Swedish, and Spanish). We additionally tested the names of
various manufacturers of WWR (cf. Supplementary Table 1).
All studies (including empirical studies and reviews) were
filtered for their relevance regarding the effectiveness of WWR.
Subsequently, we surveyed the reference lists of relevant studies
for additional older studies which had not been recorded. In
total, we found 76 publications evaluating the effectiveness
of WWR between 1964 and 2017 (cf. Supplementary Table
1). Twelve of these studies were not accessible, but relevant
information is presented indirectly through later studies in
which they were cited.

Data Extraction and Data Processing
Each study was scanned for information on the reflector, reflector
color, and manufacturer. If available, the respective species was
documented and classified as cervid species, marsupial species,
or other. All information on study duration (length in months),
study location (e.g., field, enclosure, or laboratory) as well as
the number and length in road distance of test- and control
sites was listed. Additionally, we captured the effective study
duration, which quantifies the effective duration of a test or
control period, including or precluding the use of reflectors,
respectively. Furthermore, the applied study design was identified
[e.g., before-after (BA), control-impact (CI), before-after control-
impact (BACI), cover/uncover(C/U), behavior, other) and,
finally, the number of WVC was documented. We also collected
information on the data source for counts of WVC (e.g., police,

4http://www.beilharz.eu/de/wildwarnreflektor.html. Accessed 08.02.2017

transportation administrations, research group or hunters) and
the statistics used for analyzing the data (e.g., t-test, chi-
square). To make possible an adequate comparison of observed
occurrences between studies, we normalized each count of WVC
to 1 year each of the effective study duration (time period of a test
or control measurement) and 1 km of road distance (WVCnorm,
year−1 km−1). In total, 41 sets of WVC data with and without
reflectors were considered for our analysis (Supplementary Table
1). Using WVCnorm, we calculated the log response ratio (LRR)
as an effect size measure of WWR-effectiveness, thus quantifying
the effect of the mean outcome in the experimental group (i.e.,
withWWR) in comparison to the control (i.e., withoutWWR) as
described by Hedges et al. (1999).The LRR represents a suitable
metric for meta-analysis of count data, which can be easily
compiled without knowledge of data variances and sample sizes
of single studies (Borenstein et al., 2009).

Statistical Analysis
Statistical analyses were performed using the R system for
statistical computing (R Core Team, 2018, version 3.4.3). The
response variables WVCnorm and LRRWVC were tested for
normal distribution and homoscedasticity of variances (Zuur
et al., 2010; Fox, 2015). Depending on the data structure of
WVCnorm, we applied parametric (paired student’s t-test) or non-
parametric statistics (Mann-Whitney U-test) to test for mean
differences between each test- and control- group (WWR vs. no
WWR). In the case of LRRWVC, we used a one-sample t-test to
analyze whether the mean effect size was different from zero.
Each time multiple comparisons were conducted we additionally
implemented a Bonferroni correction. To model the significance
of the study design and site conditions on the effect size of
WWR, we applied a boosted regression tree (BRT) analysis.
This machine learning procedure combines the regression tree
approach (De’ath and Fabricius, 2000) with a boosting procedure
aimed at achieving optimized model accuracy (Schapire, 2003).
BRT analysis is suitable for the interpretation of ecological data as
it can combine analysis of nominally and metrically-scaled data,
and due to its robustness with respect to unbalanced designs, can
accommodate missing data and implement interaction effects of
independent variables. The interpretation of the model output
is straightforward since the relative importance as well as fitted
functions for each predictor variable in use can be computed
(Elith et al., 2008). For this analysis we used the R package
gbm in combination with BRT function gbm.step() as developed
by Elith et al. (2008).We aimed to explain the variance in
LRRWVC and we therefore tested the importance of various
possible predictors: (i) study design (BA, CI, BACI, CU); (ii) test
road distance; (iii) effective study duration; (iv) data source for
counts of WVC (authorities, hunters, scientists, others); (v) age
of publication (1970s, ‘80s, ‘90s, 2000s, ‘10s); (vi) study region
(North America, Europe, Australia); (vii) type of wildlife (cervids,
marsupials, others); (viii) reflector type (Strieter, Swareflex, etc.);
and (ix), reflector color (red, white, etc.,). Since the number
of observations was too small to run a BRT model testing the
importance of all possible predictors simultaneously [N = 9,
reflector type, reflector color, study design, species, length of
testing sites, study period, data source, effective study duration
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(i.e., times reflectors are “active”) and study region], we applied
a core model using study design, effective study duration and
test distance as permanent predictors. To additionally select the
most influential predictors from these three, we implemented
a series of BRT models, in each case adding the two other
possible predictors in all possible combinations. Variables were
considered as predictors for the final model only when their
relative importance was not below 5%. The final model was fitted
as 10-fold replication and the results were averaged to present a
mean outcome of the partially stochastic procedure.

