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Artificial Light at Night Alters the Physiology and Behavior of Western Mosquitofish (Gambusia affinis)
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Human population growth and its associated effects on the environment contribute to the rapid decrease of biodiversity worldwide. Artificial light at night (ALAN) is an anthropogenic pollutant that is increasing with the spread of urbanization and may contribute to biodiversity declines. ALAN alters the migration patterns of birds, communication in frogs, and impacts reproduction, behavior, and physiology of multiple other taxa. However, most of the studies on ALAN are based on terrestrial systems, and overall, the effects of ALAN on freshwater organisms are poorly understood. We investigated how ALAN affects the physiology, behavior, and reproduction of a widespread, tolerant species of freshwater fish. Gambusia affinis are small livebearing fish often found in urban streams. We exposed groups of female G. affinis to either a natural light cycle or a constant 24-h light cycle (ALAN) in the laboratory for 60 days. In another experiment, we exposed female G. affinis to the same treatments in outdoor mesocosms for 32 days. We found that exposure to ALAN lowered glucose levels in the brain and decreased swimming activity, but had no effect on cortisol release rates, reproduction, survival, or growth. This research is strengthened by measuring multiple metrics in response to ALAN and by incorporating both a field and laboratory component which confirm similar results. These results suggest that this tolerant species of fish may behaviorally adjust to ALAN rather than modulate their endocrine stress response.
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INTRODUCTION

Anthropogenic disturbances contribute to habitat loss and alteration, climate change, and increased exploitation of natural resources by humans (Dudgeon et al., 2006; Vörösmarty et al., 2010; Ellis, 2011; Helm et al., 2013). These disturbances are associated with shifts in water quality, water flow, seasonal timing, sound, and light pollution (Jenkins, 2003; Allan, 2004; Barbier, 2012; Davies et al., 2014; Swaddle et al., 2015; Shannon et al., 2016; Buxton et al., 2017; Sordello et al., 2019). Artificial light at night (ALAN) is one form of anthropogenic pollution that alters the natural light and dark cycle in an ecosystem (Swaddle et al., 2015). Light plays a key role in the ecology of organisms as a source of energy and information, a regulator of circadian rhythms, and as a cue for communication, navigation, and orientation (Gaston et al., 2012, 2017). As worldwide urbanization increases, ALAN is becoming so widespread that 83% of the global human population lives under light-polluted skies, and 40% lives in areas that are continually illuminated due to ALAN (Cinzano et al., 2001; Swaddle et al., 2015; Falchi et al., 2016). Hölker et al. (2010) showed that ALAN is increasing alongside urbanization at an average annual rate of 6%.

Global freshwater systems support 9.5% of all extant described species, and these species’ populations are declining at rates exceeding those of tropical rainforests, primarily due to anthropogenic stressors (Ricciardi and Rasmussen, 1999; Xenopoulos et al., 2005; Dudgeon et al., 2006; Balian et al., 2008). Moreover, 90% of the human population lives within 10 km of a freshwater body and 50% within 3 km, making freshwater areas the most impacted by anthropogenic disturbances, such as ALAN (Dudgeon et al., 2006; Kummu et al., 2011; Venohr et al., 2018). Aquatic organisms are affected by ALAN because they are influenced by photoperiod across life history stages, including reproduction, growth, development, and activity (Downing and Litvak, 2002; Mehner, 2012). ALAN has detrimental effects on behavior, reproduction, foraging, orientation, predation, physiology, and migration in various taxa (Longcore and Rich, 2004; Navara and Nelson, 2007; Hölker et al., 2010; Ouyang et al., 2011; Gaston et al., 2013, 2014, 2015; Davies et al., 2014), yet most studies of ALAN focus on terrestrial taxa. Of the limited studies of ALAN on aquatic organisms, there is a knowledge gap regarding the consequences of ALAN on behavior, physiology, and reproduction in aquatic species (Depledge et al., 2010; Perkin et al., 2011; Jechow and Holker, 2019).

Because ALAN can affect circadian and circannual rhythms, physiology and behavior can be altered by exposure to ALAN. Individuals of some fish species increase their activity, modify their shoaling behavior, and spend more time in open (riskier) areas under ALAN which can alter foraging and increase their risk of predation (Becker et al., 2013; Foster et al., 2016; Kurvers et al., 2018; Sanders and Gaston, 2018; Czarnecka et al., 2019). ALAN is also associated with increased blood glucose in goldfish, Carassius aurarus (Ryu et al., 2019), and impaired melatonin rhythms in European perch, Perca fluviatilis. Further, reproductive hormones (17β-estradiol and 11-ketotestosterone), along with mRNA expression of gonadotropins, were reduced in fish exposed to ALAN (Brüning et al., 2018). Together, these changes may alter survival and reproduction of fish.

