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Abstract 

Spontaneous activity, which is the routine volitional movements of an animal, is a 

fundamental behavioural trait that commonly shows a strong diel cycle in animals.  

Mummichog (Fundulus heteroclitus) are an important estuarine fish, with a historically 

documented diurnal diel cycle (i.e., being more active during the daylight hours). Recent 

laboratory studies, however, have reported that mummichog have a free-running (i.e., 

similarly active regardless of time of day) or nocturnal diel cycle of activity (i.e., more 

active at nighttime). In the laboratory, activity is often recorded using near-infrared (NIR) 

lights to illuminate the fish so that a NIR sensitive camera can visualize and record 

activity across the normal light-dark periods of the 24-hour day. A proxy for activity, 

when we cannot measure it directly, is whole-animal metabolic rate (MO2) because 

movement is correlated with oxygen consumption rate. Since NIR light is close to the 

visible light spectrum, and certain fish show some sensitivity to NIR, its use could 

explain the uncertainty about the diel cycle of activity in mummichogs. To determine if 

NIR lighting can influence diel cycles of activity, I measured MO2 of mummichogs over 

four-day (Experiment 1) or six-day (Experiment 2) periods with alternating on-off 

regimes of NIR lighting: NIR off-on (two days each) for Experiment 1, or NIR off-on-off 

(two days each) or the reverse (on-off-on) for Experiment 2. NIR lights did not influence 

the diel cycle of MO2, which strongly suggests that mummichog do indeed have a 

nocturnal, but relatively free-running, diel cycle of activity. NIR illumination is a suitable 

method to visualize mummichog during light-dark diel cycles.  
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Introduction 

Diel cycles are the changes in an organism’s daily actions in response to the change 

in light intensity between bright or dark during each 24-hour rotation of the Earth (Reebs, 

2002). Actions affected by diel changes in light can include spontaneous movements, 

foraging, finding mates, or predator avoidance, which all influence an organism’s 

survival and fitness (Boujard et al., 1990; Mucha et al., 2022). There are several types of 

cycles defined by when in the day that the organism is performing said actions: diurnal, 

when an animal is relatively more active during the daytime; nocturnal, when an animal 

is more active at nighttime; crepuscular, when the animal is more active at dusk and 

dawn; and a free running diel cycle, when the animal is similarly active throughout the 

day. In general, diel cycles are consistent within fish species, although they can show 

plasticity caused by changes in specific environmental factors (Reebs, 2002). Atlantic 

salmon (Salmo salar), for example, show a change in foraging activity from diurnal to 

nocturnal in response to decreasing temperature, independent of photoperiod and season 

(Fraser et al., 1993).  

The diel cycle of an animal can be assessed in several ways. Change in colouration 

(Kavaliers, 1978), vocalization (Baumann-Pickering et al., 2015), air-breathing (Boujard 

et al., 1990), and spontaneous activity are all behaviours that can vary over a 24-hour 

period dependent on the species’ diel cycle type. In this study I have examined 

spontaneous activity, which I define as the routine volitional movements of an animal in 

its environment. This is a fundamental behavioural trait and is the typical activity of the 

fish not directly related to specific types of activity such as feeding or mating. Variation 

in spontaneous activity is important in part because it can influence metabolic rate; 



 

 2 

moving around requires energy expenditure. Several studies have shown that the 

difference between standard metabolic rate (energy expenditure of an inactive animal) 

and average routine metabolic rate (energy expenditure of a spontaneously active animal) 

is about threefold, such that the cost of spontaneous movement makes up about 67% of a 

fish’s energy usage (Nilsson et al., 1993). Metabolic rate is typically measured as whole 

animal oxygen consumption, MO2, since most energy turnover is related to aerobic 

metabolism in animals (Speers-Roesch et al., 2018). Reeve et al. (2022) demonstrated 

that spontaneous activity and MO2 are strongly positively correlated in several fish 

species. MO2 is relatively easily recorded in the lab using respirometers (sealable 

chambers) and oxygen probes, and due to the relationship between metabolic rate and 

activity, MO2 is a valid proxy for activity in situations where spontaneous activity cannot 

be recorded directly. 

Mummichog (Fundulus heteroclitus), the present study species, are frequently used in 

physiology and environmental biology studies as they have a strong tolerance to a variety 

of environmental stressors including low oxygen and variable salinity, as a result of 

living in dynamic coastal habitats (Able & Fahay, 2010). They are a common estuarine 

fish from Newfoundland to Florida, often found in salt marshes but also inhabiting 

eelgrass beds and open shorelines (Able & Fahay, 2010). Past work by Kavaliers (1980) 

reported that mummichog are diurnal, as measured via an externally mounted ultrasonic 

system to measure activity over 20-40 days. The results from this single study, run under 

a summer photoperiod (12:12 L:D) at 20% seawater at 20ºC, have led to an accepted 

understanding that mummichogs have a diurnal diel cycle. Certain other studies are 

consistent with Kavaliers’ findings. Specifically, a field study from Weisberg et al. 
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(1981) found that wild mummichog have a relatively diurnal feeding pattern that 

coincided with the daytime tidal pattern. Specifically, gut contents of mummichogs were 

sampled multiple times over a 24-hour period, which showed that fish were feeding 

consistently during the daylight hours before and at high tide (Weisberg et al., 1981). 