RESULTS

Behavioral, Physiological, and
Spectrometric Studies on the
Effectiveness of WWR
Behavioral studies of the reactions of animals to WWR (N = 10)
did not show any effect that would lower WVC or any reaction
of animals that would decrease the risk of WVC. The reactions
of different deer or marsupial species were examined mainly for
Swareflex and Strieter Lite Warning Reflectors (e.g., Griffis, 1984;
Zacks, 1985; D’Angelo et al., 2006; Ramp and Croft, 2006). No
study found any flight behavior or increased vigilance of animals
when WWR or other light sources were activated (e.g., Sheridan,
1991; Norman, 2001). If anything, D’Angelo et al. (2006) showed
that deer were more likely to be involved in negative deer-vehicle
interactions, i.e. that the chance of a collision between deer and
approaching vehicles increased, when WWR were installed than
in periods without reflectors.Moreover, spectrometric analyses of
WWR showed that the reflected light intensity was infinitesimal
even at short distances from the reflectors and was additionally
diminished by the headlights of approaching vehicles (Sivic and
Sielecki, 2001; Schulze and Polster, 2017).

Methodological Differences and Results of
WWR Studies
In total, we found 76 publications evaluating the effectiveness
of WWR between 1964 and 2017 (62 directly and 14 indirectly
accessible, cf. Supplementary Table 1). Most studies (N = 51)
conducted analyses of WWR in the field using either a before-
after (N = 29), control-impact (N = 5), BACI (N = 8), or
cover/uncover (N = 10) study design. Of these, 39 studies
provided 41 data sets which could be standardized to WVC
year−1 km−1 with and without reflectors. Information on study
duration and road length of the study sites was available in 42
and 43 studies, respectively. Behavioral analyses of wildlife and
WWR were conducted in 10 studies (e.g., Ujvari et al., 1998).
Additionally, four studies analyzed optical response measures of
cervids with respect to WWR effectiveness, but reflectors were
not tested directly in these studies (Almkvist et al., 1980; Zacks
and Budde, 1983; Martschuk, 2014; Brieger et al., 2017b), thus
these studies were not considered further. Other studies used
spectrometric (N = 2), physiological (N = 1), or meta- (N =

1) analyses to evaluate the efficacy of WWR (cf. Supplementary
Table 1). Twenty studies concluded that WWR reduce WVC
and 18 studies found no effect or no conclusion was provided

(Figure 1), while only 15 datasets showed a decline in WVC.
Moreover, 26 data sets demonstrated (and 38 studies concluded)
that there was an increase in WVC after WWR implementation.

Wildlife warning reflector models evaluated in the literature
were mainly Swareflex reflectors (N = 39). A slightly different
model (Sivic and Sielecki, 2001), the Strieter Lite WWR, was
tested in 16 studies (e.g., Barlow, 1997; Riginos et al., 2015,
2018). Other reflectors evaluated were WEGU (N = 2, e.g.,
Olbrich, 1984), AWIWA (N = 2, e.g., Voß, 2007), Bosch (N
= 2, e.g., Gladfelter, 1984), Ruppert (N = 1, Queal, 1968),
ITEK (N = 1, van den Berk, 2017), and Beutha reflectors (N
= 3, Pluntke, 2014; Brieger et al., 2017a; Kämmerle et al.,
2017) (cf. Supplementary Table 1). Study duration testing the
effectiveness of WWR varied from 0.75 months (Ujvari et al.,
1998) to 300 months (Sielecki, 2001), depending on the study
approach (e.g., behavioral observations of Ujvari et al., 1998
compared to a before-after study design of Sielecki, 2001; cf.
Supplementary Table 1). In summary, the majority of authors
concluded that WWR were either ineffective (N = 19) or even
(marginally) increasing WVC with WWR (N = 26). Other
authors resumed that an effect remained undetected (N = 7).
In contrast, twenty studies indicated a decreasing trend in WVC
with WWR (Figure 1, Supplementary Table 1). All the studies
differed greatly in their methodologies (Table 1). It is notable
that statistical analyses comparing WVC with and without
reflectors applying a before-after design led to a significant
reduction in WVC after implementation of reflectors (p < 0.05).
Other study approaches revealed a tendency toward increases in
WVC (e.g., behavioral studies, BACI, cover/uncover, Figure 1)
or at least no reductions in WVC after installation of WWR
(Figure 2). Only 14 publications that included information on
WVC year−1 km−1 concluded that WWR reduce WVC (N
= 13 before-after, N = 1 control-impact) (cf. Supplementary
Table 1).