Given these effects of ALAN on fish behavior and physiology, it is likely that ALAN can also affect the fish stress response. Organismal response to stressors, such as ALAN, can be quantified by measuring cortisol release rates, the primary glucocorticoid (GC) in fishes (Idler and Truscott, 1972) that is released in response to a potential stressor (Hopkins et al., 1997; Dickens and Romero, 2013; King et al., 2016; Gabor et al., 2018). When a fish encounters a stressful event, its hypothalamic-pituitary-interrenal (HPI) axis is activated, resulting in a release of cortisol into the bloodstream that induces a variable response in target organs, thus altering individual behavior and physiology to maintain homeostasis (Wendelaar Bonga, 1997; Romero, 2004). When faced with an acute stressor, this mechanism is adaptive, but prolonged exposure to a stressor can have harmful, long-term, and even fatal effects (Sapolsky et al., 2000; Romero, 2004). Elevated GCs are linked to lower survival, reproduction, and dysregulation of immune responses (Bonier et al., 2009); however, stress may have a bidirectional effect and can also enhance immunity, growth, and reproductive output (Dhabhar et al., 1995; Dhabhar and McEwen, 1996; Dhabhar and Viswanathan, 2005; Viswanathan et al., 2005; Thawley and Kolbe, 2020). Because GCs are also involved in altering other physiological processes (Sapolsky et al., 2000; Le et al., 2005; Dhabhar, 2009), if ALAN causes changes to cortisol release rates, it can indirectly affect downstream traits such as behavior, growth, and reproduction. Alternatively, organisms may behaviorally adjust to the perturbation of ALAN rather than modulate their regulation of the HPI axis.

Here, we propose to quantify the consequences of ALAN on physiology, behavior, and reproduction of Western mosquitofish (Gambusia affinis). These are small, livebearing fish native to eastern North America, but introduced globally, and found in a wide variety of environments, including urban streams (Lloyd et al., 1986; Hubbs, 2000; Pyke, 2005; Page and Burr, 2011). This species is generally found in shallow waters and forages near the surface primarily at morning and dusk, though sometimes during the day (Hess and Tarzwell, 1942; Belk and Lydeard, 1994). Unlike egg-laying species of fish, ALAN may affect gravid females and their offspring while in utero, which could alter offspring survival. Mosquitofish are considered tolerant due to their success as invaders and their ability to live in adverse conditions which could suggest that they will be less adversely affected by ALAN than other less tolerant species (Cherry et al., 1976; Lloyd et al., 1986; Pyke, 2008). We used laboratory and mesocosm experimental approaches to test the hypotheses that ALAN alters the physiology, behavior, and reproduction of female G. affinis. We performed the mesocosm experiment second to validate our laboratory experimental findings and test these questions in an ecological context.



EXPERIMENT 1: CONSEQUENCES OF EXPOSURE TO ALAN IN AQUARIA ON PHYSIOLOGICAL STRESS, BEHAVIOR, AND FITNESS CORRELATES OF FEMALE MOSQUITOFISH


Materials and Methods


Fish Collection and Maintenance

We collected Gambusia affinis from the Blanco River in Hays County, Texas during the breeding season (13 April 2018 and 13 June 2018) with a seine and transported them to the laboratory. We placed lux meters (Dr. Meter, model LX1330B) at the level of the water at the collection site at night and found that it was not exposed to ALAN. We placed fish in 38 L tanks and fed them ad libitum daily with ISO flake food (TetraMin®) and supplemented them three times a week with brine shrimp. One week after collection, we haphazardly placed 80 mature females individually into semi-clear 0.95 L cylindrical plastic containers fitted (stacked) into another 0.35 L cylindrical plastic container (Figure 1). We made small holes at the bottom of the upper container to allow any offspring that were born to move into the lower container (but not the adults) and avoid maternal cannibalism (following Cazan and Klerks, 2015). Each of the upper containers also had small holes on the sides to facilitate flow of conspecific cues and reduce stress of solitary confinement (personal observation) while simultaneously allowing for individual sampling. Eight of the containers were placed together in a 38 L tank filled with 28.5 L of dechlorinated tap water and gravel across the bottom.
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FIGURE 1. Example of container setup for ALAN and control groups in the laboratory. Each container held one female Gambusia affinis in the top portion and a bottom container into which offspring could swim to escape cannibalism. Smaller holes in the top and bottom allowed for exchange of chemical cues between female focal fish.




