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ABSTRACT.—Light pollution is a prevalent, but often
overlooked, ecological concern in a variety of ecosystems.
Marine environments are subjected to artificial lighting
from coastal development, in addition to offshore sources,
such as fishing vessels, oil platforms and cruise ships. Fish
species that rely on nearshore habitats are most significantly
impacted by coastal light pollution, as they are often limited
to nearshore habitats due to predation risk in deeper offshore
waters, particularly as juveniles. Juvenile bonefish [Albula
vulpes (Linnaeus, 1758)] inhabit the nearshore environment,
and are therefore exposed to coastal lighting and other
watershed development impacts. Here, we assessed juvenile
bonefish behavior and physiology in the presence of two
common light sources: constant street lighting (high pressure
sodium) and intermittent car headlights (H4 halogen). The
behavioral responses were compared with a night and day
control, whereas physiology was compared only with a night
control. Each behavioral trial had two time periods: light and
recovery (2 hrs each). Physiology (blood glucose and whole
body cortisol) was assessed after an overnight 8-hr exposure.
The results suggest that there is no effect of light pollution
on the swimming behavior or whole body cortisol of juvenile
bonefish, but that both forms of light pollution resulted
in elevated blood glucose concentrations (a simple stress
indicator) relative to controls, with constant light glucose
levels being significantly higher. Further research is needed
to understand the ecological consequences of light pollution
on bonefish and other coastal marine fish using additional
endpoints, assessing fish over longer time periods, and ideally
combining data from the laboratory and the field.
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In many respects, artificial lighting has been beneficial to humanity, particularly
with regards to improving security and facilitating modern urban lifestyles (Jakle
2001, Doll et al. 2006). However, these benefits have come with a number of detrimental impacts to the natural world (Vitousek et al. 1997, Crutzen and Stoermer
2000). Most, if not all, metazoan species occurring outside of the abyssal zones of the
oceans have evolved in the presence of natural diel variation, with the availability of
light in the form of solar radiation (Heldmaier et al. 1989, Menaker et al. 1997, Panda
et al. 2002, Laura Idda et al. 2012). This variation forms the basis of neuroendocrinebased circadian rhythms (see Kopperud and Grace 2017) that influence multi-scale
phenologies, including metabolism, growth, and behavior (Dunlap 1999, Dodd et al.
2005, Ko and Takahashi 2006, Bass and Takahashi 2010). While more insidious pollutants, such as those arising from the combustion of various materials (i.e., coal,
wood, or oil), have been on the scientific radar since the 1840s (Macfarlane et al.
1841), artificial lighting has only recently received the attention of the scientific community (Vinogradova et al. 2009). Ecological light pollution (described in Longcore
and Rich 2004) arises from the excessive and inefficient use of artificial lighting, a
phenomenon that is increasing at a rate of approximately 6% annually on a global
scale (Hölker et al. 2010). Consequences of ecological light pollution on animals have
been measured across taxa and scales ranging from individuals to entire ecosystems,
with disruptions in spatial orientation, foraging patterns, migration, reproduction,
predation, and communication (all reviewed in Longcore and Rich 2004). Despite
this growing body of evidence, light remains an often-overlooked form of pollution
(Rudd and Lawton 2013).
While some research efforts have focused on terrestrial ecosystems, freshwater
and marine environments have not received the same level of attention (Depledge
et al. 2010, Davies et al. 2014). Nearshore freshwater and marine species are exposed
to artificial lighting due to coastal development, while some offshore species may
be exposed to lighting on bridges, oil platforms, fishing vessels, and cruise ships
(Hölker et al. 2010, Davies et al. 2014). Species relying on nearshore habitats get very
little respite from lighting caused by coastal development, particularly in places like
the southeastern coast of Florida, where essentially all available shoreline has been
developed (Finkl and Charlier 2003). In addition, tropical and subtropical species
may be more susceptible to alterations in ambient light, as these latitudes experience relatively little variation in diel light cycles throughout the year (Gliwicz 1999).
Thus, light pollution along coastlines may leave the juvenile life stage of fishes vulnerable, as they cannot readily relocate and may experience elevated predation risk
if they attempt to leave their nearshore nurseries (Werner et al. 1983, Laegdsgaard
and Johnson 2001). Juvenile bonefish [Albula vulpes (Linnaeus, 1758)] are one such
species that rely on nearshore habitats, and may be impacted by coastal lighting and
development. In some regions of their range, adult bonefish populations are in decline, and some populations (e.g., Florida) have been designated as “near-threatened”
under International Union for Conservation of Nature criteria (Adams et al. 2014).
In addition, exhaustive efforts to locate juvenile bonefish along developed coastlines
have been met with little success over the past two decades, especially in developed
areas of Florida (Adams et al. 2008, Snodgrass et al. 2008), although they are readily
found along less-developed shorelines in some regions of The Bahamas. Bonefish are
a relatively long-lived species, with some adults having reached approximately 20 to
25 yrs of age (Larkin 2011; CR Haak, unpubl data); therefore, if there is a threat to or
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Figure 1. A map of southern Eleuthera, The Bahamas (developed using Google Earth Pro). The
square denotes the capture and collection site of juvenile bonefish in Rock Sound, and the triangle denotes the location of the Cape Eleuthera Institute wet laboratory.