They did, however, also find that fish would irregularly exploit hide tide at nighttime, but 

not to the same degree as during the daytime (Weisberg et al., 1981). Other field studies 

have been published that support the findings of Weisberg et al. (1981) in that 

mummichog primarily take advantage of rising tides during the daytime to navigate their 

now flooded habitat and forage in places they could not reach before flooding (Allen et 

al., 1994; Haplin, 1997). Haplin (1997) did also record fish in foraging grounds during 

the nighttime, again at lower numbers as found by Weisberg et al. (1981), showing that 

mummichogs can exhibit some night activity. To my knowledge, after a thorough 

literature search, the above studies are the only historical papers to investigate the diel 

cycle of mummichog in terms of activity or feeding activities, altogether suggesting 

primarily diurnal activity of mummichog. Recently, however, a laboratory study by 

Reeve et al. (2022) found mummichogs tended to be nocturnal at temperatures from 14ºC 

to ~2.5ºC. The discrepancy between the historical studies and Reeve et al. (2022) remains 

unexplained. The various studies do use varied salinities and photoperiods: full strength 

seawater under a winter photoperiod (10:14 L:D) in Reeve et al. (2022) whereas previous 

studies either held their fish at half strength seawater under a summer photoperiod (12:12 

L:D) (Kavaliers, 1980) or measurements were conducted in the field from spring and 

summer (Allen et al., 1994; Weisberg et al., 1981). However, Senathirajah (2020) 

investigated the effect of different combinations of salinities and photoperiods on 
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mummichog diel cycle of spontaneous activity; in agreement with Reeve et al. (2022), he 

found that mummichogs showed similar activity at nighttime and daytime regardless of 

photoperiod or salinity, and the fish were slightly more nocturnal under a summer 

photoperiod (Senathirajah, 2020). Thus, photoperiod and salinity do not explain the 

variation in diel cycles reported in the literature for mummichogs. 

Unlike the historical studies, Reeve et al. (2022) and Senathirajah (2020) used near 

infrared (NIR) lights to illuminate the fish in the lab so that near infrared-sensitive 

cameras could record the fish during the nighttime (when visible light is minimal), thus 

allowing a full 24 hour per day monitoring of fish activity. Use of NIR lights to visualize 

fish is commonplace and are even sold commercially for this purpose (e.g., Loligo 

Systems, Denmark). NIR light has wavelengths between 760 and 1400 nm, which is 

longer than the visible spectrum that humans and many other vertebrates can see (Barolet 

et al., 2016); Reeve et al. (2022) and Senathirajah (2020) used NIR lights with a 

wavelength of 940 nm. Certain studies have shown that some fish species can see NIR 

light (Hartmann et al., 2018; Meuthen et al., 2012; Shcherbakov et al., 2013). 

Shcherbakov et al. (2013) state that the degree to which fish can see NIR light may relate 

to how turbid the water is in their natural habitat, as turbidity affects how light attenuates 

in the water, with longer wavelengths being able to penetrate further. To my knowledge, 

and after conducting a thorough literature search, there is very limited research into NIR 

sensitivity in mummichog and the work is only in embryo or larval stages and this did not 

specifically examine NIR visual capabilities (Lupše et al., 2022; Suliman & Flamarique, 

2014). However, if mummichog could see the NIR light used in laboratory studies by 

Reeve et al. (2022) and Senathirajah (2020), their environment would appear more 
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illuminated to them, in particular at night, potentially explaining why in recent 

experiments mummichog were found to be more active at nighttime or had a free running 

diel cycle.  

The objective of my study was to determine if the diel cycle of activity in 

mummichogs is influenced by NIR illumination, which could explain the discrepancy 

between historical and recent conclusions about the diel cycle type of mummichog. I 

hypothesized that the diel cycle of mummichog activity is affected by near infrared light 

illumination. This was tested by measuring MO2 as a proxy for activity in mummichog 

over multiple days and nights where NIR lights were sequentially turned off or on for 48-

hour periods. I predicted an effect of NIR light on the diel cycle of MO2 (and, by proxy, 

activity); specifically, that the diel cycle would be diurnal when NIR lights were off, 

whereby MO2 would be higher during the daytime and lower at nighttime. Conversely, 

when NIR lights were on there would be a free-running or nocturnal diel cycle where 

MO2 would be similar day and night or higher at night. Alternatively, if there was no 

effect of NIR light, the fish would show the same diel cycle throughout the experiment 

regardless of whether the NIR lights were on or off.  
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Methods 

Experimental species and holding conditions 

Mummichog (Fundulus heteroclitus) of mixed sexes weighing 13.8 ± 1.2 g 

(Experiment 1), and 4.2 ± 1.1 g (Experiment 2) (mean ± SD) were collected in autumn of 

2017 and summer 2022, respectively, from Sam Orr Pond, Bocabec, New Brunswick, 

using both minnow traps and seining.  