ALAN Exposure Design and Reproduction

We conducted the experiment starting on three separate dates (21 April, 23 June, and 5 September) in the same space and using the same design each time. For each of these date “blocks” we exposed five tanks (each with the eight containers; N = 40 females), to a control treatment of 14:10 h light: dark cycle and five other tanks (N = 40 females) to the experimental treatment (ALAN) of 24:0 h light: dark cycle (14 h simulated daylight: 10 h ALAN) for 50–60 days, for a total of 15 replicates per treatment. We simulated daylight with a full spectrum white fluorescent light (MingDak) at 880 lux and ALAN using white LED lights (Utilitech) at 120 lux. Full daylight levels can reach up to 25,000 lux with illuminances up to 100,000 lux in direct sunlight (Blume et al., 2019). Light levels at night in Hays County, Texas ranged from 16 lux at dim streetlamps to 230 lux at flood lights, therefore this nighttime lux level was ecologically relevant. We hung all lights 51 cm above the tanks. After the first block, we realized that some measurements of ALAN in Hays County were higher than the lux values used in our original ALAN treatment. Consequently, we increased the daylight to 2,380 lux and ALAN to 246 lux for the next two blocks. Our measures represent the level of light reaching the water where organisms can be found because lights from bridges, roads, boardwalks, and homes next to water sources are common. Indeed, organisms in close proximity to the light source can experience light intensities greater than 100 lux (Bolton et al., 2017).

We monitored the containers daily for offspring. Females generally give live birth to all offspring in a brood within a short period as this species do not show superfetation (Turner, 1937), therefore when present, we recorded the date, number of offspring, and offspring survival (alive vs. dead) in each brood. We changed the tank water by siphoning out 3/4 of the water from the bottom (to remove feces) and replacing it with dechlorinated tap water every 2 weeks.



Water-Borne Cortisol Collection and Growth

For the first two time blocks, we collected water-borne hormones 2 days after the females had been placed in their experimental container (but light exposure had not yet begun) and thus had an opportunity to acclimate to the experimental set-up (day 0), then again on day 7, 30, and the last day of the block. The standardized methods we used for hormone collection followed Blake et al. (2014). We placed each fish in a LDPE plastic insert in a 250 ml glass beaker with 60 ml of dechlorinated water for 30 min. After that time we recorded mass (g) and standard length (SL: mm) of each fish, then returned the fish to its original container. Each hormone collection event began at 0900 h to control for natural diel fluctuations of cortisol release rates. We cleaned beakers and inserts with 95% ethanol and rinsed them with deionized water before use and handled them with non-powdered gloves to prevent contamination. Scott et al. (2008) tested this non-invasive method for establishing cortisol release rates from fish and Blake et al. (2014) validated this method of analyzing cortisol release rates from water-borne hormones using Gambusia geiseri, a close relative of G. affinis. After the last cortisol release sample was taken on the last day of the block, we assessed whether the fish were chronically stressed (as indicated by responsiveness of the HPI axis) by agitating the fish while collecting their hormones. This allowed us to measure cortisol release rates in response to an acute stressor. For this test, we placed fish into the same set-up as above and shook them for 1 min every other minute for a total of 30 min.



Shoaling Behavior

We removed N = 22 fish from both treatments after day 60 and randomly placed them into plastic containers (33.02 cm × 20.32 cm × 11.43 cm) in groups of 4, a shoal size used in previous studies with Poeciliidae (Tobler and Schlupp, 2008). We filled containers (lined on the outside with white paper towels to create contrast and track the fish easier) with 5 L of dechlorinated tap water. Groups acclimated in the containers for 30 min. We then recorded the groups under their respective treatment for ∼24 h with webcams mounted above each container using ManyCam software. Videos were taken over 2 days for logistical purposes. We analyzed videos using EthoVision XT (Noldus) and recorded the average distance moved (cm) among all four fish, time resting, and shoaling (time spent within 2 cm of each other) during day (14 h) and night hours (10 h).



Hiding Behavior

For this experiment we tested N = 29 fish which were randomly selected from both treatments from the second block of the experiment. We set up 18 L tanks with one opaque half cylinder of PVC (as a hiding place) and one clear half cylinder of PVC (which controlled for the preference to hide in a smaller place vs. out of view) which were randomly assigned to each side of the tank. We filled tanks with 1.3 L of treated tap water (just enough to cover the half cylinders). At night, we removed fish from the ALAN treatment (after day 50) and individually placed them into the testing tank located under an ALAN light and allowed the fish to acclimate under a clear, plastic 1 L container for 10 min. We covered the sides of the tanks with black paper in case the fish could still be distracted from their surroundings at night. Following acclimation, we removed the clear container and began recording with ManyCam software for 10 min. We analyzed videos using EthoVision XT (Noldus) to estimate time (s) spent “hiding” under either half cylinder and time (s) spent resting.