a decline in the juvenile population, it may not be evident in the adult population for
several decades.
The objective of our study was to determine the acute effects of ecologically relevant light pollution on juvenile bonefish behavior and physiology. We examined
juvenile bonefish behavior when exposed to light pollution, and measured blood
glucose levels (a simple stress indicator; Barton 2002) post-exposure, and evaluated
whole body cortisol. Wild-caught juvenile bonefish were exposed to two ecologically
relevant light treatments: constant simulated street lighting (high-pressure sodium)
and intermittent car headlights (H4 halogen), with responses compared to fish exposed to control conditions. Our work provides insights into the potential effects of
light pollution on the behavior and physiology of juvenile bonefish, and may act as a
model for other fish species utilizing similar habitat.
Methods
Capture and Transport.—The present study was conducted during April and
August of 2015 in southern Eleuthera, The Bahamas (24°50´05˝N, 76°20´32˝W), at
the Cape Eleuthera Institute (CEI) (Fig. 1). A shallow nearshore area (<1 m depth) was
spot-seined (15.25 m length × 1.22 m height, 0.6 cm mesh size) for juvenile bonefish
in Rock Sound (Fig. 1). Upon capture, juvenile bonefish were transferred from the
seine to a flow-through net pen (1.50 m length × 0.7 m width × 1.20 m height) to
keep fish in well-oxygenated and ambient water while seining continued for more
individuals. Fish were then transferred to large coolers (90 cm length × 35 cm width
× 20 cm height; 63 L) on the boat for transportation, with a maximum density of 10
fish per cooler. Approximately 1/3 volume water changes occurred every 10 min over
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the course of the 30-min boat transport. Upon arrival at the CEI wet lab facility, fish
were transferred to circular tanks (155 cm diameter × 25 cm height; 472 L), which
were aerated and continuously supplied with fresh seawater (10 L min−1) at ambient water temperatures [27.8 (SD 2.1) °C]; densities never exceeded 20 fish per tank.
Fish were collected using bonefish handling techniques (Murchie et al. 2009), but
adapted for this more sensitive life stage (Laegdsgaard and Johnson 2001). To this
end, when a fish was transferred, it was gathered from the water in a container (15 cm
diameter × 20 cm height; 3.5 L) and gently poured into the new area of containment
(e.g., from net to cooler). This technique ensured the fish were never exposed to air
(Cook et al. 2015) and minimized abrasion caused by nets and handling (Murchie et
al. 2009). In April, 20 juvenile bonefish [mean = 109 (SD 6 mm) fork length; 96–116
mm] were collected from Rock Sound for the behavior portion of the study, and 30
juvenile bonefish [mean = 71 (SD 5 mm) fork length; 60–78 mm] were collected from
the same location in August for the physiology aspect of the study. Fish were given
a minimum of 48 hrs to acclimate to laboratory conditions before experimentation.
Behavior Trials.—Each trial consisted of four treatments conducted over 3 d;
the four treatments were: (1) control ambient day lighting; (2) control ambient night
lighting; (3) constant lighting from a high-pressure sodium bulb (Globe Electric,
Montreal, Quebec, Canada; 150 watt bulb), which simulated nearshore street lighting; and (4) intermittent lighting from a H4 halogen car light (Sylvania, Mississauga,
Ontario, Canada; H4 bulb), which was meant to simulate passing cars in nearshore
environments (light was on 1 min every 10 min using a timer). In this case, “ambient”
refers to natural illumination (i.e., night sky or daylight), through the semi-transparent roof of the wet lab. Each juvenile bonefish (n = 20) was used in each of the four
treatment groups and experienced the treatments in a unique order, with four fish
per trial.
Fish were moved from the circular holding tanks to the experimental raceways on
the morning of the first day of trials at 08:00 hrs, 14 hrs before experimentation. The
experimental set-up included two raceways that were situated in parallel and each
raceway was split into two sections yielding four arenas in total (150 cm length × 62
cm width × 22 cm height; 205 L; Fig. 2). Sections were separated by black partitions
that allowed for water flow-through, but prevented fish seeing other individuals. Each
section of the experimental arena had lines on the bottom of the tank every 15 cm to
measure the number of lines crossed as a proxy for horizontal distance traveled. The
water leading into the raceways was aerated and pumped into a segmented end of
the raceway [6 L min−1; 26.9 (SD 1.6) °C] to ensure aeration did not disturb the water
in the experimental arenas. The high-pressure sodium and H4 halogen lights were
mounted 3.5 m above the bottom of the raceways, directly above where the raceways
were segmented to ensure no compartment had shadows during light exposure (Fig.
2). The illuminance (lux) was recorded using a lux meter (Dr. Meter®, Hisgadget Inc.,
Union City, California, United States of America) for both high pressure sodium and
H4 halogen light at the surface of the water (48 and 80 lux, respectively) and in a
nearshore area that had street and car lighting spill-over (25 and 68 lux, respectively).
Ambient night conditions ranged from 0.02 to 1.6 lux. Raceways were located in an
open-air wetlab, with a semi-transparent roof, which may have allowed for a small
amount of moonlight. During the experiment, moon phase was between the last
quarter and the first quarter (<50% full), although many of the nights were overcast.
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Figure 2. Diagram of the experimental set up to assess the behavioral response of juvenile bonefish to experimental lighting conditions (i.e., constant and intermittent lighting). Cameras were
mounted above each individual arena, and each arena was further subdivided on the bottom of
the tank with lines to measure horizontal distance traveled.

