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ABSTRACT

As fish are ectotherms, temperature is an important environmental factor, making the
cold and poor food availability of winter a critical constraint. Winter dormancy (sheltering,
inactive state involving reduced or no feeding) can be a strategy utilized to survive winter. I
investigated a winter-dormant fish, the cunner (Tautogolabrus adspersus), to test the hypothesis
that fasting is an obligate behavior of dormancy. I predicted that cunner exposed to temperatures
below the dormancy threshold (~7.3°C) will have a higher thermal sensitivity to food
consumption than those held above the threshold. I recorded the daily food consumption and
growth rate in cunner over 28 days at several seasonal temperatures (15°C, 12°C, 9°C, 6°C, and
3°C). Even when food was available below the dormancy threshold, cunner did not feed or fed at
an extremely low level, which constrained growth at approximately 9°C. Thus, appetite and

growth are greatly, or even completely, suppressed during dormancy.
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The effects of temperature on food consumption, growth rate, and somatic

indices in the winter-dormant cunner

Introduction:

Fish species are found all over the world, from deserts to the Arctic, and they have
evolved adaptations that allow them to survive in a diverse range of habitats (Rankin and Jensen,
1993). The morphology, physiology, and behavior of fishes are tuned to cope with the challenges
that they face in their corresponding ecosystem (Rankin and Jensen, 1993). As fish are
ectotherms, their body temperature matches that of their surroundings, resulting in temperature
having profound influences on their physiology, ecology, and behaviour (Shuter et al, 2011;
Farrell, 2011). For example, cooling body temperature will slow biochemical and physiological
rates, such as metabolic rate, which can limit performance, such as growth (Schulte, 2015).
Based on this, temperature is one of the main factors that controls the distribution and persistence
of fish species globally (Farrell, 2011). In particular, winter poses a major constraint on the
persistence of poleward fish, as they must contend with the cold, as well as poor food availability
(Shuter et al, 2011; Speers-Roesch. et al, 2018).

Similar to what is seen in other animal species, fishes have evolved three responses to
cope with the challenges of winter: migration, resistance, or hibernation (Marchand, 2013).
Migration involves moving away from an unfavorable environment to one that will provide
better conditions (Farrell, 2011). In the case of fish, this often results in their movement from
shallow, colder water in winter, to deeper and relatively warmer water (Evans et al, 2014).
Resistance is another method, in which fish stay and endure the winter and the stresses of the

season by maintaining activity, including feeding and growing, although at a potentially lower



level (Marchand, 2013). Thermal plasticity plays a role in resistance, whereby physiological
adjustments allow the fish to compensate for temperature changes within the environment
(Franklin et al, 2007). The final method that animals can use is hibernation (Evans et al, 2014;
Crawshaw, 1984). Hibernation is another defense against the cold and low food availability,
whereby the animal enters an energy-saving state of inactivity and low metabolic rate
(Marchand, 2013). Although this can be a useful strategy, it has a trade-off of the animal
surviving for an uncertain period of time on finite energy reserves, be it in the form of cached
food, or the internal energy stores (e.g. fat) in the body (Marchand, 2013). Hibernation is well-
known in mammals and involves a regulated depression of body temperature (Marchand, 2013).
A hibernation-like state also occurs in a number of fish species, where low winter water
temperatures cause them to enter a torpor (sleep-like) state called winter dormancy (Moran et al,
2018; Speers-Roesch et al, 2018; Babichuk and Volkoff, 2013).

Winter dormancy is a reversible seasonal phenotype that allows certain fishes to persist in
the cold and food-poor waters of winter (Speers-Roesch et al, 2018). Winter dormancy is
characterized by a large reduction in food consumption, locomotion, and metabolic rate below a
specific dormancy threshold temperature (Babichuk and Volkoff, 2013; Speers-Roesch et al,
2018). Dormancy will continue to be exhibited until temperatures begin to increase above the
dormancy threshold in the spring, at which point the fish will return to the normal state they
would exhibit during summer (Babichuk and Volkoff, 2013; Speers-Roesch et al, 2018). One
example of a fish species that engages in winter dormancy is the cunner (Tautogolabrus
adspersus) (Speers-Roesch et al, 2018).

Cunner are a common wrasse (Labridae) species found in the coastal waters of the North

Atlantic Ocean, ranging from Chesapeake Bay, USA to the Gulf of Saint Lawrence and
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Newfoundland, Canada (Colette and MacPhee, 2002). During winter, cunner typically do not
retreat to warmer, deeper water, but rather remain in shallow water and enter winter dormancy
within rock crevasses for the duration of the winter months (though it has been observed that
some larger individuals do move slightly offshore) (Green and Farwell, 1971; Colette and
MacPhee, 2002). Although it was originally believed that winter-dormant cunner engaged in
metabolic rate depression (i.e. downregulation of metabolic rate below normal resting level), it
was recently discovered that this was not the case, and that the decrease in metabolic rate was
simply due to a reduction in activity and the passive slowing effects of the cold on underlying
cellular biochemistry (Speers-Roesch, 2018). The decrease in activity is thought to be associated
with a large decrease in food ingestion, resulting in them fasting for up to 5 months, although
this has never been quantified (Hayes and Volkoff, 2014; Colette and MacPhee, 2002).