Fish were transported to University of New Brunswick, Saint John and kept in 

holding tanks for at least 4 weeks prior to the experiment. The 165L holding tanks (86 cm 

diameter, 29 cm depth) were supplied with recirculated filtered seawater maintained at 

14ºC ± 0.6ºC using a commercial chiller (1/2 horsepower EcoPlus, Morr Inc., Commerce, 

CA, USA), which is a common summer ocean temperature at the sampling location. 

There was one PVC pipe shelter in each holding tank and a density of no more than 100 

individuals per tank. Fish were fed dry pellets every other day (1.8 mm CLEAN Assist, 

Skretting, St. Andrews, New Brunswick, Canada). The mummichog were maintained 

under a winter photoperiod (10h:14h L:D) with a simulated sunrise and sunset (30 

minutes each). 

Experimental system for measurement of MO2 

The experimental system (Figure 1) consisted of five circular acrylic 

respirometers each with a recirculation loop (262ml ± 45ml total volume) and submerged 

in a clear acrylic tank containing water under the same conditions as the holding tanks 

(see above). The respirometers each had four barbed fittings to create a recirculation loop 

driven by a Eheim pump and for inflows of flush water from a separate Eheim pump 

(Eheim 300, 5 1 min-1, under a low flow secured with an adjustable clamp to provide 
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consistent flow). The respirometers were sealed with a clear acrylic lid fitted with an O-

ring and stainless-steel washers and wingnuts. Overflow chimney tubes, to vent air 

bubbles, were equipped on the respirometer lids and emerged above the water surface, 

draining back into the acrylic basin during the flush period. Water in the acrylic tank was 

supplied from a sump (containing biological and mechanical filters) via a commercial 

chiller (1/3 horsepower Arctica chiller, JBJ Chillers, St Charles, MO, USA) and then 

drained back to the sump. The outer walls of the respirometers were wrapped in black 

plastic to reduce visual disturbance. The recirculation loops on each respirometer were 

equipped with an inline T-fitting and cable gland to affix an oxygen probe for continuous 

measurement of the recirculating water. Near infrared (NIR) lights (940 nm) were placed 

under the acrylic water bath to shine up at the fish (Experiment 1) or placed to the sides 

under the acrylic water bath and shined towards the fish (Experiment 2), both of which 

are standard ways in which infrared illumination is used to visualize fish (by creating a 

silhouette that later can be tracked for movement using software). Although I video 

recorded my experimental trials using an NIR sensitive camera mounted above the 

system (1280x1024 pixels, 60 frames s-1, IDS Imaging, Obersulm, Germany), I did not 

analyze activity of my fish due to time constraints. 
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Figure 1: Experimental system for respirometry to monitor diel cycles of MO2 in 

mummichogs. The circles containing fish icons are the five respirometers (four 

containing fish and one empty chamber to correct for background respiration). Two flush 

pumps were shared between multiple chambers (shown with black arrows). Each 

respirometer had an individual recirculation pump (shown with yellow arrows). Light 

blue arrows indicate the recirculation of temperature-controlled water between the 

experimental aquarium and the sump. NIR lights illuminated the fish from below. 

Experimental protocol 

Experiment 1 

Two experimental trials were run, each with four fish (n=8). The trials were 

carried out under a consistent visible light photoperiod of 10h:14h L:D. The fish were 

removed from their holding tanks and each placed into a respirometer in the experimental 

system. Fish were allowed a 24-hour period of adjustment within the respirometers 

before the experimental trial began. Whole-animal oxygen consumption (MO2) of the fish 

was then measured continuously over 48 hours (two daytime-nighttime cycles) with the 
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NIR lights off and then the NIR lights were turned on (i.e., on for 24 hours per day) and 

MO2 measured for another 48 hours (two daytime-nighttime cycles) (Figure 2). All fish 

were fasted for 48 hours prior to each trial and were not fed during the five-day period in 

the respirometers. The weight and length of the fish was measured at the end of the 

experimental period. 

 

Figure 2: NIR lighting protocol and diel cycle of visible light (10h:14h L:D) used for 

Experiment 1 during which metabolic rate was measured. The NIR lights initially were 

off for 48 hours (i.e., for two daytime-nighttime cycles), and then were turned on for 48 

hours. The grey segments indicate nighttime (dark period, visible lights off) and white 

segments indicate daytime (light period, visible lights on). The blue line indicates when 

NIR lights were turned on. 
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Experiment 2 

Four experimental trials were run, with two trials for each NIR lighting sequence 

(n=8 for each sequence). As for Experiment 1, the trials were carried out under a 

consistent visible light photoperiod of 10h:14h L:D. Fish were transferred to the 

respirometers for continuous measurement of MO2 and allowed a 24-hour adjustment 

period. For trials 1 and 3, NIR lights were initially off for 48 hours (two daytime-

nighttime cycles), then were turned on for 48 hours (two daytime-nighttime cycles), and 

then were turned off again for 48 hours (two daytime-nighttime cycles) (Figure 3A). 