The light treatments (constant and intermittent) included two phases: first, fish
were exposed to artificial light between 22:00 and 00:00 hrs, and then a recovery
period ran from 00:00 to 02:00 hrs, where the fish were left in ambient darkness. The
night and day controls were also assessed based on two time periods, without the
influence of any artificial lighting. Fish were filmed (DVR9-4200 9 Channel 960H
Digital Video Recorder and PRO-642 Cameras; Swann Communications U.S.A
Inc.; Santa Fe Springs, California, United States of America) from 22:00 to 02:00 hrs
for the night controls, constant lighting and intermittent lighting treatments, and
10:00–14:00 hrs for the day controls. While not being filmed, fish were left in a natural photoperiod with ambient night or day sky, as the semi-transparent roof would
allow. Fish were fed small shrimp fragments ad libitum at 08:00 hrs each morning.
After the four fish from the first trial were subjected to each of the four treatments,
they were removed and put in a new holding tank, and another four fish were distributed as described above.
Video Analysis.—Following the experiment, the videos for each fish were analyzed using JWatcher (Blumstein and Daniel 2007). Videos were analyzed in 10 min
segments for each hour of filming. Distance traveled was conservatively estimated
using lines crossed as a proxy, and an additional three behaviors were considered:
number of approximately 90° turns, number of freeze events (defined as the fish being entirely stationary for >1 s), and number of burst events (sudden, rapid, undirected swimming). These parameters were assessed to determine whether there was
evidence for unusual or erratic swimming behavior during either of the light treatments when compared with control or recovery periods.
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Physiology.—Juvenile bonefish (n = 10 per treatment) were moved from their
holding tanks (1.55 m diameter × 0.25 cm height; 472 L) into segmented net pens
in the experimental tank (35 cm length × 30 cm width × 20 cm height; 21 L; 0.3 cm
fine mesh) at 16:00 hrs and left to rest; each treatment occurred on a different day.
At 20:00 hrs, 10 fish were subjected to one of three treatments: (1) control ambient
night conditions, (2) constant high-pressure sodium lighting, or (3) intermittent H4
halogen lighting (1 min on, 10 min off). Fish were kept in small groups (e.g., 3–4) in
the net pens to ensure that all fish were not alerted as they were dip netted for lethal
sampling the following morning. The fish were left in their treatment until 04:00
hrs, at which point they were netted out and euthanized using cerebral percussion
and immediately (<3 min; Clark et al. 2011) had blood taken from their caudal vasculature to assess blood glucose concentrations (mmol L−1) using a previously validated point-of-care device (ACCU-CHEK glucose meter; Roche Diagnostics; Basel,
Switzerland; Stoot et al. 2014).
To measure total body cortisol (ng g−1), whole body samples were frozen at −20
°C during transportation before being relocated to −80 °C for short term storage.
Whole body samples were individually ground over liquid nitrogen with a chilled
mortar and pestle. Ground samples were weighed and homogenized with 400 μL
of homogenizing buffer (80 mM NA2PO4, 20 mM NaH2PO4, 100 mM NaCl, and 1
mM EDTA) using a hand-held homogenizer (Pellet Pestle Motor, Kimble® Kontes,
Vineland, New Jersey, United States of America). The samples were then treated with
600 μL of methanol, vortexed, and incubated at 4 °C in the dark for 60 min. They were
then centrifuged for 5 min at 4 °C (3000 g) and flash frozen for 10 min at −80 °C. The
supernatant was pipetted into new tubes, and dried with an air stream until only a
pellet remained. This process was repeated twice more. The samples were reconstituted in 900 μl of extraction buffer and assayed using a cortisol ELISA kit (#402710,
Neogen Corporation, Lansing, Michigan) to yield whole body cortisol.
Statistical Analysis.—Each of the four behavioral measures failed to meet the
assumptions of normality (Shapiro-Wilk test: all P < 0.05), thus the data were ranktransformed and examined with analysis of variance (ANOVA) (Scheirer et al. 1976,
Conover and Iman 1981). Each behavioral measure was examined independently in
a series of two-way repeated measures ANOVAs with time period (light, recovery)
and treatment (four levels, described above) as main factors with an interaction term
and individual fish as the repeated measure in ANOVA models. Any behavioral measure found to vary significantly with a main factor had the repeated measure term
removed from the model for post hoc analysis using Holm-corrected Tukey’s HSD
tests. Variance component analysis was conducted to determine how much of the
response was due to individual variation and how much was due to treatment effects.
All analyses and figures were generated using R version 3.2.3 (R Core Team 2015) and
the packages nlme (Pinheiro et al. 2015), ape (Paradis et al. 2004), varComp (Qu et al.
2013), and gplots (Warnes et al. 2015). Statistical analysis was conducted on 16 of the
20 individuals in the experiment.
Measurements of blood glucose concentrations also did not meet the assumptions
of normality (Shapiro-Wilk test: P < 0.05), in addition to having a small sample size
per treatment. Therefore, a non-parametric Kruskal-Wallis test was used to examine the data, with a Nemenyi post hoc test. Although whole body cortisol met the

Behaviors
Distance (cm)
Turns (#)
Freeze (#)
Burst swim (#)