The temperature at which cunner go dormant (i.e. the dormancy threshold temperature)
varies. Studies on Newfoundland cunner have anecdotally reported that they become dormant
below 5°C (Costa et al, 2013; Babichuk and Volkoff, 2013), while cunner from Connecticut
anecdotally go dormant below 10°C (Moran et al, 2018). Rowsey et al. (in prep) carefully
measured the dormancy threshold temperature to be a mean of 7.3°C for a lineage of cunner
from Nova Scotia. Thus, there may be a latitudinal gradient in winter dormancy threshold
temperature among cunner populations, with northern populations entering dormancy at colder
temperatures than southern populations; however, this remains to be confirmed experimentally.

Little is known about how the physiological responses considered to be typical of winter
dormancy in fishes change in relation to the winter dormancy threshold temperature. For
example, although many studies make the anecdotal observation that cunner fast and do not grow

during winter dormancy, there has not been a study that quantifies at what temperature these
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responses occur and whether there is any capacity for episodic, compensatory, feeding during
dormancy. The aim of my study is to characterize the effect of temperature acclimation on the
food consumption and growth rate of cunner. I hypothesize that fasting in cunner is an obligate
behavior of dormancy, with the rationale that dormancy is an overwintering strategy that de-
prioritizes active foraging at a time when food availability is low, or when the cold constrains
digestion. I predict that at acclimation temperatures below the dormancy threshold, even when
food is available, cunner will not eat it and, as a consequence, will show negative growth. In
conjunction to this, I also predict that cunner held at temperatures above the dormancy threshold
will continue to feed and their food consumption will be less thermally sensitive than those held

below the dormancy threshold.

Methods
Animals and Housing

120 cunner of the Nova Scotian lineage were obtained from a rearing population at
Cooke Aquaculture a year and a half prior to the experiment. The fish were transferred to UNB
Saint John and were held in 40-gallon tanks supplied with recirculated, aerated and filtered
seawater (14°C, 35 ppt) under a winter photoperiod (10L:14D) for a year and a half prior to the
experiment. The cunner were fed every second day with commercial salmon pellets (Skretting

Gemma, 1.5mm).

Experimental Set-Up
5 temperature systems (i.e. 5 temperature treatments, see below) were used during the

experiment, each with 24 fish per treatment (n = 24). Within each temperature system, fish were
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housed individually in a plastic container (20 cm x 15.5 cm x 9.7 cm) that also contained a 10 cm
PVC pipe shelter. The containers were placed on a submerged rack in a larger, outer tank
containing filtered, aerated, recirculated seawater at 14°C. The rack was near the water surface
such that the containers were almost completely submerged. Holes were drilled around the base
of the container to allow for adequate water flow through, and spot checks of oxygen levels and
ammonia levels in chambers were carried out and found to be normal. The water in each
temperature system was temperature-controlled by circulating the water through an Arctica
chiller using a submersible pump (JBJ Chillers, St Charles, MO, USA). Another pump was

placed in the outer tank to ensure adequate mixing of the tank water.

Temperature Protocol

Each of the 5 temperature systems were exposed to one of the following acclimation
temperatures: 15°C, 12°C, 9°C, 6°C, and 3°C. All systems were initially held at a temperature of
15°C for two weeks before the cooling period began. The systems were then cooled at a rate of
1°C per day such and were staggered such that they would all reach acclimation temperature on
October 29", 2019. Given that some fish were not consuming any food during the first few days
of holding in the experiment, they were replaced with new fish before continuing. It should be
noted that only 14 individuals were replaced (October 16, 2019). Once they reached acclimation
temperature, they remained at this temperature until December 171, 2019, as some of the
individuals were being used in another experiment. Although they were held until this point,

final growth measurements were taken on November 28, 2019.



Food Consumption

Food consumption was assessed daily throughout the acclimation period at each
temperature. Each morning, fish were individually fed 18 Skretting Gemma 1.8mm pellets,
which was equivalent to 2% body weight for the average weight of the fish, which was 6.88 g.
The following morning (i.e. 24 hours later), I recorded the number of pellets remaining that the
fish had not consumed. By subtracting the remaining pellets from 18, I was able to calculate the
number of pellets eaten per day. Remaining pellets and any waste were then removed by pipette,
at which point another 18 pellets were provided to restart the measurement cycle for the

subsequent day.