Cortisol Extraction, Reconstitution, and Enzyme Immunoassays

We stored water-borne hormone samples at –20°C until thawed for extractions following methods of Gabor et al. (2016). We pulled water samples through C18 solid phase extraction (SPE) columns (SepPak Vac3 cc/500 mg; Waters, Inc., Milford, MA, United States) using Tygon tubing under vacuum pressure. SPE columns were primed with 4 ml of methanol followed by 4 ml of distilled water. We then eluted columns with 4 ml methanol into borosilicate vials then evaporated the methanol by placing the vials in a 37°C water bath while under nitrogen gas. We resuspended the residue in 5% ethanol (95% lab grade) and 95% enzyme immunoassays (EIA) buffer (Cayman Chemical, Inc) to a total volume of 720 μl based on dilutions from Blake et al. (2014).

We measured cortisol release rates in duplicate for all samples using EIA kits (No. 500360, Cayman Chemical Company, Inc.). Sample absorbances were read on a spectrophotometer plate reader at 405 nm (BioTek 800XS). To obtain cortisol release rates, we multiplied cortisol concentrations (pg/ml) by the final resuspension volume (0.720 ml), divided by the SL (mm) of the individual, and 0.5 h for a final unit of pg/mm/h. Inter-plate variation was 12.35% for the laboratory experiment (five plates) while intra-plate variation ranged from 0.39 to 14.88%. For the mesocosm experiment (six plates), inter-plate variation was 11.53% and intra-plate variation ranged from 0.45 to 6.95%.



Statistical Analyses

In the laboratory experiment, we used a generalized linear mixed model (GLMM) with natural log transformed cortisol release rates (standardized for standard length −pg/mm/h) as the dependent variable, with treatment and day as the fixed effects and ID as the random effect to account for repeated measures. We did not include the blocking effect of increasing lux, as adding this variable did not significantly affect the model results. When there were significant (p < 0.05) fixed effects differences, we used post hoc Tukey’s HSD comparisons. To explore effects of ALAN on offspring survival we used a chi-square test. We used GLMM to analyze changes in mass and SL over time with treatment and time as fixed effects and individual as the random effect to account for repeated measures. To determine the effects of ALAN on shoaling behavior, we used a repeated measure ANOVA. Due to the quality of videos recorded, we were unable to analyze each shoaling video we recorded, resulting in an uneven sample size. For all other behavioral analyses, we used GLMM with SL and treatment as model effects. We used JMP Pro 14.0.0 (SAS Institute, Inc.) for all analyses.



Results


Reproduction, Growth, and Cortisol

Offspring survival did not differ significantly between treatments (χ21 = 3.07, N = 32, p = 0.08). Because so few fish had offspring, we did not statistically compare offspring number but the mean for the control was (N = 17, Mean ± SE = 13 ± 1.65) and for ALAN was (N = 15, Mean ± SE = 11.33 ± 1.26).

In the laboratory experiment, we found no significant differences in cortisol release rates between fish in the control vs. ALAN treatment (GLMM: treatment × day: F4,155 = 1.44, p = 0.224; Table 1 and Figure 2A). Fish had significantly higher agitation cortisol release rates compared to baseline after 60 days irrespective of treatment (day: F4,155 = 103.32, p < 0.0001; Figure 2A), indicating that the fish from both treatments could mount a stress response. There was no significant effect of ALAN on mass (GLMM: treatment × time: F3,460 = 0.30, p = 0.824) or SL (F3,460 = 0.25, p = 0.86) over the duration of the experiment. There were no significant random effects of individual fish (Wald p-value = 0.78).


TABLE 1. Parameter estimates ± SE from the generalized linear mixed model for effects of ALAN on cortisol release rates of female G. affinis in the laboratory.
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FIGURE 2. Cortisol release rates (pg/mm/h) obtained from female G. affinis after 30 min of baseline and agitation collection in the (A) laboratory and (B) mesocosm experiment. Agitation measures were obtained on day 60 in the lab and day 32 in mesocosms. One high agitation value was excluded from the laboratory ALAN group to increase the spread of the figure. Different lowercase letters indicate significant differences (p < 0.05) among treatment groups from Tukey’s HSD comparisons. Box plots indicate median, range, and first and third quartiles. Dots indicate outliers.