Trials 2 and 4 were carried out with the opposite sequence: NIR lights initially were on 

for 48 hours (two daytime-nighttime cycles), then off for 48 hours (two daytime-

nighttime cycles), then on 48 hours (two daytime-nighttime cycles) (Figure 3B). By 

carrying out trials with two opposing sequences of NIR illumination, we could control for 

potential effects of time spent in the respirometer (which was not accounted for in 

Experiment 1). All other experimental procedures were the same as for Experiment 1. 
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Figure 3: NIR lighting protocol and diel cycle of visible light (10h:14h L:D) used for 

Experiment 2 during which metabolic rate was measured. Panel A shows trials 1 and 3 

where NIR lights were initially off for 48 hours (i.e., for two daytime-nighttime cycles), 

then turned on for 48 hours, and then turned off again for 48 hours. Panel B shows trials 2 

and 4 where NIR lights were initially on for 48 hours, then turned off for 48 hours, and 

then turned on again for 48 hours. The grey segments indicate nighttime (visible lights 

off) and white segments indicate daytime (visible lights on). The blue lines indicate when 

NIR lights were being turned on or off. 
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Measurement of metabolic rate 

Metabolic rate was estimated by measuring whole-animal oxygen consumption 

rate (MO2, mg O2 Kg-1 h-1) using automated intermittent-closed respirometry. All 

respirometers were equipped with one oxygen probe in line on the recirculation loop, 

while two temperature probes were placed in the water bath to measure temperature-

compensated oxygen levels within the respirometers. The probes were interfaced with a 

computer for data recording via two four-channel Firesting modules (PyroScience, 

Aachen, Germany). Water was recirculated within each respirometer with an Eheim 

water pump. Two additional pumps were used to flush new oxygenated water into the 

respirometers on a set schedule (see Figure 1). Flush periods were 4 minutes long and 

closed periods (i.e., the measurement period when flush pumps were off) were 11 

minutes long. MO2 was measured continuously throughout each trial. A blank 

respirometer without a fish was run simultaneously during each trial to correct for 

background oxygen consumption. 

In Experiment 1, the slope of oxygen decline in the water over minutes 6-11 of 

each closed period in each respirometer was extracted using LabChart (version 8.1.17, 

ADInstruments, Colorado Springs, CO, USA), excluding the first five minutes of each 

closed period to account for equilibrium time after the flush. In Experiment 2, oxygen 

decline slopes were extracted over nine minutes in the closed period using a custom R 

script after excluding the first and last sixty seconds (RStudio version 2022.02.3+492). 

For one data file in Experiment 2, slopes were extracted manually over the nine-minute 

segment within each closed period (Excel, version 16.63.1, Microsoft Corporation, 
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Redmond, WA, USA). MO2 was calculated using the following equation (Steffensen, 

1989): 

ṀO! 	= 	𝑠𝑉"#$%𝛼𝑀&',  (1) 

where s is the slope (O2% air saturation h−1) after the background rate had been 

subtracted, Vresp is the volume of the respirometer loop less the volume of the fish (l), α is 

the solubility of oxygen in water (mg O2 l−1 O2% air saturation−1), and M is the mass of 

the fish in kg. 

 First, MO2 for each individual fish was calculated for every closed period 

throughout the trial. Then, these MO2 values were averaged for each fish across nighttime 

or daytime for both NIR off and on periods, resulting in a single MO2 value for each of 

the four treatments per fish within each trial (i.e., over a single trial, each fish had four 

MO2 values calculated, being: NIR lights on in daytime; NIR lights off in daytime; NIR 

lights on in nighttime; NIR lights off in nighttime). Individual MO2 values above or 

below two standard deviations were excluded from analysis. Otherwise, I present MO2 

determined from all closed periods within each trial, so our measurements represent 

routine metabolic rate (i.e., MO2 of animals undergoing spontaneous activity). Fish 16 

from Experiment 2 trial 4 was excluded from analysis because of consistently lower MO2 

due to equipment malfunction.  

Statistical analysis 

To determine if NIR lights significantly influenced metabolic rate, I used a linear 

mixed-effects model (LMEM) in R using the function lme (nlme package). I tested 
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whether averaged nighttime and daytime MO2 values were affected by fixed factors NIR 

on/off and daytime/nighttime with fish ID nested as a random factor within trial. 