FIGURE 1 | Findings of the effectiveness of Wildlife Warning Reflectors (WWR)

to reduce Wildlife-Vehicle collisions (WVC). Study designs included before-after

(BA), control-impact (CI), before-after-control-impact (BACI), or cover/uncover

(C/U) study approaches, as well as behavioral, physiological, and

spectrometric evaluations. Unknown study designs (N = 12) did not provide

information on the applied design or the information was not accessible.
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TABLE 1 | Studies evaluating the effectiveness of wildlife warning reflectors (WWR) to reduce wildlife-vehicle collisions (WVC) on roads.

Study design Statement References

Before-after – Howe, 1967; Rudelstorfer and Schwab, 1975; Lück, 1977; Johnson, 1981; Paxson, 1981; Olbrich, 1984; Ingebrigtsen

and Ludwig, 1986; Hildebrand and Hodgson, 1995; Pafko and Kovach, 1996; Schwabe et al., 2000; Stoyan, 2000;

Grenier, 2002; Steiner, 2011; van den Berk, 2017

* Nettels, 1965; Beauchamp, 1970; O’Rourke, 1990; Johnson et al., 1993; Jared, 2002; Voß, 2007; Christensen, 2016

+ McLain, 1964; Ladstätter, 1974; Dalton and Stranger, 1990; Waring et al., 1991; Sielecki, 2001; Binetruy and Kenny,

2005; Pluntke, 2014; Riginos et al., 2015

Control-impact + Ekblom, 1979; Gilbert, 1982; Reeve and Anderson, 1993; Cottrell, 2003; Bertwistle, 2009

Before-after control-impact – Lehtimaki, 1979; Gladfelter, 1984

* Boyd, 1966

+ Queal, 1968; Gordon, 1969; Aspinall, 1994; Rogers and Premo, 2004; Gulen et al., 2006

Cover/uncover – Schafer et al., 1985; Fjeld and Antonsen, 1999; Lien Aune, 2004

* Barlow, 1997; Riginos et al., 2015

+ Armstrong, 1992; Ossinger and Schafer, 1992; Ford and Villa, 1993; Libjå and Gundersen, 2001; Woodard et al.,

1973; Woodham, 1991; Reeve and Anderson, 1993

Behavior * Konings, 1986

+ Griffis, 1984; Zacks, 1985, 1986; Sheridan, 1991; Ujvari et al., 1998; D’Angelo et al., 2006; Ramp and Croft, 2006;

Brieger et al., 2017a; Kämmerle et al., 2017

Physiology + Norman, 2001

Spectrometry + Sivic and Sielecki, 2001; Schulze and Polster, 2017

No information * Müller, 1977; Williamson, 1980; White, 1983; Kofler, 1984; Janssen and Claus, 1996; Pepper et al., 1998

+ Garver, 1976; Mah, 1989; Scholten et al., 1989; Hester, 1991; Pepper, 1999

Studies are arranged by study design (i.e., before-after, control-impact, before-after control-impact, cover/uncover, behavior, physiology, spectrometry and without information on the

study design). Studies were further arranged by the statement of the author on the effectiveness of the reflectors to lower WVC (–), increase WVC (+) or with no conclusion provided or

found (*).