Measuring Growth Rate

The measurements taken for the growth rate were the weight (g), standard length (cm),
and total length (cm). Since all fish were housed individually, it was possible to keep track of
each fish’s growth. All fish were weighed at the beginning of the experiment at the day they
reached their acclimation temperature (t=0 days) and at the end of the acclimation period (t=28
days). The equation used to calculate growth rate was (Lugert et al, 2014):

log(weight at time=t)—log(initial weight
SGR (specific growth rate) = glweig timZ—t &( ght) x 100

In addition, Fulton’s condition factor was also calculated to determine the condition of
health of the cunner’s body at both the start of acclimation and at the end of the acclimation

period. The equation used to calculate Fulton’s condition factor was (Kurkilahti et al, 2000):

1loo x weight (g)
standard length (cm)”3

K (Fulton’s condition factor) =

10



Somatic Indices of Liver and Gut Size

Dissections were conducted on December 9, 10%, 14", and 17, 2019 and all fish were
sampled randomly. A different number of fish were sampled from different treatments due
logistical reasons and due to some temperatures deemed being more important (ie. 15°C being
the maximum temperature, 9°C being near the winter dormancy threshold, and 3°C being the
minimum temperature). The number of fish sampled from each temperature is as follows: 15°C
with n=20, 12°C with n=12, 9°C with n=20, 6°C with n=12, and 3°C with n=24. Liver weight
was recorded, along with gut length and weight, and, if possible, the sex was determined, and the
gonad weight was measured. From these values, the hepatosomatic index, gonadosomatic index,

gut length index, and gut weight index were calculated (Jan and Ahmed, 2016; Quang et al,

2018).

.. Liver weight
Hepatosomatic index = .g (&) x 100%

Total weight (g)

.. Gonad weight

Gonadosomatic index = - ght (8) x 100%
Total weight (g)
) Gut weight
Gut mass index = g (&) x 100%
Total weight (g)

. _ Gutlength (cm) o
Gut length index = Total length (cm) x 100%

Statistical and Thermal Sensitivity Analysis

All statistical analyses were carried out in RStudio, Version 1.2.5033. The effect of
acclimation temperature on hepatosomatic index, gonadosomatic index, gut length index, gut
mass index, and specific growth rate was analyzed using a one-way ANOVA with a post-hoc

Tukey-test. The effect of acclimation temperature and time on food consumption was analyzed
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using a linear mixed model, with temperature and time as fixed factors and fish ID as a random
factor. The relationship between food consumption and growth rate was explored by plotting the
percentage of daily ration consumed by the specific growth rate. Statistical significance was
accepted at p-value<0.05. In addition, Q1o values were calculated to determine the thermal
sensitivity of feeding in the different temperatures.

Q10 = (Ro/R))!02-)

R = reaction rate measured at temperature T

R»> = reaction rate measured at temperature T

T = temperature that reaction rate R; was measured at

T> = temperature that reaction rate R; was measured at

Results
Food consumption

There was a statistically significant difference in food consumption across temperatures
(p-value = <0.0001); however, there was not a statistically significant difference in food
consumption across the duration of the acclimation period (p-value = 0.1476) (Fig. 1). When
conducting pair-wise comparisons, it was determined that there was a statistically significant
difference between all temperature pairs (Fig. 2) (Table 1). There was not a large difference
between the average feeding rate of 15°C and 12°C (Fig. 1), though there was still a significant
difference (p-value = 0.009). On average, 15°C fish consumed 17.5 pellets and 12°C consumed
16.8 pellets, with fish in both treatments generally eating the majority of their daily ration (Fig. 3
and 4). A large decrease in feeding to only approximately 7.5 pellets daily was observed at 9°C

when compared to 12°C and 15°C fish. I also observed a large amount of variation among the
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fish acclimated to 9°C, with some individuals beginning to decrease food consumption to nearly
the extent of 6°C and 3°C fish, while others were still feeding at a rate similar to that in the 15°C
and 12°C treatments (Fig. 5). Fish acclimated to 6°C had the second-lowest mean daily
consumption of pellets (2.34 pellets) and those acclimated to 3°C had the lowest (0.30 pellets).
Within the 6°C and 3°C treatments, the general trend amongst all the fish is that they were
beginning to consume almost none of their daily ration on most days (Fig. 6 and 7), with this
being most evident in the 3°C temperature treatment. Sporadic feeding was observed at some
point during the acclimation period for all fish acclimated to 3°C, though they often only were
consuming 1 or 2 pellets.