F
1.88
0.07
1.62
12.49

Time
df
P
1, 103 0.174
1, 13
0.799
1, 103 0.010
1, 13 <0.001

Main effects
Treatment
df
F
P
1.40
3, 103 0.246
1.13
3, 103 0.342
1.89
3, 103 0.136
1.17
3, 103 0.323
Time*Treatment
df
F
P
1.20
3, 103 0.314
0.88
3, 103 0.454
1.62
3, 103 0.188
1.57
3, 103 0.201
F
0.58
0.47
2.79
14.34

Repeated measure (Fish ID)
Time
Treatment
df
df
P
F
1, 13
0.458
0.50
1, 13
1, 13
0.506
1.85
1, 13
1, 13
0.119
0.18
1, 13
0.002
1, 13
1.45
1, 13

P
0.492
0.197
0.675
0.250

Table 1. Repeated measures two-way analysis of variance in four behavioral responses in juvenile bonefish (Albula vulpes) during or after (Time) exposure to
constant, intermittent light, and a dark control at night and a daytime ambient light control (Treatment). Bold values indicate statistical significance (P < 0.05).
# is number of events.
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Table 2. Variance component analysis expressing the relative contributions (percent) of individual
variability and treatment effects on observed behavioral responses of juvenile bonefish (Albula
vulpes) exposed to constant, intermittent, and no light at night and a daytime ambient light control.
# is number of events.

Behaviors
Distance (cm)
Turns (#)
Freeze (#)
Burst swim (#)

Individual
53.9%
46.4%
37.8%
12.1%

Variance components

Treatments
46.1%
52.6%
62.2%
87.9%

assumptions of normality, a Kruskal-Wallis test was used to account for the small
sample size.
Results
Behavior.—Juvenile bonefish swimming was a mix of non-directional, random
swimming, as well as swimming the perimeter of the arenas; however, neither behavior occurred substantially more than the other. Though not significant, juvenile
bonefish appeared to demonstrate slightly lower levels of activity during recovery
periods compared to light treatment periods, although this was not the case in the
number of approximately 90° turns. There were no significant effects of treatment,
time period or individual as a repeated measure on either the distance traveled
or number of 90° turns in the repeated measures ANOVAs (all P > 0.05; Table 1).
Variance component analysis indicated that for distance traveled and number of 90°
turns, individual variability was an approximately equal contributor to treatment effects (53.9% and 46.4%, respectively; Table 2).
For the number of freeze events, both the day and night controls froze more frequently than fish in either the constant or intermittent treatments. In all four treatments, fish froze more during the light than recovery periods. The two-way repeated
measures ANOVA showed that there was no significant treatment effect; however,
there was a significant effect of time period (light vs recovery, P < 0.05; Table 1). The
freeze responses of individuals did not vary significantly between treatment or time
periods (Table 1). Variance component analysis revealed that individual variability
accounted for 37.8% of the variation in freeze responses and the treatment effect
accounted for 62.2%, suggesting the treatments had slightly more influence on the
behavior (Table 2).
The analysis for the burst events revealed similar results to the freeze events. The
number of burst events decreased for all treatments from the light to the recovery
periods. Treatment did not have a significant effect on burst events, whereas time
period did (P < 0.001, Table 1). In addition, there was a significant effect of time period within individuals (P < 0.05, Table 1). Individual variability was responsible for
12.1% of the variation in burst responses, while treatment contributed 87.9% (Table
2), indicating that treatment had a much greater effect on this behavioral measure.
Physiology.—Blood glucose concentrations (mmol L−1) varied significantly between treatments (Kruskal-Wallis test: χ(2) = 7.5, P = 0.02). Mean glucose concentrations increased with increasing levels of artificial light exposure [control = 3.83 (SD
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Figure 3. Boxplots illustrating median, 25th and 75th quartiles, and 95% CI blood glucose concentrations (mmol L−1) in wild-caught, captive juvenile bonefish (Albula vulpes) immediately following exposure to constant, intermittent (1 min of constant light every 10 min), or no artificial
light (control) treatments between 20:00 and 04:00 hrs. Asterisk (*) denotes significant pairwise
differences between treatments from the Kruskal-Wallis test with Nemenyi test post hoc (P <
0.05). Open circles illustrate outliers.