Significance was determined with the lme function, which calculated p-values using 

Wald t-tests. 
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Results 

Experiment 1 

The metabolic rate (MO2) of individual fish over the duration of Experiment 1 are 

shown in Figure 4. There was a significant 18% increase in mean MO2 of mummichog 

after near infrared (NIR) lights were turned on compared to when the NIR lights were off 

(t21=6.66859, p<0.0001) (Figure 5). There was no significant difference in MO2 between 

daytime and nighttime (t21=0.516148, p=0.61), meaning the fish were exhibiting a similar 

level of activity throughout a 24-hour period. There was no significant interaction 

between NIR and time of day (t21=-0.256, p=0.80), indicating that NIR lights did not 

affect the diel cycle of the fish.  
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Figure 4: Metabolic rates of individual mummichog over the 48-hour duration of 

Experiment 1, which involved four diel cycles where NIR lights were initially off for two 

cycles and then on for two cycles (n=8). Each fish is displayed by a coloured line 

denoting mean MO2 over time (± 95% confidence interval (CI)). The black closed circles 

are the individual MO2 values of each fish within each measurement period. Grey 

segments represent nighttime and white segments represent daytime. Black vertical line 

represents the time when NIR lights were turned on.  
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Figure 5: The effect of NIR light illumination on the diel cycle of metabolic rate in 

mummichog in Experiment 1 (n=8). Data are represented as boxplots with X denoting the 

mean and the line denoting the median. Upper and lower hinges are 75th and 25th 

percentile, respectively. Upper and lower whiskers are upper/lower hinge ± 

1.5*interquartile range (IQR). * denotes statistical significance. NS means not significant. 

Mean metabolic rate was significantly higher after turning on NIR lights (t21=6.66859, 

p<0.0001) but did not differ significantly between nighttime and daytime (t21=0.516148, 

p=0.61) and there was no interaction between NIR or time of day (t21=-0.256, p=0.80) 

(linear mixed effect model).  
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Experiment 2 

 The MO2 of individual fish over the duration of Experiment 2 are shown in Figure 

6. Mummichog MO2 was similar when NIR lights were on compared with when NIR 

lights were off (t42= -0.520774, p=0.61) (Figure 7). MO2 was 14% greater during the 

nighttime comparted with during the daytime (t42= 4.187525, p<0.0001). There was no 

significant interaction between NIR lights and time of day, so NIR lighting did not affect 

the diel cycle of MO2 (t42= -0.087240, p=0.93). These results were seen in both sets of 

trials in Experiment 2, regardless of which sequence of NIR lighting on/off was used (see 

appendix, Figure A1).  
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Figure 6: Metabolic rates of individual mummichog over the duration of Experiment 2, 

which involved six diel cycles and one of two NIR illumination sequences: i) NIR lights 

were initially off, then on, then off (panel A, n=8); or ii) NIR lights were initially on, then 

off, and then on (panel B, n=7). Each fish is displayed by a coloured line denoting mean 

MO2 (± 95% (CI)). The black closed circles are the individual MO2 values of each fish 

within each measurement period over time. Grey segments represent nighttime and white 

segments represent daytime. Black vertical line represents NIR lights being turned on or 

off. 
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Figure 7: The effect of NIR light illumination on the diel cycle of metabolic rate in 

mummichog in Experiment 2 (n=15). Data are represented as boxplots with X denoting 

the mean and line detonating the median. Upper and lower hinges are 75th and 25th 

percentile, respectively. Upper and lower whiskers are upper/lower hinge ± 1.5*IQR. * 

denotes statistical significance. NS means not significant. Mean metabolic rate was 

similar regardless of whether NIR lights were on or off (t42= -0.520774, p=0.61), but did 

differ significantly between nighttime and daytime (t42= 4.187525, p<0.0001). There was 

no interaction between NIR and time of day (t42= -0.087240, p=0.93) (linear mixed effect 

model). 
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Discussion 

The results of my study do not support my hypothesis that near infrared (NIR) 

lighting affects the diel cycle of metabolic rate (MO2) in mummichog, and, by proxy, 

their activity levels (activity and MO2 in mummichogs are tightly coupled (Reeve et al., 

2022)). Although in Experiment 1 I observed an increase in MO2 after turning on the NIR 

lights, there was no interaction between NIR lighting and time of day and MO2. This 

result strongly suggested that the increase in MO2 was not correlated with NIR lights 

being turned on (Figure 5). Indeed, fish in this experiment were relatively active all the 

time, even with NIR lights off, with no significant difference between mean daytime and 

nighttime MO2 (Figure 5). However, the design of this experiment did not control for the 

potential effect of time spent in the respirometer causing an increase in activity, either by 

the fish becoming more comfortable in their environment or becoming restless. Thus, in 

Experiment 2, we ran two pairs of trials (four trials total) each with a distinct NIR 

lighting sequence to control the possible effect of time spent in the respirometer; the 

results of this experiment showed conclusively that NIR lights being on did not affect the 

diel cycle of MO2 and there was no interaction between NIR lights and time of day 