Effects of Study Characteristics on the
Outcome of WWR Efficiency
Based on 41 datasets presented in 39 studies, a quantitative
analysis of the effectiveness of WWR on mitigation of WVC
and its dependence on study conditions was applied. With
respect to BRT modeling, the pre-selection of predictors revealed
insignificance of the variables study region (mean relative
importance: 0.1%), reflector type (1.9%), reflector color (0.0%),
and the considered species (0.0%). Accordingly, the final model
included five predictor variables and explained, on average,
23.2% of the variance observed in LRRWVC (Figure 3). Study
design was identified as the most influential predictor (mean
relative importance: 32.7%) and the BRT revealed considerable

differences between fitted values for the class before-after design
in comparison to other study designs (Figure 3). The time of
the study release as well as the testing site length of tested road
segments indicated their relative importance for the accurate
prediction of LRRWVC observed (22.1% and 23.1%, respectively;
Figure 3). Fitted values of LRRWVC were generally higher using
data from earlier published studies (1970–1990) and lower for
more recent studies. With respect to effective testing site length,
the fitted function showed a peak for the short road lengths
studies (below 5 km) but the explanatory power was inconclusive
for distances> ∼15 km (Figure 3). Finally, the factor data source
of WVC and effective study duration explained marginal degrees
of the observed variance (relative importance: 14.0 and 8.2%,
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FIGURE 2 | Boxplots showing the influence of Wildlife Warning Reflectors (WWR) on Wildlife-Vehicle collisions (WVC) with respect to the study design. Data was

standardized to WVC year−1 km−1 for both with and without reflectors. Studies performing a before-after (BA) comparison showed a significant reduction in

WVC-data (p < 0.05). Before-after control-impact (BACI), covered/uncovered studies (C/U), as well as control-impact (CI) studies, did not show any significant effect

of WWR on WVC-data. All standardized data comparing WVC year−1 km−1 for both, with and without reflectors WVC did not show any significant effect of WWR on

WVC-data (pooled).

respectively). Fitted values of LRRWVC varied slightly between
datasets; for instance, those obtained from authorities, or data
collected directly by scientists. The fitted function given for study
duration followed the same curve as that of the road distance
curve, with a high value plateau for low study durations (below
12 months) and a neutral prediction value above 20 months
(Figure 3). Our statistical analyses, including BRT modeling,
identified before-after study design, effective study duration <12
months and effective testing sites length <5 km as most influential
variables on the tested “effectiveness” of reflectors.

DISCUSSION

The results of both the review and the analysis of WVC-data
from literature indicated that the effectiveness of WWR remains
questionable and that the observed effect of WWR on WVC
largely depended on other factors such as study design, effective
study duration, and effective testing site length.

According to our meta-analyses the reflector model (1.9%) or
the color of the reflectors (0.0%) did not indicate any influence on
WWR. However, the risk of WVC varies during the year and the
time of day, with high risks during the rutting season, as well as
in the morning and first hours of the night (Hothorn et al., 2015).
As ungulates, such as roe deer, prefer open areas and agricultural
fields during the night (Mysterud et al., 1999a,b), the frequency of
road crossings increases during darkness (Hothorn et al., 2015).
Therefore, scotopic and mesopic vision play an important role
in the life of ungulates with diurnal patterns (Hanggi et al.,
2007), concomitant with greater rod density and better light
perception in the range of blue and blue-green (Szél et al., 1996;
VerCauteren and Pipas, 2003). From this perspective, the value
of long-wavelength WWR is questionable and the likelihood of

a reduction of WVC can be argued given the lack of animals’
ability to perceive colors in these wavelengths (VerCauteren
and Pipas, 2003). Modern WWR, produced and marketed in
the past decade, are primarily blue (e.g., Brieger et al., 2017a;
Beilharz, 20175; Kämmerle et al., 2017; Schilderwerk Beutha,
2017). However, independent studies evaluating the effectiveness
of modern WWR in the field as well as the influence of blue
light on feeding behavior in roe deer have not found any effect
of the reflectors, either in reducing WVC directly or resulting in
aversion or increased vigilance in roe deer (Brieger et al., 2017a,b;
Kämmerle et al., 2017). Moreover, spectrometric analyses of
WWR models have shown that the reflected light intensity is
already very low at distances near the devices (Sivic and Sielecki,
2001) and reflector intensity is further overlaid by the headlights
of approaching vehicles (Schulze and Polster, 2017). This applies
especially to colored WWR (Sivic and Sielecki, 2001). Thus, it
is doubtful that the light reflected from WWR has a sufficient
intensity to elicit any reaction in animals at all.