1.12) mmol L−1; intermittent = 4.36 (SD 0.96) mmol L−1; constant = 5.12 (SD 0.80)
mmol L−1; Fig. 3]. Based on the Nemenyi post hoc test, glucose concentrations of fish
in constant lighting differed significantly from those in the control group (P = 0.03),
but not when compared with intermittent light (P = 0.8). Fish under intermittent
lighting did not differ significantly from those under control conditions (P = 0.08).
Whole body cortisol (ng g−1) did not vary significantly between treatments [χ(2) = 3.6,
P = 0.16; control = 0.86 (SE 0.03) ng g−1; intermittent = 0.87 (SE 0.05) ng g−1; constant
= 0.80 (SE 0.04) ng g−1].
Discussion
Our study assessed the effect of artificial lighting on juvenile bonefish swimming
behavior and physiology. Contrary to our predictions, there was no significant effect
of light pollution on juvenile bonefish swimming behavior. Blood glucose, a common
indicator of stress in fish (Barton 2002), was measured following an overnight 8-hr
exposure to the two light treatments and compared with a night control. Following
light exposure, blood glucose levels became elevated as light levels increased, with
the constant treatment having significantly higher blood glucose concentrations
than intermittent lighting, or the control group which was not exposed to any artificial lighting. Despite glucose being elevated, cortisol levels post light exposure
were not significantly different from the controls, a common result from photoperiod
manipulation studies on fish (Biswas et al. 2006, 2008, Brüning et al. 2015). To our
knowledge, the present study is the first to specifically address the concern of nearshore artificial lighting on juvenile marine fish, and will add to the growing body of
literature on the effects of artificial lighting on the natural world.
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Physiological stress is an adaptive mechanism by which fish are able to compensate
or prepare for perceived or realized external stressors (Barton 2002). As such, an
increase in blood glucose concentration is considered an adaptive secondary stress
response (see Barton and Iwama 1991). Following the overnight exposure to simulated constant street lighting and intermittent car headlights, juvenile bonefish experienced elevated blood glucose concentrations, with constant street lighting eliciting
a significant difference from the intermittent and control groups. Furthermore, the
extent to which they experienced elevated blood glucose appeared to be related to
the duration of light exposure, with fish under constant lighting experiencing higher levels than those under intermittent lighting. Although ours is the first study to
quantify juvenile bonefish blood glucose, the results can be compared with adult
bonefish blood glucose responses to various stressors. Light pollution is considered a
perceived stressor, whereas catch-and-release angling acts as a physical stressor, and
a cold shock event could behave as a chemical stressor (see Barton 2002 for definitions). Brownscombe et al. (2015) evaluated the physiological stress associated with
catch-and-release angling of adult bonefish, and considered blood glucose concentrations as an indicator of angling stress. They found that 1 hr after an angling event
ranging in duration from 70 to 245 s, adult bonefish blood glucose concentration
was measured at 5.2 mmol L−1; this value closely resembles the concentrations of the
present study following an 8-hr exposure to constant street lighting (5.12 mmol L−1).
In another study conducted by Szekeres et al. (2014), adult bonefish were exposed to
a 2-hr cold shock event with water temperatures 7 and 14 °C below ambient conditions (approximately 25 °C) and noted glucose values of approximately 4.2 mmol L−1
post treatment, similar to the intermittent results from the present study (4.36 mmol
L−1); however, these values were not significantly different from controls in either
study. In general, the elevation in glucose associated with constant light pollution for
juvenile bonefish appears to be similar to that arising from catch-and-release angling
of adults. Although glucose levels have been shown to be highest 1–2 hr post stressor, glucose levels often remain higher than controls even up to 24 hrs post stressor
(Rotllant and Tort 1997, Vijayan et al. 1997). We were unable to study longer-term
glucose dynamics in our study.
Cortisol concentrations had no significant difference among groups, yet there was
an increase in glucose concentrations following light treatments; this suggests that
there was a cortisol response, but it was transient. Cortisol can become elevated rapidly after a stressor (i.e., minutes), and even after an intense acute stressor, such as
exercise, levels often returned to baseline within 4 hrs (Barton 2002), while glucose
remains elevated for longer periods (Mommsen et al. 1999, Barton 2002). Given that
cortisol mobilizes glucose reserves (Mommsen et al. 1999), it is reasonable to assume
that a cortisol response occurred in the two light treatments, but was not statistically discernible some 8 hrs after the initial light exposure (Pickering et al. 1982). It
is also worth noting that due to low levels of cortisol during this experiment, juvenile
bonefish may have experienced very little stress during holding or experimentation.
Future studies should consider sampling fish at other intervals (e.g., 30 min, 1 hr, 2
hrs) post treatment; we were unable to do so given limitations with the number of
fish available (juvenile bonefish are difficult to capture in the wild) and the fact that
only lethal sampling was possible given their small size.
Although artificial lighting has been an overlooked form of pollution for the last
century, the evidence of negative consequences has been accumulating rapidly, with
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impacts to human health and natural ecosystems (Navara and Nelson 2007). The
overnight artificial light treatments of our study resulted in a secondary physiological stress response in the form of elevated glucose (Barton and Iwama 1991). The
behavioral parameters assessed did not yield significant results, which may be due to
several reasons. First, for a conservative estimate of distance travelled, only horizontal distance travelled was considered; including vertical distance would have given a
more representative indication of total distance traveled. Second (and most notably),
there may not have been a long enough light exposure period to elicit a behavioral
response. As nearshore light pollution is not a “one-off” occasion and occurs every
night, longer periods of light exposure over several nights may have been needed to
trigger a behavioral response. Third, we suspect there may have been a dilution effect
with the intermittent treatment, as the light was on only for 1 min of constant light
every 10 min. Due to the frequency and nature of passing cars, this is an important
factor to consider; if fish are acutely startled by the light emitted by a passing car,
there is the possibility of alerting nearby predators as a result of the erratic swimming behavior. We concede that having a more frequent intermittent light may have
been more indicative of passing cars in nearshore roadways; however, due to equipment and time restrictions we were required to use the current experimental design.
Primary and secondary stress responses in fish often result in a tertiary response
over time (Barton 2002). Thus, it may be speculated that if an overnight exposure to
artificial light triggered a secondary response in the form of elevated blood glucose,
that over many nights this effect may elicit a behavioral one as well. Indeed, there
have been other studies where changes in physiological parameters do not always
yield changes in fish behavior (Cull et al. 2015, Pleizier et al. 2015). Disturbances to
the natural light:dark cycle have provoked several tertiary responses across various
taxa, and may result in changes to growth, reproductive timing, metabolism, habitat
usage, feeding and foraging, and predation or predator avoidance (Dunlap 1999; also
reviewed in Longcore and Rich 2004 and Navara and Nelson 2007).
It is important to note that juvenile bonefish are difficult to capture at this life
stage; thus, it is possible our results would change with a larger sample size. However,
our study is still valuable as it represents the first attempt to study juvenile bonefish,
and in a broader context, yields insight into the possible effects of artificial lighting
on nearshore juvenile fish. There was no statistical support for behavioral consequences of light pollution with the behavioral metrics tested. As juvenile bonefish
and other nearshore fishes are subject to a variety of natural lighting phenomena
(i.e., storms, lunar cycles, etc.), it is a possible explanation for why the acute light
experiments did not elicit dramatic changes to behavior. However, the results did determine that blood glucose levels became elevated with increasing exposure to artificial lighting. As chronic light exposure is more indicative of what nearshore juvenile
bonefish experience, a study looking at long-term effects could address whether the
secondary responses would eventually result in tertiary responses (e.g., in behavior).
Future research should examine whether juvenile bonefish are attracted to or repulsed by artificial lighting, and if their foraging behavior is altered, which may have
implications for growth, as well as predation risk. Additionally, a study examining
the response of phototactic bonefish leptocephali to artificial lighting, with regards
to habitat choice and predation, could inform on disturbances to leptocephali recruitment. As an extension, future research should also consider predation with respect to juvenile or prey fish, by determining how their predators utilize and possibly
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optimize artificial lighting to hunt. The results from our study provide a framework
for future research to pursue the consequences of light pollution on nearshore fish.
Further research on the effects of light pollution on juvenile bonefish might consider
using an ecosystem approach and determining predation risk, which might be mediated by light pollution.
Acknowledgments
This study was conducted in accordance with the policies of the Canadian Council on
Animal Care as administered by the Carleton University Animal Care Committee (Protocol
B14-18). We thank Bonefish and Tarpon Trust, the Natural Sciences and Engineering Research
Council of Canada and the Canada Research Chairs Program for financial support. We also
acknowledge the support of Cape Eleuthera Institute and their various institutions. Thank
you to N Balfour, T Blossom, GW Bonnie, L Curtis, L Supovitz, H Triedman, and GK Nelly
for their assistance during this study.