When Q1o values were calculated, normal values were seen in fish acclimated to
temperatures above the dormancy threshold (Table 2). However, once fish were acclimated to
temperatures below this threshold there was a marked increase in the Qi value (Table 2). The
highest Q10 value observed was 963.58, which was between 6°C and 3°C, thus indicating high

thermal sensitivity.
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Table 1. Post-hoc Tukey test p-values for the comparison of food consumption in cunner

between 5 temperature treatments (15°C, 12°C, 9°C, 6°C, and 3°C, n=24).
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Figure 1. Daily food consumption of cunner during acclimation (28 days) to 5 different

temperature treatments (15°C, 12°C, 9°C, 6°C, and 3°C). Data are means +/- standard error

(n=24).
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Figure 2. Comparison of mean percent of daily ration consumed in cunner across 5 temperature
treatments (15°C, 12°C, 9°C, 6°C, and 3°C, n=24). There was a statistically significant

difference between all temperatures (p-value = <0.0001). X represents the mean, the horizontal
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line the median, with the Q1, Q3, minimum, maximum, and outlier values also displayed.
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Figure 3. Food consumption of individual cunner in the 15°C temperature treatment across the

acclimation period (28 days).
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Figure 4. Food consumption of individual cunner in the 12°C temperature treatment across the

acclimation period (28 days).
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Figure 5. Food consumption of individual cunner in the 9°C temperature treatment across the

acclimation period (28 days).
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Figure 6. Food consumption of individual cunner in the 6°C temperature treatment across the

acclimation period (28 days).
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Figure 7. Food consumption of individual cunner in the 3°C temperature treatment across the

acclimation period (28 days).
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Table 2. Q10 values comparing thermal sensitivity of food consumption of cunner between the 5

temperature treatments (15°C, 12°C, 9°C, 6°C, and 3°C).

15°C 12°C 9°C 6°C 3°C

15°C 1.15 4.12

12°C

9°C

6°C

3°C

Growth Rate

Growth rate decreased significantly with colder acclimation temperature. All fish
acclimated to 15°C had a positive growth rate (Fig. 8). Although a few fish acclimated to 12°C
had negative growth (Fig. 8), the majority showed positive growth, resulting in a positive
specific growth rate that was statistically similar to that at 15°C (Fig. 9). The 9°C acclimation
group had a more variable spread in growth rate, with nearly 50% of the fish experiencing
negative growth rate (Fig. 8), resulting in a significant decrease in mean growth rate to only
0.02% per day (Fig. 9). The mean growth rate in both 6°C and 3°C acclimation groups was
negative (Fig. 9), as only 2 fish at 6°C experienced positive growth rate and all fish at 3°C
experienced negative growth (Fig. 8). A p-value of 1.154 x 10-?° was calculated when comparing
the specific growth rate across the temperatures. After conducting a post-hoc Tukey test, the only
specific growth rates between temperatures that were not significant were 15°C-12°C, 9°C-6°C,

and 6°C-3°C, while all other comparisons were significant.
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Figure 8. The relationship between average daily food consumption of each cunner in each
temperature treatment (15°C, 12°C, 9°C, 6°C, and 3°C, n=24 for each treatment) across the full
acclimation period (28 days) and the same individual’s specific growth rate over that time. Each
treatment is fitted with a regression line, which generates a regression equation and

corresponding R? value.
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Figure 9. Effect of 5 temperature treatments (15°C, 12°C, 9°C, 6°C, and 3°C, n=24 for each
treatment) over an acclimation of 28 days on cunner specific growth rate. The post-hoc Tukey
test showed there was no statistically significant difference between 15°C-12°C (p-value =
0.109), 9°C -6°C (p-value = 0.09), and 6°C-3°C (p-value = 0.688). There was a statistically
significant difference between 15°C -9°C (p-value =>0.000001), 15°C-6°C (p-value =
>(.000001), 15°C-3°C (p-value => 0.000001), 12°C-9°C (p-value = 0.0005), 12°C-6°C (p-value
=>0.000001), 12°C-3°C°C (p-value => 0.000001), and 9°C-3°C (p-value = 0.002). X represents
the mean, the horizontal line the median, with the Q1, Q3, minimum, maximum, and outlier

values also displayed.
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Somatic Indices of Liver and Gut Size

Acclimation temperature had no significant effect on hepatosomatic index,
gonadosomatic index, and gut mass index (Fig. 10). Temperature did have a significant effect on
gut length index (Fig. 10), with differences in gut length observed between fish in treatments
12°C-3°C and 12°C-9°C. When looking at Fulton’s condition factor, there was no significant

difference between any of the temperature treatments (Fig 11).
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Figure 10. The effect of 28 days acclimation to 5 different temperatures on A) Hepatosomatic
index between 5 temperatures (15°C and 9°C, n=20; 12°C and 6°C, n=12; 3°C, n=24), which had
no statistically significant differences (p-value = 0.160) B) Gonadosomatic index between 5
temperatures (15°C with n=12, 12°C with n=6, 9°C with n=15, 6°C with n=8, and 3°C with

n=20), which was not statistically significant (p-value = 0.453) C) Gut mass index between 5
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temperatures (15°C and 9°C, n=20; 12°C and 6°C, n=12; 3°C, n=24) D) Gut length index
between 5 temperatures (15°C and 9°C, n=20; 12°C and 6°C, n=12; 3°C, n=24). X represents the

mean, the horizontal line the median, with the Q1, Q3, minimum, maximum, and outlier values

also displayed.
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Figure 11. Effect of 5 temperature treatments (15°C and 9°C, n=20; 12°C and 6°C, n=12; 3°C,
n=24) on Fulton’s condition factor in cunner. There was no significant difference between the 5
treatments (p-value = 0.34). X represents the mean, the horizontal line the median, with the Q1,