(Figure 7). The mummichogs in Experiment 2 also tended to be nocturnal, with higher 

MO2, and activity by proxy, at nighttime. Thus, my findings from experiments 1 and 2 

support the previous findings in the Speers-Roesch Lab of Reeve et al. (2022) and 

Senathirajah (2020): mummichogs, at least from our local population, are relatively 

active at all times (i.e., have a free-running cycle of MO2 and activity) or, if anything, 

tend to be more nocturnal.  
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The lack of effect of NIR lights on MO2 and specifically the diel cycle of MO2 

shows us that NIR can be used in studies with mummichog to track MO2 and activity 

over periods of time where the fish cannot be easily observed under visible light. Use of 

NIR lights has become a common practice in activity tracking in the lab especially with 

the increasing availability of inexpensive cameras, NIR lamps, and recording software, 

rather than historical approaches of measuring activity by sight or via more complex 

ultrasonic systems like those used by Kavaliers (1978, 1980). While use of NIR 

illumination has become common and is user-friendly, it is important to assess the 

suitability of methodology and experimental design to ensure we generate reliable data. 

The present study was designed with this in mind, to re-evaluate previous work of Reeve 

et al. (2022) and Senathirajah (2020) given that their findings about the diel cycle of 

mummichog, established using NIR illumination, were different than the historical 

findings of lab work by Kavaliers (1980) and several field studies (Allen et al., 1994; 

Haplin, 1997; Weisberg et al, 1981). While the results of Experiment 1 initially suggested 

that MO2 was increased under NIR illumination, we realized that the lighting sequence 

used did not control for potential effects of time spent in the respirometer, highlighting 

the importance of always reassessing methodology and experimental design. Specifically, 

in Experiment 1, the initial treatment of NIR lights off was not repeated after a 

subsequent lights on period, so we could not be sure that the increase in MO2 during the 

NIR on period was due to the NIR lights or another time-dependent factor. The design of 

Experiment 2 rectified this problem in two ways: 1) by running two types of trial each 

with a distinct NIR lighting sequences that were opposite to one another (off-on-off for 

two trials vs on-off-on for two trials) to control for the potentially confounding effect of 
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time in the respirometer, and 2) the NIR treatment of the first 48 hours (two diel cycles) 

within each trial type was repeated over the last 48 hours of the trial (i.e. on-off-on, or 

off-on-off) to observe if MO2 would return to the levels in the initial 48 hours. If NIR 

lights influenced MO2, as suggested by Experiment 1, then I expected to see in 

Experiment 2 that MO2 was elevated to a similar extent during NIR light-on periods 

regardless of when this occurred within the experimental trial. As mentioned above, the 

more rigorous design of Experiment 2 showed conclusively that NIR lights do not 

influence MO2 of mummichogs. Overall, my study demonstrates the importance of 

repeating treatments or even whole experiments, as in the case of this study, to ensure 

that results are repeatable and rigorously tested.  

 Some fish have been reported to be able to see NIR light, including zebrafish 

larvae (Danio rerio), adult tilapia (Oreochromis mossambicus,	Oreochromis niloticus), 

guppy (Poecilia reticulata), green swordtail (Xiphophorus hellerii) and cichlids 

(Coptodon sp., Pelvicachromis taeniatus), which are members of a closely related order 

(Cichliformes) to killifish (Cypridontiformes) (Hartmann et al., 2018; Lupše et al., 2022; 

Meuthen et al., 2012; Shcherbakov et al., 2013). My study provides circumstantial 

evidence that mummichog cannot see NIR light, since it had no influence on the diel 

cycle of their MO2 and, by proxy, activity. There is currently little known about the visual 

capabilities of mummichog. Gene expression analysis of specific visual proteins across 

ray-finned fishes has shown that the proteins making up cones that are sensitive to red 

light (501-573nm), which is nearest visible light to NIR, often have up to eight copies of 

the gene, depending on the species (Lupše et al., 2022). Having more red-light gene 

copies creates the potential for more mutation and production of the cones and may allow 



 

 24 

a fish to see wavelengths that are beyond the normal spectral capabilities of the cone 

(Lupše et al., 2022). The genomics of visual cones in mummichogs has only been studied 

in embryo and larval stages. As embryos, red-sensitive cone expression makes up about 

the same proportion of cones as the other cone types that allow vision at other visible 

wavelengths (Lupše et al., 2022) and as larva mummichog have a similar makeup of 

cones to the embryo stage where they can see the full spectrum of visible light (Suliman 

& Flamarique, 2014). Given that mummichog live in relatively shallow estuarine waters 

where they should have the full visible light spectrum available, their broad colour 

sensitivity is unsurprising. That said, water turbidity is an environmental factor that varies 

greatly in nearshore habitats due to high nutrient loads and dynamic currents, and 

sensitivity to NIR light may be useful in high turbidity water. In cloudier, more turbid 

water, longer wavelengths such as NIR light can penetrate further than shorter visible 

wavelengths; the extent to which a fish can see NIR light appears to be related to how 

turbid the water in their environment is (Shcherbakov et al., 2013). Thus, it is possible 

that mummichogs may have some sensitivity to NIR, but it is not a strong enough 

stimulus to affect MO2 or activity even when using the relatively intense level of NIR 

light put out by our NIR lamps. Or perhaps mummichog have a naturally free-running 

diel cycle whereby the presence or absence of light has little influence in either case. 