Interestingly, some studies as well as observations by local
hunters report their positive experiences with various models
of WWR, including red models. A temporary reduction in
WVC after installation of WWR may be explained by chance
or by naturally oscillating fluctuations in population densities
related, e.g., to hunting effort and food supply (Fryxell et al.,
1991, 2010). Animals may also react aversively to something
“new” in their environment (i.e., “novel object,” cf. Forkman
et al., 2007), so their reaction could be simply to the presence
of the posts on which reflectors are mounted. In this case,
the color of the reflector would not matter. Riginos et al.
(2018) reported that carcass rates decreased by 33% when

5http://www.beilharz.eu/de/wildwarnreflektor.html. Accessed 08.02.2017
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FIGURE 3 | Partial response plots of the five explanatory variables in the boosted regression tree (BRT) model including BRT documentation, such as explanatory

variance of the model (23.2%), and values indicating the relative influence of the explained variance in the BRT model, for each variable respectively. Study designs

included before-after (BA), before-after control-impact (BACI), control-impact (CI), and cover/uncover (CU) approaches. Data source was separated by authority from

which data were obtained, i.e., transportation administration, road authorities), hunters, mix/other (i.e., more than one data source was used), police (i.e., WVC which

were officially reported to the local police station) and scientists.

delineator posts were covered with white canvas bags compared
to uncovered reflectors, but carcass rates were 32% lower
with uncovered reflectors than with posts covered with black
canvas bags. Thus, white canvas and reflectors might stand out
more from the surrounding landscape than black. However,

the animals could be expected to become habituated to the
presence of these objects over time, with a resulting decline
in their effectiveness. Reduction in WVC may also be due
to the influence of the reflectors on the behavior of drivers
rather than on the behavior of animals (Zacks, 1985), as
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the light intensity from the direct reflection to the driver
is far larger than the reflection to the surroundings of the
road (Schulze and Polster, 2017). An increased attention of
drivers to wildlife near the road has been reported for studies
testing deer-whistles, resulting in decreasing WVC (Zacks, pers.
comm. 2015). However, the response of drivers to WWR
has not been evaluated. It is also possible that the reflectors
serve as a warning device that influences driver behavior
(Rowden et al., 2008), but habituation might be expected as
has been shown for wildlife warning signs (Huijser et al.,
2007b).

BRT modeling showed that especially short studies, with <12
months of effective study duration and <5 km test sites and a
before-after approach, showed a decrease in WVC with WWR.
Thus, we could confirm our hypotheses that (H1) study results
can rather be explained by the specifics of study designs than
by the presence of WWR. Additionally, we can partly confirm
our second hypothesis (H2) that examination of previous
studies made it possible to infer minimal requirements for a
successful study design: before-after study design, effective study
duration <12 months and effective testing sites length <5 km
as the most influential variables on the tested “effectiveness” of
reflectors.

Before-after study designs most often detected a decrease in
WVC with WWR, but it is possible that control and testing
periods may not have used the same season. Activity patterns
of ungulates are reflected in WVC peaks, especially during the
rutting season of each species (Allen and McCullough, 1976;
Lavsund and Sandegren, 1991; Hothorn et al., 2015). There
could be a decrease in animals’ vigilance during this period.
A WVC peak during dusk and dawn, especially in the darker
seasons (Steiner et al., 2014), in which high traffic volumes—
such as during rush hours—coincide with an increase in the
activity phase of animals. Thus, studies including all activity
periods of animals are more likely to include all variables (e.g.,
mating season or fawning) that may influence the reactions of
wildlife to oncoming vehicles. Although Brieger et al. (2016)
note that a before-after study design requires at least 8 years
of study to gain solid data on the effectiveness of WWR to
reduce WVC, a longer study duration could be confounded
by environmental changes or population fluctuations over that
time period and thus affect the outcome of studies testing
the effectiveness of WWR (Fryxell et al., 2010; Brieger et al.,
2016).