Q3, minimum, maximum, and outlier values also displayed.
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Discussion

My results do not support my hypothesis, as there was not a complete fasting when
cunner were below the dormancy threshold; however, there was such a high depression in
feeding that it resulted in negative growth, though this did not cause the body condition to drop
to an unhealthy level. There was a very low sporadic level of feeding, with a high thermal
sensitivity of food consumption below the dormancy threshold. Even when food was available,
cunner did not take advantage of it, though they did not technically fast. Based on these findings,
I determined that a near complete suppression of appetite in cunner is an obligate winter-
dormancy behavior, which resulted in negative growth. There were only low levels of sporadic
feeding at 3°C and 6°C, which were below the dormancy threshold temperature of approximately
7.3°C (Fig. 7). In general, when fish were held above the dormancy threshold, they consumed
food, although it had normal levels of thermal sensitivity (Fig. 7). Interestingly, there was a large
amount of individual variation observed in the 9°C treatment, especially for growth rate. This
variability at 9°C and 6°C is likely explained by some individuals having a lower dormancy
threshold than others, which Rowsey et al. (unpublished) and Green and Farwell (1971) have
noted for cunner. Individual variation in dormancy threshold temperature would then explain
why some individuals fasted at warmer temperatures, while some continued feeding at cooler
temperatures. Intriguingly, many fish that continued to feed at relatively high levels
(approximately 40-50% of food consumed) at 9°C still showed negative growth rates (Fig. 7),
suggesting constraints of cooling on food processing or growth processes may occur within the
animal that occur prior to complete appetite suppression. At the coldest temperatures of 6°C and
3°C, which is typical of the winter ocean temperatures that cunner experience in the wild, many

or most fish ceased to take advantage of provided food, with the trade-off of negative growth.
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Thus, a near complete suppression of appetite is an obligate behavior in cunner despite the trade-
off of weight loss.

The conclusion that cooling below the dormancy threshold temperature profoundly
affects feeding rate is supported by Q1o values, indicating the thermal sensitivity of food
consumption (Table 2). Based on Q1o values, cunner acclimated below the dormancy threshold
or beginning to approach it 9°C had a very high thermal sensitivity (Table 2). It should be noted
that the Q1o value between 15°C and 12°C may not be wholly accurate, as the 15°C fish were
limited to 18 pellets per day. This may have resulted in them not eating to their potential full
capacity, which may have skewed this Q1o value. Nonetheless, the Q10 values determined
indicate there is an extreme thermal sensitivity with cooling below the dormancy threshold
compared with above. When compared to a temperate cold-water fish species that continues to
feed and grow in the winter, cod (Gadus morhua), cunner have a much more drastic thermal
sensitivity of feeding rate. When cod from Nova Scotia were cooled from 8.3°C to 4.5°C and
0.6°C , it was observed that they still consumed food and that their Q1o values remained
consistent and at a normal level for physiological processes (Qio = 3.05-3.20) (Brown et al,
1989). This contrasts starkly with the cunner used in my experiment, where Q1o values ranged
from 1.15 to 963.58, with the higher thermal sensitivity observed below the dormancy threshold.
These high Q1o values indicate that as temperature decreases, cunner food consumption is
actively downregulated to a near fasting state. In comparison, the Q1o for cunner resting
metabolic rate (i.e. energy demand) during cooling to winter-dormant temperatures is
approximately 3.0 (Speers-Roesch et al, 2018). Thus, the decrease in food consumption with

cooling to winter temperatures is much greater than the decrease in energy demand, with the
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inference that appetite is actively suppressed and that cunner must mobilize body energy stores
in order to persist through dormancy.

Indeed, cunner growth rate decreased with cooling and became negative once the
temperature approached or fell below the dormancy threshold temperature. Once cunner crossed
below the dormancy threshold, there was negative growth rate in all but 2 individuals from the
6°C treatment (Fig. 7 and 8). Even in the fish acclimated to 9°C, it was observed that
approximately 50% of the individuals experienced negative growth (Fig. 7), presumably due to
approaching the dormancy threshold. The negative growth rate observed indicates that the fish
were not able to sustain their metabolic rate, despite their inactivity and previously mentioned
passive effects of the cold on resting metabolic rate (Speers-Roesch et al, 2018). Cunner can
once again can be contrasted to cod, which were observed to have a positive growth rate, even
when exposed to 0.6°C (Brown et al, 1989). The negative growth rate observed in cunner when
compared to cod begs the question of why cunner would still not consume food, even when it
was presented to them, particularly when having a negative growth rate is often detrimental to
the animal.