Shoaling Behavior

After being in the laboratory experiment for 59 days, female G. affinis in the ALAN treatment spent significantly less time shoaling (s) during the day than the control treatment (repeated measures ANOVA: time × treatment: F1,18 = 5.92, p = 0.026; Figure 3). Fish from both treatments moved a significantly greater distance (cm) during the day than at night (time: F1,18 = 8.05, p = 0.011).
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FIGURE 3. Time spent shoaling (s) by female G. affinis in the control (N = 15) and ALAN (N = 7) treatments in the day and night in the laboratory. Box plots indicate median, range, and first and third quartiles. Dots indicate outliers. Asterisk indicates a significant difference (p < 0.05).




Hiding Behavior

In the laboratory hiding experiment, after exposure to ALAN, fish spent significantly more time resting (LM: treatment: F1,22 = 6.93, p = 0.015; Table 2 and Figure 4) than fish in the control treatment. There was no significant effect of SL on time resting. There was no significant effect of ALAN on time spent hiding at night (F1,22 = 0.02, p = 0.896).


TABLE 2. Results from the general linear model testing the effects of ALAN on behavior of female G. affinis in the laboratory.
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FIGURE 4. Mean time spent resting (s) by female G. affinis (N = 29) in the laboratory. Asterisk indicates a significant difference (p < 0.05). Box plots indicate median, range, and first and third quartiles.




EXPERIMENT 2: CONSEQUENCES OF ALAN IN MESOCOSMS ON PHYSIOLOGICAL STRESS AND BEHAVIOR OF FEMALE MOSQUITOFISH


Materials and Methods


Mesocosms set-up

We constructed 16 mesocosms using 62.45 L clear, #5 (polypropylene) plastic containers with six 5 cm holes drilled in the sides toward the top and covered with mesh for overflow water drainage while preventing fish from escaping. We cut out the center plastic of the lids and replaced it with mesh to allow light to pass through. We then placed the mesocosms outdoors underneath 60% shade cloth. On 25 June 2019, we added 48 L of water to each mesocosm. The following day we added 4 L of sediment collected from the Blanco River in Hays County, Texas, and 1 L of pond water. We added 1 L aliquots of zooplankton to each mesocosm on 29 June 2019 and 2 July 2019. We also added 16 pieces of ceramic bio media (11 BrightWater Bio Media® and five Fluval BioMax®) to each mesocosm to provide a substrate for microorganisms. Additionally, we added one sponge filter to each mesocosm to prevent the buildup of ammonia and nitrates. We added two artificial breeder plants (Penn Plax Aquarium Breeding Grass) to each mesocosm for habitat cover and to provide refuge for any offspring produced. We recorded water quality parameters (ammonia, nitrites, nitrates, total dissolved solids, temperature, conductivity, pH, and salinity) from each mesocosm twice a week. We added dechlorinated tap water to the mesocosms when it was lower than the drainage holes.



ALAN Experimental Design

From 19 June–21 June 2019 we collected 240 G. affinis from the Blanco River in Hays County, Texas using dipnets and seines, transported them to the lab, and fed them ISO flake food (TetraMin) daily. On 27 June 2019 we marked 64 females with white, red, orange, or yellow elastomer tags (N = 16 per color). On 3 July 2019, after mesocosms were established, we haphazardly selected five tagged females (for repeated measures of water-borne hormones (see below), eight non-tagged females (to provide adequate numbers of conspecifics since individuals would be removed throughout the experiment), and two males (totaling 15 fish) for placement into each mesocosm. We hung two artificial night lights (Onforu 35 W LED Flood Lights; 3,300 lumens 5,000 K) 52 cm above half of the mesocosms (below the shade cloth). Five days after placing fish into mesocosms, we turned on the artificial night lights on the experimental (ALAN) side (day 0) exposing eight mesocosms (N = 120 fish) to 24 h of light. These lights were on from 2000–0600 h and ranged from 260–280 lux at the top of the mesocosms and 155–175 lux at the surface of the water. We measured lux with a digital lux meter (Dr. Meter, model LX1330B). To prevent light from reaching the control mesocosms at night we hung a black plastic curtain in between treatment blocks. Ammonia and nitrites were not detected at any point in the mesocosms.