Literature Cited
Adams AJ, Wolfe RK, Tringali MD, Wallace EM, Kellison GT. 2008. Rethinking the status of
Albula spp. biology in the Caribbean and Western Atlantic. In: Ault JS, editor. Biology and
management of the world tarpon and bonefish fisheries. CRC Press, Boca Raton, Florida.
p. 203–214.
Adams AJ, Horodysky AZ, Mcbride RS, Guindon K, Shenker J, Macdonald TC, Harwell HD,
Ward R, Carpenter K. 2014. Global conservation status and research needs for tarpons
(Megalopidae), ladyfishes (Elopidae) and bonefishes (Albulidae). Fish Fish. 15(2):280–311.
Barton BA, Iwama GK. 1991. Physiological changes in fish from stress in aquaculture with
emphasis on the response and effects of corticosteroids. Annu Rev Fish Dis. 1:3–26. http://
dx.doi.org/10.1016/0959-8030(91)90019-G
Barton BA. 2002. Stress in fishes: a diversity of responses with particular reference to changes
in circulating corticosteroids. Integr Comp Biol. 42(3):517–525. http://dx.doi.org/10.1093/
icb/42.3.517
Bass J, Takahashi JS. 2010. Circadian integration of metabolism and energetics. Science.
330(6009):1349–1354. http://dx.doi.org/10.1126/science.1195027
Biswas AK, Seoka M, Tanaka Y, Takii K, Kumai H. 2006. Effect of photoperiod manipulation
on the growth performance and stress response of juvenile red sea bream (Pagrus major).
Aquaculture. 258(1–4):350–356. http://dx.doi.org/10.1016/j.aquaculture.2006.03.048
Biswas AK, Seoka M, Ueno K, Yong AS, Biswas BK, Kim YS, Takii K, Kumai H. 2008. Growth
performance and physiological responses in striped knifejaw, Oplegnathus fasciatus, held
under different photoperiods. Aquaculture. 279(1–4):42–46. http://dx.doi.org/10.1016/j.
aquaculture.2008.04.007
Blumstein D, Daniel JC. 2007. Quantifying behavior the JWatcher way. Sinauer Associates, Inc.
Sunderland, MA. 211 p.
Brownscombe JW, Griffin L, Gagne T, Haak CR, Cooke SJ, Danylchuk AJ. 2015. Physiological
stress and reflex impairment of recreationally angled bonefish in Puerto Rico. Environ Biol
Fishes. 98(11):2287–2295. http://dx.doi.org/10.1007/s10641-015-0444-y
Brüning A, Hoelker F, Franke S, Preuer T, Kloas W. 2015. Spotlight on fish: light pollution
affects circadian rhythms of European perch but does not cause stress. Sci Total Environ.
511:516–522. http://dx.doi.org/10.1016/j.scitotenv.2014.12.094
Clark TD, Donaldson MR, Drenner SM, Hinch SG, Patterson DA, Hills J, Ives V, Carter JJ, Cooke
SJ, Farrell AP. 2011. The efficacy of field techniques for obtaining and storing blood samples
from fishes. J Fish Biol. 79:1322–1333. http://dx.doi.org/10.1111/j.1095-8649.2011.03118.x