Cunner seem to show growth rate reduction comparable to fish that are starved in winter.
For example, Atlantic salmon have a significantly decreased growth rate when food is withheld
during winter conditions, as tested in the laboratory by Duston and Saunders (1999). Atlantic
salmon do not typically fast during the winter, however, so the comparison to cunner illustrates a
difference between the two species in that cunner are able to maintain a healthy Fulton’s
condition factor despite a negative growth rate, while Atlantic salmon are unable to when food is
withheld. Juvenile Atlantic salmon were observed to have a significant decrease in body

condition factor from 1.17-1.12 to 1.05-1.06 when they were deprived of food during normal
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winter months (Duston and Saunders, 1999). The lack of change in Fulton’s condition factor
illustrates that although cunner are experiencing a negative growth rate, they are not only losing
weight, but also decreasing in length, which allows them to remain in a healthy body condition
despite fasting. There may be a trade-off of being smaller in overall size, however. The
mechanisms and implications of this unusual maintenance of condition factor despite negative
growth should, therefore, be further investigated.

In conjunction to this, I examined different somatic indices to ascertain the internal
energy reserve site being used by cunner. When fish are exposed to low food availability, there
are generally three phases of starvation that they follow (Bar and Volkoff, 2012). The first phase
typically only lasts a few days, during which the fish uses up circulating protein, glucose, and fat
within the body (Bar and Volkoff, 2012). In the second phase, they begin to mobilize stored fat
as the main source of energy, and, depending on the size of the fat stores, this steady state of fat
use can last several weeks (Bar and Volkoff, 2012). Eventually the stored fats are depleted to a
critical value, at which point the animal transitions to the third phase (Bar and Volkoff, 2012). In
this third phase, proteins are degraded and mobilized as the primary energy source (Bar and
Volkoff, 2012). Thus, it would be expected that the cunner in my experiment were
predominantly in phase two of starvation, as this phase typically lasts for weeks, which is the
approximate duration of the acclimation period. With this, we would expect cunner to rely
primarily on their liver (their fat storage site) for energy, leading to the loss of liver weight
relative to the body weight. Although this was expected, I found no significant differences in
hepatosomatic index between different temperatures. This is likely explained by any loss of liver
weight being associated with a similar reduction in overall animal body weight, resulting in a

proportional weight decrease that did not affect the hepatosomatic index ratio. This suggests that
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cunner do not have the typical response to starvation with first using their lipid stores, but rather
have a common mobilization of fuel from both the liver and other body tissues (likely muscle).
In some fish species, it has been observed that gut length decreases after even a short
starvation period (Bar and Volkoff, 2012). The only comparison of temperature treatments that
yielded a statistically significant difference in gut length was between 12°C and 9°C, as well as
12°C and 3°C, which may have simply been due to individual variation prior to the experiment.
When looking at the other somatic indices, there was not a significant difference observed in gut
mass between the different treatments, which may be due to there not being enough time for the
gut to respond to fasting, or due to cunner not modifying their gut mass when undergoing
starvation periods. It is also possible that the gut decreases in weight along with the overall
weight in the animal, resulting in an insignificant result, similar to the liver. When looking at
another cold-water species, the Atlantic salmon, it was observed that there was generally a
dramatic decrease in gut mass, though the gut length often decreases at a fairly slow rate during
the fasting period (Krogdahl and Bakke-McKellep, 2005). This contrast to cunner illustrates that
although there are general trends that most fish species follow, it is still possible that cunner
utilize a different method, in which they do not alter their gut morphology, or do so at a much
slower rate than other species. In addition, it is often noted that fish change their gut in order to
maximize overall energy that they return from the diet they are consuming (Zaldua and Naya,
2014). As cunner feed at such low, sporadic levels, it is also possible that the alteration of the gut
is not worth cost, as they will be feeding so infrequently that there would not be a gain, or that
maintaining their gut at normal lengths and weights allows them to better process what little food

does enter there system. This intriguing observation of lack of change in gut length is a question
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that could further be investigated in order to get a better understanding of the effects of winter
dormancy on cunner.