Further studies on the NIR sensitivity of mummichog retinas is warranted. 

Differences in historical and recent findings of the diel cycle type of mummichog 

are not likely to be a result of use of NIR lights the recent studies. My study demonstrated 

that NIR lights used for activity tracking in other recent studies did not change or affect 
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the diel cycle of mummichog. Other factors must explain the discrepancy between 

studies, and I propose and discuss support for several possibilities below.  

One possibility is the effect of grouping of fish in the different experiments. Fish 

that school or aggregate do so for safety in numbers and this will allow the group to move 

around with decreased threat of individual predation (Pavlov & Kasumyan, 2000). 

Mummichog are an aggregating species and given this logic, they may have become less 

comfortable and moved around more when individually housed in recent experiments 

from Reeve et al. (2022) and Senathirajah (2020). Behavioural studies from Reeve at al. 

(2022) allowed fish to see each other while being housed in individual chambers whereas 

for all respirometer work the enclosures were wrapped in black plastic. However, 

Kavaliers (1980) examined behaviour of both individual and schooling fish, and found 

fish were light active (diurnal) in both groupings. Kavaliers (1980) does not provide 

evidence for a change in activity or diel cycle type when fish are house individually vs in 

a group, and Reeve et al. (2022) did allow fish in behavioural trials to see each other 

where they still saw a free-running, and slightly more nocturnal, diel cycle. I suggest 

further work be done in grouped vs individual fish to confirm the findings of Kalaviers 

(1980) and further evaluate the possibility that different diel activity cycles are related to 

behavioural differences of individuals on their own or in groups.  

It is well documented that mummichog exploit rising daytime tides to forage and 

potentially as a way avoid predation in the lower range of an estuary (Allen et al., 1994; 

Haplin, 1997; Weisberg et al., 1981). Mummichog have also been found to irregularly 

exploit high tides at nighttime and have been found to actively feed at night albeit at 
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lower levels than during the daytime, which altogether could help explain why some 

populations might exhibit more nocturnal patterns than others (Haplin, 1997; Weisberg et 

al., 1981). In a lab environment, after prolonged captivity, fish would no longer 

experience the tidal cycle or predation, so it is possible that the fish changed their activity 

levels for this reason. However, this seems to be an unlikely explanation for the 

difference between Kavaliers (1980), Reeve et al. (2022) and Senathirajah (2020) 

because they all studied lab captive populations yet found different results. 

Fish are known to show plasticity in their diel cycles in response to environmental 

factors, which may include temperature, diel lighting pattern and salinity, and may vary 

over a spatial scale (Reebs, 2002). The populations studied by Kavaliers (1980) and 

previous field studies (Allen et al., 1994; Haplin, 1997; Weisberg et al, 1981) are more 

southerly distributed than those studied by me, Reeve et al. (2022), and Senathirajah 

(2020). Perhaps, there could be population-specific variation in diel cycle of 

mummichogs as a result of local environmental conditions or other population-specific 

factors. There are two recognized species of mummichog along the eastern coast of North 

America, with the southern species, Fundulus heteroclitus heteroclitus, ranging from 

southern Florida to northern New Jersey including lower Chesapeake and Delaware bays, 

and the northern, Fundulus heteroclitus macrolepidotis, ranging from Connecticut to 

Newfoundland with populations in upper Chesapeake and Delaware bays (Able & Fahay, 

2010). There are well-documented differences in physiology between the northern and 

southern subspecies of F. heteroclitus, such as upper thermal tolerance, expression of 

heat shock proteins, and gene frequency of enzyme systems (Fangue et al., 2006; Powers 

& Place, 1978). The historical studies on mummichog diel cycles were done in locations 
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on the cusp of the transition area between the southern and northern populations (Barn 

Island Wild- life Management Area, Stonington, CT, Allen et al., 1994; Rumstick Cove, 

Barrington, RI, Haplin, 1997; Canary Creek Marsh, Lewes, DE, Weisberg et al, 1981), 

where there may have been some mixing of the populations. In contrast, the mummichog 

studied by me, Reeve et al. (2022), and Senathirajah (2020) were the northern subspecies 

collected in New Brunswick and, furthermore, were all sampled from the same location 

(Sam Orr Pond, Bocabec, NB). Given the known differences in various ecologically 

important physiological traits among mummichog subspecies, it is possible also that there 

are distinct diel cycles between the two. Furthermore, population specific differences 

have been observed in other estuarine species, such as American shad (Alosa 

sapidissima), where southern and northern populations allocated different proportions of 

their energy reserves to migration to ensure higher post larval survival (Leggett & 

Carscadden, 1978). Those in more thermally variable habitats allocated more energy to 

migration (Leggett & Carscadden, 1978). Due to the highly variable nature of the 

estuarine environment along the broad distribution of mummichogs, it is possible that 

varying diel cycles may be observed between different populations of mummichog. 