Szekeres et al.: Light pollution effects on juvenile bonefish

503

Conover WJ, Iman R. 1981. Rank transformations as a bridge between parametric and
nonparametric statistics. Am Stat. 35(3):124–129.
Cook KV, Lennox RJ, Hinch SG, Cooke SJ. 2015. Fish out of water: how much air is too much?
Fisheries. 40:452–461. http://dx.doi.org/10.1080/03632415.2015.1074570
Crutzen PJ, Stoermer EF. 2000. The ‘Anthropocene’. IGBP Newsletter. 4:17–18.
Cull F, Suski CD, Shultz A, Danylchuk AJ, O’Connor CM, Murchie KJ, Cooke SJ. 2015.
Consequences of experimental cortisol manipulations on the thermal biology of the
checkered puffer (Sphoeroides testudineus) in laboratory and field environments. J Therm
Biol. 47:63–74. http://dx.doi.org/10.1016/j.jtherbio.2014.11.003
Davies TW, Duffy JP, Bennie J, Gaston KJ. 2014. The nature, extent, and ecological
implications of marine light pollution. Front Ecol Environ. 12(6):347–355. http://dx.doi.
org/10.1890/130281
Depledge MH, Godard-Codding CA, Bowen RE. 2010. Light pollution in the sea. Mar Pollut
Bull. 60:1383–1385. http://dx.doi.org/10.1016/j.marpolbul.2010.08.002
Dodd AN, Salathia N, Hall A, Kévei E, Tóth R, Nagy F, Hibberd JM, Millar AJ, Webb AAR.
2005. Plant circadian clocks increase photosynthesis, growth, survival, and competitive
advantage. Science. 309(5734):630–633. http://dx.doi.org/10.1126/science.1115581
Doll CN, Muller JP, Morley JG. 2006. Mapping regional economic activity from night–time light
satellite imagery. Ecol Econ. 57:75–92. http://dx.doi.org/10.1016/j.ecolecon.2005.03.007
Dunlap JC. 1999. Molecular bases for circadian clocks. Cell. 96:271–290. http://dx.doi.
org/10.1016/S0092-8674(00)80566-8
Finkl CW, Charlier RH. 2003. Sustainability of subtropical coastal zones in southeastern
Florida: challenges for urbanized coastal environments threatened by development,
pollution, water supply, and storm hazards. J Coast Res. 19(4):934–943.
Gliwicz ZM. 1999. Predictability of seasonal and diel events in tropical and temperate lakes
and reservoirs. In: Tundisi JG, Straskraba M, editors. Theoretical reservoir ecology and its
applications. São Carlos: International Institute of Ecology.
Heldmaier G, Steinlechner S, Ruf T, Wiesinger H, Klingenspor M. 1989. Photoperiod and
thermoregulation in vertebrates: body temperature rhythms and thermogenic acclimation.
J Biol Rhythms. 4:251–265. http://dx.doi.org/10.1177/074873048900400211
Hölker F, Moss T, Griefahn B, Griefahn B, Kloas W, Voigt CC. 2010. The dark side of light: a
transdisciplinary research agenda for light pollution policy. Ecol Soc. 15:13. http://dx.doi.
org/10.5751/ES-03685-150413
Jakle JA. 2001. City lights. Illuminating the American night. John Hopkins University Press,
Baltimore, Maryland, USA.
Ko CH, Takahashi JS. 2006. Molecular components of the mammalian circadian clock. Hum M
Mol Gen. 15 suppl 2:R271–R277. http://dx.doi.org/10.1093/hmg/ddl207
Kopperud KL, Grace MS. 2017. Circadian rhythms of retinal sensitivity in the Atlantic tarpon,
Megalops atlanticus. Bull Mar Sci. 93(2):285–300. https://doi.org/10.5343/bms.2016.1045
Laegdsgaard P, Johnson C. 2001. Why do juvenile fish utilise mangrove habitats? J Exp Mar Biol
Ecol. 257(2):229–253. http://dx.doi.org/10.1016/S0022-0981(00)00331-2
Larkin MF. 2011. Assessment of south Florida’s bonefish stock. University of Miami, PhD
Dissertation. 194 p.
Laura Idda M, Bertolucci C, Vallone D, Gothilf Y, Sánchez-Vázquez FJ, Foulkes NS. 2012.
Circadian clocks: lessons from fish. In: Kalsbeek A, Merrow M, Roenneberg T, Foster RG,
editors. Progress in brain research, Vol 199. Elsevier. Amsterdam, The Netherlands.
Longcore T, Rich C. 2004. Ecological light pollution. Front Ecol Environ. 2:191–198. http://
dx.doi.org/10.1890/1540-9295(2004)002[0191:ELP]2.0.CO;2
Macfarlane A, Haines A, Goubet S, Anderson R, Ponce de Leon A, Limb E. 1841. Air pollution,
climate and health: short-term effects and long-term prospects. The health of adult Britain.
1994: 1997.
Menaker M, Moreira LF, Tosini G. 1997. Evolution of circadian organization in vertebrates.
Braz J Med Biol Res. 30(3):305–313. http://dx.doi.org/10.1590/S0100-879X1997000300003