Although gonadosomatic index was evaluated for majority of the fish, they were
juveniles, which caused identification of sex to be difficult and thus comparisons of
gonadosomatic indices may not be warranted. Despite this, it is still interesting to note that there
was no change in gonad size, as winter is typically a critical time period for energy and it would
not be expected for the fish to expend extra energy to maintain their gonads at this time
(Nitschke et al, 2015). Winter dormancy still, however, does pose constraints on reproduction, as
it often controls spawning season time (Nitschke et al, 2015). Cunner typically spawn during a 4
to 5-week period from early July to early August and typically must be active for at least 40 days
after exiting dormancy before being able to spawn (Pottle and Green, 1978). It has also been
observed that spawning is immediately inhibited after dormancy due to depleted energy reserves
(Nitschke et al, 2015). Based on this, the cunner in my experiment may have begun to allot some
of their body reserves to reproductive organs during winter dormancy such that they would be
able to acquire the last of the energy required early in the summer in order to reproduce at the
appropriate time.

The main discovery is that while cunner do not exhibit a true fast during winter
dormancy, they feed at such low, sporadic levels below the dormancy threshold that it results in
negative growth. Presumably, this is due to their food intake no longer supporting their metabolic
rate below the dormancy threshold. This suggests that there is a trade-off in winter dormancy of
a negative growth rate, despite the potential disadvantage this poses come spring. According to
evolutionary theory, although the cost of negative growth rate in cunner may be great, the

benefits of not foraging are greater, allowing for the evolution of fasting in winter dormancy
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(Nas, 2016). It is possible that obligate near-fasting associated with winter dormancy evolved as
a result of one or more of 3 scenarios: cunner remain inactive and do not forage because they
cannot swim well or digest and assimilate food well in cold water; cunner remain inactive in
order to maintain a decreased metabolic rate and not cause an even greater weight loss due to
inefficient foraging abilities (e.g. poor swimming); and/or their winter habitat normally has poor
food availability which makes foraging non-optimal. To expand on this more in the future, it
should be explored whether cunner appetite is suppressed in an obligate manner due to not being
able to digest and assimilate food at cold temperatures, or simply because an instinctual

suppression of appetite has evolved to avoid non-optimal feeding at the food-poor winter.
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Appendix Title

Table 3. Cunner weight (g), standard length (cm), and total length (cm) compared across the 5

temperature treatments (15°C, 12°C, 9°C, 6°C, and 3°C) once acclimation temperature was

reached.
Fish Number Temperature (°C) Weight (g) SL (cm) TL (cm)
1 15 11.582 8.7 9.9
2 15 10.213 7.6 9
3 15 8.837 7.5 8.5
4 15 7.713 7.4 8.5
5 15 8.848 6.8 8
6 15 6.71 6.9 7.8
7 15 6.276 7.3 8.4
8 15 9.237 8.3 9.4
9 15 6.504 7.9 7
10 15 8.409 8.2 9.2
11 15 8.407 8.3 9.4
12 15 7.883 8.2 9.2
13 15 5.545 7.2 8.1
14 15 6.154 7.2 8.2
15 15 10.395 8.3 9.5
16 15 6.278 6.9 7.9
17 15 6.28 7.5 8.8
18 15 6.798 7.4 8.4
19 15 6.202 6.5 7.5
20 15 7.732 7.5 8.5
21 15 5.277 6.5 7.4
22 15 10.707 8 9
23 15 5.358 6.7 7.5
24 15 7.386 7.2 8.2
1 12 6.595 6.5 7.5
2 12 8.746 7.7 8.8
3 12 5.164 6.5 7.6
4 12 9.055 8 9
5 12 7.108 7.2 8.5
6 12 7.085 7.4 8.4
7 12 9.967 7.9 9
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6.174
6.101
6.698
8.262
5.12
8.12
9.362
7.303
7.566
7.804
8.666
7.787
8.142
4.963
10.781
6.833
7.995
4.304
9.109
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6.051
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8.936
6.056
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5.039
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9.034
5.24
12.046
4.865

7.2
6.6
6.8
7.7
6.4
7.3
8.1
7.4
7.6
7.4
7.5
7.6
7.4
6.5
8.8
7.3
7.4

7.8
7.1
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7.7
8.9
7.4
8.1
9.3
8.3
8.8
8.4
8.5
8.7
8.4
7.4
9.8
8.3
8.5
6.9
8.9

9.4
8.4
7.8
8.7
8.4
7.7
8.9
7.5
8.5
7.7
7.7
7.2

8.6
8.7
8.3
8.8
7.7
9.6
7.1
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9.574
8.575
10.63
7.825
5.121
9.369
7.383
6.021
6.467
5.066
8.03
5.379
6.845
6.724
6.135
5.455
8.102
7.177
6.915
11.062
8.274
7.68
6.215
6.413
9.842
6.721
8.332
7.326
7.723
7.608
7.178
3.97
8.71
7.867
7.184
8.492
7.428
6.52
8.138
7.866