Water-Borne Cortisol Collection, Growth, Survival, and Glucose

We collected water samples to measure cortisol release rates from each tagged female on day 4 to capture the potential effect of treatment while giving enough time to acclimate to the mesocosms. Beginning at 0900 h we placed each fish in a LDPE plastic insert in a 250 ml glass beaker with 60 ml of spring water for 30 min (following methods above). After 30 min we collected the water sample then measured and recorded the mass (g) and standard length (SL; mm) of each fish, then returned the fish into its original mesocosm. Using the same methods, we collected baseline cortisol release rates from the same tagged individuals on days 16 and 32. Immediately after baseline cortisol release rate collection on day 32, we collected water samples to measure cortisol release rates when under an agitation treatment to test for an acute stress response (following the lab protocol above). We extracted and analyzed cortisol release rates following the same protocol as in experiment 1. On day 32 we euthanized fish in an ice slurry for 30 min then dissected 5–6 non-tagged females per mesocosm to obtain the brain, muscle, and liver tissues which were frozen until glucose analysis.



Hiding Behavior

We repeated the hiding behavioral experiment following the methods from experiment 1 (above) using tagged females from each mesocosm but performed the experiment during the day and with a 5 min acclimation period. Data were collected during the day instead of at night to examine if ALAN had effects that could be observed in daytime hours.



Glucose Extraction, Reconstitution, and Colorimetric Assays

For each mesocosm, we combined common tissue types (brain, muscle, and liver) from six fish and weighed the tissues (average weight ± SE) before adding them 400 μl of 100% ethyl alcohol. Samples where homogenized with an IKA Ultra-Turrax T25 and then centrifuged for 10 min at 10,000 rpm at 4°C. We removed the supernatant of each sample and transferred it to a new Eppendorf tube which was then placed in a vacufuge overnight (Eppendorf Vacufuge plus). We reconstituted the samples using 100 μl of 1 M phosphate buffer saline (PBS) and stored at −80°C.

We measured glucose levels following the colorimetric protocol for microplate from Bethke and Busse (2008). Duplicate samples were diluted to half by adding 25 μl of 1 M PBS per 25 μl of sample. Then 25 μl of 10 mM sodium acetate trihydrate (pH 5) and 10 μl of 150 mM PBS was added to all wells. We mixed plates then incubated them for 1 h at 40°C. After incubation, 25 μl of 150 mM PBS (pH 7.4) was added to each well, followed by 25 μl of enzyme mix. The enzyme mix was an aqueous solution containing ampliflu red, horseradish peroxidase, glucose oxidase, and 150 mM sodium phosphate buffer. Samples were measured at 560 nm in a spectrophotometer (accuSkan FC) after incubation at room temperature for 30 min every 5 min for a 20 min interval. Inter-plate variation was 10.22% and intra-plate variation ranged from 6.93 to 12.19%.



Statistical Analyses

To examine effects of ALAN on cortisol release rates in mesocosms, we performed a repeated measure generalized linear mixed model (GLMM) with natural log-transformed cortisol release rates standardized by standard length (pg/mm/h) with treatment as the fixed effect and individual nested in mesocosm as the random effect. When there were significant treatment effects, we used post hoc Tukey’s HSD comparisons. To assess effects of ALAN on G. affinis glucose levels, we used a GLMM with treatment as the fixed effect and mesocosm as the random effect. We used a GLMM to analyze changes in mass and SL over time with treatment and day as fixed effects and individual nested in mesocosm as the random effect. For behavior analyses, we used generalized linear models (LM) with SL and treatment as fixed effects and individual nested in mesocosm as the random effect. To explore differences in survival we ran a Log-Rank survival analysis. We used JMP Pro 14.0.0 (SAS Institute, Inc.) for all analyses.

Protocols and housing were approved by the Institutional Animal Care and Use Committee of Texas State University (IACUC # 83).



Results


Growth, Survival, Cortisol, and Glucose

In the mesocosm experiment, we found no significant effect of ALAN on SL (GLMM: treatment × day: F3,138 = 0.60, p = 0.619) or mass (F3,138 = 0.95, p = 0.42), however, fish in both treatments increased in SL (day: F3,138 = 16.17, p < 0.0001) and lost mass (F3,138 = 78.26, p < 0.0001) over the duration of the experiment. There were no differences in survival between treatments (Log-Rank Survival Analysis: χ2 1 = 0.89, p = 0.35). We found no significant differences in cortisol release rates between treatments across days (GLMM: treatment × day: F3,138 = 2.10, p = 0.10; Table 3 and Figure 2B). As in the lab study, cortisol release rates were higher after agitation compared to baseline for both treatments (day: F3,138 = 4.99, p = 0.003; Figure 2B), indicating the fish could mount a stress response. The random effects of mesocosm were not significant (Wald p-value = 0.12). There were significantly lower glucose levels in the brain tissues of fish from the ALAN treatment than fish from the control treatment (GLMM: treatment: F1,13 = 8.04, p = 0.014; Figure 5), but there was no effect of treatment on the glucose levels in any other tissue type (all p > 0.05; Table 4).