504

Bulletin of Marine Science. Vol 93, No 2. 2017

Mommsen TP, Vijayan MM, Moon TW. 1999. Cortisol in teleosts: dynamics, mechanisms
of action, and metabolic regulation. Rev Fish Biol Fish. 9(3):211–268. http://dx.doi.
org/10.1023/A:1008924418720
Murchie KJ, Danylchuk SE, Pullen CE, Brooks E, Shultz AD, Suski CD, Danylchuk AJ, Cooke SJ.
2009. Strategies for the capture and transport of bonefish, Albula vulpes, from tidal creeks
to a marine research laboratory for long-term holding. Aquacult Res. 40(13):1538–1550.
http://dx.doi.org/10.1111/j.1365-2109.2009.02255.x
Navara KJ, Nelson RJ. 2007. The dark side of light at night: physiological, epidemiological,
and ecological consequences. J Pineal Res. 43(3):215–224. http://dx.doi.
org/10.1111/j.1600-079X.2007.00473.x
Panda S, Hogenesch JB, Kay SA. 2002. Circadian rhythms from flies to human. Nature.
417(6886):329–335. http://dx.doi.org/10.1038/417329a
Paradis E, Claude J, Strimmer K. 2004. APE: analyses of phylogenetics and evolution in R
language. Bioinformatics. 20:289–290. http://dx.doi.org/10.1093/bioinformatics/btg412
Pickering AD, Pottinger TG, Christie P. 1982. Recovery of the brown trout, Salmo trutta L.,
from acute handling stress: a time-course study. J Fish Biol. 20(2):229–244. http://dx.doi.
org/10.1111/j.1095-8649.1982.tb03923.x
Pinheiro J, Bates D. DebRoy S, Sarkar D, Team RC. 2015. nlme: linear and nonlinear mixed
effects models. R package version 3.1–122. http://CRAN.R-project.org/package=nlme
Pleizier N, Wilson AD, Shultz AD, Cooke SJ. 2015. Puffed and bothered: personality,
performance, and the effects of stress on checkered pufferfish. Physiol Behav. 152:68–78.
http://dx.doi.org/10.1016/j.physbeh.2015.09.011
Qu L, Guennel T, Marshall SL. 2013. Linear score tests for variance components in linear
mixed models and applications to genetic association studies. Biometrics. 69(4):883–892.
https://doi.org/10.1111/biom.12095
Rotllant J, Tort L. 1997. Cortisol and glucose responses after acute stress by net handling in the
sparid red porgy previously subjected to crowding stress. J Fish Biol. 51(1):21–28. http://
dx.doi.org/10.1111/j.1095-8649.1997.tb02510.x
Rudd MA, Lawton RN. 2013. Scientists’ prioritization of global coastal research questions. Mar
Policy. 39:101–111. http://dx.doi.org/10.1016/j.marpol.2012.09.004
Scheirer CJ, Ray WS, Hare N. 1976. The analysis of ranked data derived from
completely randomized factorial designs. Biometrics. 32(2):429–434. http://dx.doi.
org/10.2307/2529511
Snodgrass D, Crabtree RE, Serafy JE. 2008. Abundance, growth, and diet of young-of-the-year
bonefish (Albula spp.) off the Florida Keys, USA. Bull Mar Sci. 82:185–193.
Stoot LJ, Cairns NA, Cull F, Taylor JJ, Jeffrey JD, Morin F, Mandelman JW, Clark TD, Cooke SJ.
2014. Use of portable blood physiology point-of-care devices for basic and applied research
on vertebrates – a review. Conserv Physiol. 2:cou011. http://dx.doi.org/10.1093/conphys/
cou011
Szekeres P, Brownscombe JW, Cull F, Danylchuk AJ, Shultz AD, Suski CD, Murchie KJ,
Cooke SJ. 2014. Physiological and behavioural consequences of cold shock on bonefish
(Albula vulpes) in The Bahamas. J Exp Mar Biol Ecol. 459:1–7. http://dx.doi.org/10.1016/j.
jembe.2014.05.003
Team RC. 2015. R: a language and environment for statistical computing. R Foundation for
Statistical Computing, Vienna, Austria. Available from: http://www.R-project.org/
Vijayan MM, Pereira C, Grau EG, Iwama GK. 1997. Metabolic responses associated with
confinement stress in tilapia: the role of cortisol. Comp Biochem Physiol C Toxicol
Pharmacol. 116(1):89–95.
Vinogradova IA, Anisimov VN, Bukalev AV, Semenchenko AV, Zabezhinski MA. 2009. Circadian
disruption induced by light-at-night accelerates aging and promotes tumorigenesis in rats.
Aging. 1(10):855–865. http://dx.doi.org/10.18632/aging.100092
Vitousek PM, Mooney HA, Lubchenco J, Melillo JM. 1997. Human domination of Earth’s
ecosystems. Science. 277(5325):494–499. http://dx.doi.org/10.1126/science.277.5325.494

Szekeres et al.: Light pollution effects on juvenile bonefish

505

Warnes GR, Bolker B, Bonebakker L, Gentleman R, Liaw WHA, Lumley T, Maechler M,
Magnusson A, Moeller S, Schwartz M, et al. 2015. gplots: various R programming tools
for plotting data. R package version 2.16.0. Available from: http://CRAN.R-project.org/
package=gplots
Werner EE, Gilliam JF, Hall DJ, Mittlebach GG. 1983. An experimental test of the effects
of predation risk on habitat use in fish. Ecology. 64(6):1540–1548. http://dx.doi.
org/10.2307/1937508

B
M
S