LRRWVC analyses showed that only studies applying a before-
after study design found a decrease in WVC with WWR. When
studies that applied the before-after or control-impact designs
were omitted, WWR did not lowerWVC.Moreover, BRTmodels
showed that the applied study design explains most of the
variance (>30%). Studying the impact of a single treatment
in a paired study design usually takes the form of studying a
population before and after a treatment or by studying two very
similar populations or locations (Morrison et al., 2008). However,
other potential factors influencing a change may complicate the
interpretation of experiments, increasing the Type II error, as
heterogeneity results in the confounding of experimental errors
(Underwood, 1997; Morrison et al., 2008). Study designs such

as before-after or control-impact designs lack the independence
of different levels of single treatments and true replication
(Morrison et al., 2008). Thus, although there may be no statistical
problem with the study and the null hypotheses is rejected, a
potential change after the implementation of a treatment cannot
simply be assigned to that impact, but may be due to other
factors such as weather, crop rotation, etc., (Underwood, 1997;
Morrison et al., 2008). Therefore, results comparing the number
of WVC before and after the implementation of WWR, as well
as comparing test sites with control sites, must be treated with
caution due to discontinuity in time or space. In these, BACI
and cross-over study designs provide a remedy, as they have
the highest inferential strength for assessing impacts on the
environment (Green, 1979; Underwood and Chapman, 2003;
Roedenbeck, 2007).

In addition to a number of influencing variables such as
reflector model, reflector color or effective testing site length in
road distance and effective study duration, the type of data
collection also seems to affect the results of studies testing
the effectiveness of WWR. BRT analyses showed that data
sources influence the variance in the model by 15%. Also,
the opinion of the authors can influence study results. While
Gladfelter (1984) stated that WWR reduced the number of
WVC significantly, he compared test and control sites that
differed strongly in WVC numbers, challenging the control-
impact approach. Moreover, WVC differed among test sites after
installation of WWR; thus not all test sites showed a reduction
inWVC after implementation. When his data were standardized,
WVC changed only from 1.86WVC year−1 km−1 withoutWWR
and 1.39 year−1 km−1 with WWR (cf. Supplementary Table 1).
Similar issues apply to the study conducted by Hildebrand and
Hodgson (1995). While WVC were rather low before installation
of WWR at two test (N = 1 WVC) and control sites (N = 2
WVC), numbers increased to 3 WVC year−1 at the test sites
and 2.75 WVC year−1 at the control sites after installation.
Standardizing this data to the test site length, WVC actually
increased from 0.38 WVC year−1 km−1 without reflectors to 0.6
WVC year−1 km−1 with reflectors. With so few observations,
a test for significance is not actually possible. However, the
authors stated that they found a non-significant reduction in
WVC comparing test and control sites, and concluded that
WWR are effective in reducing WVC. Olbrich (1984) compared
test sites that he maintained. Although WVC differed strongly
among test sites after installation and no statistical test was
applied, he concluded that WWR reduce WVC. In additional
examples of previous study limitations, Pafko and Kovach
(1996) compared data before and after installation of WWR,
yet without proper information on WVC before the study and
with an invalid type of data collection. However, the authors
concluded that WWR effectively reduced WVC. Other studies
have also failed to provide data on the numbers of WVC before
installation of WWR (e.g., Nettels, 1965). For example Grenier
(2002) conducted a meta-analysis including data from different
highway and transportation agencies. He concluded that WWR
are effective in reducingWVC, although it remains unclear which
studies he considered, as studies without any effect ofWWRwere
excluded.
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CONCLUSIONS

The effectiveness of WWR remains doubtful, due to conflicting
study results and questionable study designs, especially using
the before-after approach. BRT modeling indicated that only
studies with <12 months effective study duration and <5 km
test sites found a decrease in WVC with WWR. Moreover,
LRRWVC analyses showed that only studies applying a before-
after approach concluded that WWR was effective. This
design however, lacks the independence that would accrue
from different levels of single treatments and true replication
(Morrison et al., 2008). Thus, a potential change after the
implementation of a treatment cannot simply be assigned to
that impact, but to other factors as well. (Underwood, 1997;
Morrison et al., 2008). Additionally, analyses of physiological
abilities and spectrometric requirements in the literature provide
evidence that most mammals cannot effectively perceive red
light and that reflected light has insufficient intensity to elicit
any reaction in animals that would lead to a decreased risk
of WVC. Thus, to include as many explanatory variables, but
also to exclude as many confounding factors (environmental
biases) as possible, a BACI or cross-over design (Roedenbeck,
2007; Morrison et al., 2008) is advisable. Furthermore, predictive
variables such as test site length, effective study duration,
and data source influenced the variance observed in LRRWVC.
Additionally, behavioral observations of animals reacting to
WWR including all activity periods, especially WVC-peak

seasons, are recommended for further studies testing the
effectiveness of modern WWR.
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