The diel cycle of mummichogs does not, however, appear to be affected by 

photoperiod or salinity, despite the large changes in these factors that occur in 

mummichog habitat across its distribution and across seasons (Senathirajah, 2020). 

Specifically, Senathirajah (2020) explored the effect of photoperiod (winter vs. summer) 

and water salinity (half vs. full-strength seawater) on diel cycles of activity in 

mummichogs, but found no consistent effect; rather, fish were active during both 

nighttime and daytime or, if anything, were slightly more nocturnal under a summer 
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photoperiod at half and full-strength seawater (but this was not statistically significant). 

Thus, it appears unlikely that differences in salinity or photoperiod between previous 

studies have influenced their conclusions about the diel cycles in mummichogs. 

Temperature is a master factor with influence over virtually all aspects of fish 

biology (Fangue et al., 2006; Fraser et al., 1993; Reebs, 2002; Reeve et al., 2022). It is 

well documented in other fish species that temperature can change an animal’s pattern of 

activity (Fraser et al., 1993; Reebs, 2002). Mummichog in Senathirajah’s (2020) study 

and the present study were acclimated and experimented on at 14ºC which is a typical 

summer temperature in their habitat along the Fundy coast. Reeve et al (2022) showed 

similar results at 14ºC and with cooling to 2ºC. On the other hand, the previous field 

studies (Allen et al., 1994; Haplin, 1997; Weisberg et al, 1981) conducted in Connecticut, 

Delaware, and Rhode Island were at lower latitudes where their average summer 

temperatures are higher (e.g. water temperatures were 28ºC-30ºC in Haplin (1997)). The 

lab study from Kavaliers (1980) ran experiments on fish at 20ºC. Thus, the previous 

studies were run at considerably warmer temperatures than here or in Reeve et al. (2022) 

or Senathirajah (2020), so it is possible that the differences in reported diel cycle type 

between studies could be related to the use of warmer water temperatures in the earlier 

studies. Given the strong repeated discovery of a free-running or nocturnal diel cycle in 

mummichog at or below 14ºC (Senathirajah, 2020; Reeve et al., 2022; present study), 

perhaps mummichog may exhibit a switch in diel cycles of MO2 and activity between 

warmer and colder temperatures, which has been observed in other fishes such as Atlantic 

salmon (Fraser et al., 1993) and in pumpkinseed sunfish (Reeve et al., 2022). 
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To better understand the diel cycles of mummichog and the cause of the 

discrepancy between historical and more recent studies about their type of diel cycle of 

activity, future research should explore spatial differences in mummichog populations, 

which may result from the existence of two distinct subspecies or because of plasticity or 

adaptation within the species in different locations. Broader work examining group and 

individual behaviour in mesocosms to better mimic their natural habitat may also provide 

a better picture as to how diel activity may change in these fish. Furthermore, further 

investigations of mummichog activity at warmer temperatures is warranted, given that at 

and below 14ºC there is a nocturnal or free running diel cycle (Reeve et al., 2022; 

Senathirajah, 2020; present study) whereas a diurnal cycle has been observed at 20ºC 

(Kavaliers, 1980). In any case, as my study demonstrates, NIR illumination can be 

considered a valuable and reliable tool to visualize mummichog under low light or dark 

conditions with little risk of influencing activity or metabolic rate measurements. 
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Appendix 

 

Figure A1: The effect of two distinct sequences of NIR light illumination on the diel 

cycle of metabolic rate in mummichog in Experiment 2, where either i) lights initially 

were off, then on, then off (n=8) (Panel A), or ii) lights initially were on, then off, then on 

(n=7) (Panel B). Data are represented as boxplots with X denoting the mean and line 

denoting the median. Upper and lower hinges are 75th and 25th percentile, respectively. 

Upper and lower whiskers are upper/lower hinge ± 1.5* IQR. * denotes statistical 
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significance. NS means not significant. Mean metabolic rate did not differ significantly 

after turning on NIR lights under both treatments (Panel A: t21= -0.927766, p=0.36, Panel 

B: t21= 0.286102, p=0.78), did differ significantly between daytime and nighttime (Panel 

A: t21= 3.164222, p=0.0047, Panel B: t21= 2.650110, p=0.0.0163), and there was no 

interaction between NIR or time of day (Panel A: t21= 0.240339, p=0.81, Panel B: t21= -

0.408149, p=0.78) (linear mixed effect model). 

 