TABLE 3. Results from the generalized linear mixed model testing the effects of ALAN on cortisol release rates of female G. affinis in mesocosms.
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FIGURE 5. Brain glucose levels (mg/g brain) of female G. affinis. Asterisk indicates a significant difference (p < 0.05). Box plots indicate median, range and first and third quartiles.



TABLE 4. Results from the generalized linear mixed model testing the effects of ALAN on glucose levels of female G. affinis tissues in mesocosms.
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Hiding Behavior

In the mesocosm experiment, we found no significant differences in time resting, or time spent hiding (all p > 0.05; Table 5) between treatments.


TABLE 5. Results from the generalized linear mixed model testing the effects of ALAN on behavior of female G. affinis in mesocosms.
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DISCUSSION

With the spread of urbanization, light pollution increases world-wide (Hölker et al., 2010; Davies et al., 2014; Falchi et al., 2016) and has the demonstrated potential to negatively impact exposed organisms by affecting their physiology, behavior, and reproduction. We found that the western mosquitofish, G. affinis, a tolerant and widespread species, responds to ALAN by decreasing their activity (both individually and around conspecifics during the day) and exhibiting reduced brain glucose levels compared to those exposed to normal light dark cycles. We did not, however, observe a change in cortisol release rates, growth, survival, or reproduction in response to ALAN. These results suggest that G. affinis may behaviorally adjust to the perturbation of ALAN rather than modulate their regulation of the HPI axis.

The lack of a cortisol response by G. affinis to ALAN may play a role in their success as invaders and establishing populations in water with varying physical properties as they may not experience the negative effects of altered cortisol release rates (Lloyd et al., 1986; Hubbs, 2000). Indeed, G. affinis copes with urban streams by flexibly altering their GC profile by reducing stress responsiveness followed by rapid negative feedback (recovery) (Kolonin et al., unpublished data). When fish from both ALAN and control groups were exposed to an agitation treatment, cortisol release rates were significantly higher than baseline levels, indicating they were capable of mounting a stress response. Therefore, the lack of a significant effect of ALAN on cortisol release rates under laboratory conditions and in mesocosms was not due to a dysregulated HPI axis, signifying that they were not chronically stressed.

In the laboratory experiment, we also measured cortisol release rates on day 2 and found that they were significantly elevated in both treatments as compared to days 0 and 7, suggesting that fish were not acclimated to the experimental setup. By day 7, cortisol release rates returned to baseline in both treatments. In the mesocosm study, we tested the hypothesis that there was a transient cortisol response to ALAN sometime between days 2 and 7 by collecting cortisol release rates on day 4; however, we still did not detect a change in cortisol release rates in response to ALAN. Our results are in concordance with other studies that found a lack of GC response to ALAN using comparable or greater lux levels. For example, Szekeres et al. (2017) found that juvenile bonefish (Albula vulpes) exhibit increased blood glucose in response to ALAN but there was no effect of ALAN on whole body cortisol. Additionally, European perch (Perca fluviatilis) exposed to ALAN had decreased melatonin production compared to the control group, but there were no differences in cortisol release rates between treatments (Brüning et al., 2015). There were no differences in corticosterone levels between control and ALAN-exposed treatments in brown anoles (Anolis sagre; Thawley and Kolbe, 2020) or wood frogs (Lithobates sylvaticus; May et al., 2019). These results suggest there are other mechanisms of coping with stressors (Ouyang et al., 2018) or ALAN may simply not elicit a GC response during the breeding season in many species (Grunst et al., 2019), including G. affinis. The species tested thus far may be more tolerant species as they are abundant, therefore testing less tolerant species might be necessary to fully understand the implications of exposure to ALAN.

Female G. affinis from mesocosms exposed to ALAN had lower glucose levels in their brain tissue compared to fish kept under control light conditions. Similarly, fish showed lower activity and daytime shoaling behavior when exposed to ALAN. Glucose provides precursors for neurotransmitter synthesis as well as ATP production in the brain, therefore the decreased levels of glucose in the brain may be associated with insufficient glucose for the required energetic demands to move (Mergenthaler et al., 2013). Lowered brain glucose could indicate that G. affinis may have diminished neuronal activity when exposed to ALAN. Experiments on the cognitive ability of fish could elucidate whether there are differences in brain function between fish exposed to ALAN and those kept under a natural light cycle.