7.7
7.9

7.3
6.8
8.3

6.5
6.8
6.5
7.7
6.7
7.7
6.9
6.7
6.6
7.4
7.4
7.2

7.7
7.8
7.2

8.3
7.3
7.6

7.4
6.8
5.8
7.7
7.3
6.8

7.2
6.8
7.2
7.3

8.9
8.9
9.2
8.5
7.8
9.4
7.9
7.5

7.4
8.8
7.7
8.7
8.3
7.9
7.6
8.6
8.4
8.2

8.7
8.8
8.3
8.2
9.7
8.5
8.9

8.2
8.4
7.7
6.7
8.7
8.4
7.9
8.3
8.3
7.6
8.4
8.2




16 3 7.23 7.5 8.5
17 3 11.031 8.3 9.2
18 3 9.61 8.2 9.1
19 3 8.93 7.9 8.8
20 3 6.73 7.3 8.2
21 3 6.448 6.7 7.6
22 3 6.433 6.9 8
23 3 6.387 7 8.1
24 3 7.351 7.4 8.3

Table 4. Cunner weight (g), standard length (cm), and total length (cm) compared across the 5

temperature treatments (15°C, 12°C, 9°C, 6°C, and 3°C) after 4 weeks of acclimation.

Fish Number Temperature (°C) Weight (g) SL (cm) TL (cm)
1 15 12.413 8.4 9.8
2 15 11.439 8.2 9.2
3 15 10.562 8.1 9.1
4 15 9.138 7.7 8.6
5 15 9.176 7 8.3
6 15 8.328 7.2 8.2
7 15 6.801 7.4 8.4
8 15 10.296 7.9 9.2
9 15 7.02 6.8 7.8
10 15 9.168 7.5 8.7
11 15 8.585 7.3 8.3
12 15 9.717 8.2 9
13 15 5.945 6.7 7.7
14 15 6.891 6.8 8
15 15 11.96 8.3 9.5
16 15 6.491 7.1 8
17 15 6.824 7.1 8.2
18 15 7.529 7 8.1
19 15 6.46 7.2 8.2
20 15 8.448 7.8 8.8
21 15 5.537 6.2 7.3
22 15 12.058 8.2 9.1
23 15 5.824 6.5 7.4
24 15 8.782 7.7 8.8
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6.478
9.712
5.188
9.434
7.746
7.251
11.451
6.689
5.682
6.84
8.454
6.116
8.335
10.678
8.359
9.13
7.919
10.682
8.038
9.3
5.152
11.743
6.769
8.479
4.811
8.99
6.673
9.171
7.242
6.369
8.94
8.913
6.962
8.386
6.296
7.988
5.718
6.065
4.633
4.999

6.5

6.5
7.8
7.4
7.2

6.8
6.6
6.9
7.8
6.4
7.3
8.5
7.6
7.8
7.5

7.9
7.2
6.4
8.5
7.4
7.6
6.3
7.7
6.9
8.1

6.6
7.4
7.4
6.8
7.7
6.4
7.5
6.4
6.5
6.1
59

7.6

7.4
8.9
8.4
8.1

7.9
7.5
7.7
8.8
7.4
8.1
9.5
8.5
8.8
8.4

8.9
8.2
7.3
9.7
8.2
8.5
7.1
8.8
7.8

7.7
8.5
8.4
7.7
8.8
7.4
8.5
7.5
7.5

6.9
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8.031
8.721
7.761
9.048
5.09
13.403
4.84
10.896
8.769
11.095
7.748
4.994
9.034
7.159
5.904
6.365
4.948
7.716
5.238
6.654
6.655
5.85
5.35
7.918
6.884
6.376
10.687
8.229
7.457
6.131
6.304
9.482
6.268
8.108
6.81
7.451
7.438
6.775
3.892
8.349

7.5
7.4
7.2
7.5
6.7
8.5
6.1
7.9
7.3

7.4
6.5
7.9
6.9
6.4
6.8
6.3
7.5
6.5

6.9
6.8
6.3
7.3
6.9
7.1
7.8
7.5
7.4

8.2
7.5
7.7

6.9
7.3
6.9
5.7
7.6

8.6
8.7

8.8
7.5
9.6

9.1
8.5
9.1
8.4
7.5

7.9
7.4
7.9
7.2
8.5
7.4
8.1
8.1
7.9
7.3
8.3

8.1

8.5
8.4

9.3
8.5
8.6
7.9
7.8
8.2
7.8
6.6
8.8




10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
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7.669

6.92
8.145
7.092
6.436
7.572
7.478

6.94
10.33
9.289
8.618
6.537
6.319
6.194
6.191

6.98

6.8
6.4
6.8
7.2
6.6

7.2
7.3

7.7
7.5
7.3
6.6
6.7
6.9
7.3

7.5

8.1
7.6

8.2
8.2

8.9
8.5
8.3
7.6
7.8
7.9
8.2