The activity of G. affinis was overall reduced both individually at night and in shoaling during the day after exposure to ALAN. Fish moved less often at night after 50 days of exposure to ALAN in the laboratory. Because they did not spend more time hiding at night, this could put them at greater risk of predation. This may contribute to a better understanding of the mechanism behind the prior finding that fish exposed to ALAN experienced higher predation rates (O’Connor et al., 2019). This result opposes several other studies which found an increase in activity in fish (Becker et al., 2013; Foster et al., 2016; Kurvers et al., 2018; Czarnecka et al., 2019), American toads (Anaxyrus americanus), zebra finches (Taeniopygia guttata), and anoles (Anolis leachii and A. wattsi: Dananay and Benard, 2018; Batra et al., 2019; Maurer et al., 2019) after exposure to ALAN. May et al. (2019), however, found that Lithobates sylvaticus tadpoles were also less active in the day and night after exposure to ALAN and Buchanan (1993) found that gray treefrogs, Hyla chrysoscelis, reduced foraging activity at night under ALAN. These results suggest that the effects of ALAN vary by species. Female G. affinis also spent less time shoaling during the day after the same exposure to ALAN in the laboratory. Shoaling is beneficial as a defense against predation and generally results in more efficient foraging, therefore a lack of shoaling during the day could leave them more susceptible to predation and affect their ability to find food (Pitcher, 1986; Laland and Williams, 1997). In the control group, there was a clear display of diel shoaling activity where fish were more active and swam in closer proximity during the day than at night. This diel activity pattern disappeared after exposure to ALAN as fish in the treatment group shoaled the same amount during the day (and less than the control) and night. However, we cannot discount the alternative hypothesis that the treatment and control groups differ because the control group fish were in complete dark at night, without their regular lunar cycles. These results align with studies of fish where shoaling was decreased after exposure to other disturbances such as psychotropic drugs and parasites (Tobler and Schlupp, 2008; Green et al., 2012). Overall, in the laboratory, G. affinis exposed to ALAN moved less often at night and shoaled less during the day, which could leave them more susceptible to predation at all times.

Because these fish are found in highly developed urban settings, we chose to additionally run the experiment with fish exposed to slightly higher levels of light than we found in Hays County (230 vs. 246 lux). Gambusia affinis tend to be found in shallow, slow moving water (Hess and Tarzwell, 1942; Casterlin and Reynolds, 1977; Belk and Lydeard, 1994) indicating that they will experience high light levels much of the time. Further, we found that G. affinis move less at night after ALAN exposure and were not hiding, indicating that the fish are unlikely to swim away from or hide when exposed to light at night. Nonetheless, cortisol release rates were not affected by ALAN exposure.

Offspring number and survival did not differ significantly between treatments. Most females did not experience parturition during the experiment and consequently our sample size was low. Offspring counts could have been affected by cannibalism and this species can resorb embryos under suboptimal conditions (Meffe and Vrijenhoek, 1981). Offspring number and survival was not measured in mesocosms because we did not observe any offspring in either treatment during the duration of the experiment. In previous studies, continuous light cycles resulted in earlier hatching and smaller larvae size of haddock, Melanogrammus aeglefinus, embryos, complete failure of embryo hatching in the common clownfish, Amphiprion ocellaris, under a much lower lux level (26 lux), and early-stage pregnancy termination in female white rats, Rattus norvegicus Wistar (Downing and Litvak, 2002; Berbets et al., 2019; Fobert et al., 2019).

One caveat of our experiment is that we were not able to randomize the distribution of the treatments. The blocked treatments and associated spatial differences cannot be ruled out as factors in affecting our results. However, we measured several variables to ensure that there was no “location effect” including water quality measures and fish behavior. While conditions still could have differed in other non-measured variables, we did not anticipate this as all replicates were held in the same room under the same conditions and were handled similarly.

Pervasive effects of ALAN on fish behavior and physiology have previously been reported and here we show ALAN has some of these effects on a tolerant, invasive fish species. Since urbanization is on the rise mitigation efforts are necessary to minimize these impacts (Falchi et al., 2011). In areas where such efforts have already taken place, night light is successfully conserved without compromising human safety or security (Kyba et al., 2015, 2017; Steinbach et al., 2015). Additionally, few experiments have examined how various light color effects different taxa, which could potentially become a mitigation strategy. For example, melatonin rhythm was the most suppressed in European perch by green and red light and less so by blue light (Brüning et al., 2016). Expansion on studies evaluating the consequences of different spectral quality needs to be conducted to combat the negative consequences of increasing light pollution. ALAN did not compromise every variable we measured; however, the reduction of activity and brain glucose in G. affinis could have consequences for organismal fitness and in less tolerant species ALAN could have additional consequences.
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