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Abstract

American eels are declining throughout their range requiring a better under-
standing of physiological requirements of all life stages and optimal condi-
tions for laboratory rearing and aquaculture. American glass eels (Anguilla
rostrata) were housed for 3 weeks at 14°C, 18°C, 22°C, or 26°C to determine
optimal juvenile rearing temperature in the laboratory. All treatments exhi-
bited weight gain over the course of the study except the 14°C treatment;
however, there were only marginal differences in final weight between the
18°C and 14°C treatments and no differences in length. Variation in length
and weight generally increased as temperature increased with significant dif-
ferences in the standard error of weight between 14°C and the 22°C and 26°C
treatments and between 18°C and 26°C. Mortality was significantly greater
than expected by chance at 26°C (7 deaths) and no mortality was observed at
14°C. Body condition (based on the residuals from the weight-length rela-
tionships), conversely, was lowest in the 14°C treatment. Considering all re-
sponse variables, optimal laboratory rearing conditions were observed be-
tween 18°C - 22°C. Within a week of experimentation, evidence of gas bubble
disease was observed and by completion noted in all treatments except at
14°C, likely as a function of decreased gas solubility at warmer temperatures.
Levels of total gas pressure (103% - 108%) and Ap (28 - 54 mm Hg) values
may account for the gas bubbles observed.
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1. Introduction

Catadromous fish populations are declining globally and the American eel (An-

guilla rostrata) is no exception [1] [2]. Declines in eel populations have been
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linked to water contaminants, harvest pressure, disease, and migration passage
obstruction [1] [3] [4] [5] [6]. Historically, eels have comprised a major propor-
tion of the total fish biomass within some systems [7] [8] [9]. For example, in the
1960s the American eel comprised 37% of the total weight and 20% of the abun-
dance of fish species within the Flatbrook River system (NJ), a tributary to the
Delaware River [9]. Juvenile eels serve as a food source for water fowl and larger
fish such as pikes, trout, and bowfins, while adult eels prey on macroinverte-
brates, crustaceans, bivalves and fishes [9] [10] [11] [12] [13]. Recent research
also suggests that the American eel serves as the primary host fish for successful
reproduction of the freshwater mussel, Elliptio complanata, in parts of its range
[14]. The impact of a continued decline of eel populations will amplify negative-
ly on the river ecosystems it historically inhabited.

The eel, like most catadromous fish, has a complex life cycle that begins with
spawning in the Sargasso Sea. Migratory leptocephalus larvae drift in ocean cur-
rents until reaching coastal waters anywhere between Greenland and northern
South America [15]. There they metamorphose into transparent, sexually undif-
ferentiated glass eels and can remain in estuarine waters for as long as a year be-
fore migrating upstream into freshwater as pigmented elvers [16]. Further ma-
turation to the yellow eel phase occurs in freshwater, during which sexual diffe-
rentiation of the gonads occurs [17], a process that can take between 7 and 25
years to complete [18]. Once mature and ready to spawn, yellow eels assume a
metallic body coloration (silver eel phase) and adapt both morphologically and
physiologically for their migration back to the Sargasso Sea [19] [20].

Sustaining current American eel populations and restoring historical popula-
tions via eel stocking and relocation programs are priorities in both the United
States and Canada [3] [21]. The ability to rear all stages of American eels in cap-
tivity is a key research need for successful large-scale stocking or aquaculture
programs. Studies on rearing both American and European (Anguilla anguilla)
eels have analyzed the effects of diets [19] [22] [23], water chemistry [24] [25],
chemical cues [26], and culture system design [27] [28] [29] on juvenile survival
and growth rate.

As with most fish, water temperature is a key component in eel culture be-
cause optimal temperatures promote the greatest growth, body condition, and
survival. Studies on European eels have shown optimum rearing temperatures
between 22°C - 25°C [19] [24] [30]. However, optimum rearing temperatures
have also been shown to differ within this species depending on eel body size
such that smaller eels required warmer temperatures for maximum growth [30].
Optimal temperature for American eel elvers collected in Central America was
reported even higher, between 28°C - 29°C [31]. However, few studies report
optimal growing conditions for earlier stages of eel development (glass eel and
leptocephali) and in populations at northern latitudes. Further studies are
needed to fully understand temperature effects on eels and, as eel culture con-

tinues to grow, identifying optimum rearing conditions for juvenile stages is es-
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sential. The purpose of this study was to expand our understanding of the
American eel and enhance juvenile glass eel culture by studying the effects of 4

temperature treatments on the survival and growth of glass stage American eels.

2. Materials and Methods
2.1. Experimental Specimens

American glass eels were collected in April, 2011 by Maryland Department of
Natural Resources and US Fish and Wildlife Service from Turville Creek (Ocean
City, MD) and transported to the US Geological Survey Northern Appalachian
Research Laboratory in Wellsboro, PA. Once at the laboratory, a subset of eels
were weighed and measured and divided by the total number of eels to get an es-
timate of weight/individual. Mean (+SE) eel length was 55.84 (+£0.77) mm and
mean (+SE) weight was 0.12 (+0.03) g. Approximately 13,000 glass stage Ameri-
can eels were initially housed in 371 L fiberglass tanks set at 20°C with an ex-
change rate of approximately 18 L-min~". Within 24 hours of arrival to the la-
boratory, eels were treated for parasites with a 1 hour standing bath of 250 ppm
formalin solution. The holding tank received a 50:50 mixture of dry commercial
mash and chicken liver (described below), fed daily (4% of tank eel weight).
Once the population appeared generally parasite-free (4 days after arrival), a
subset of glass eels, still transparent in color, were removed from the holding

tank and placed into experimental conditions.

2.2. Experimental Procedure

Four temperature treatments were investigated in this study (14°C, 18°C, 22°C,
or 26°C) and each temperature treatment consisted of a single head box feeding
5 replicate eel housing units. Each housing unit consisted of 2 nested 20.8 L po-
lyethylene buckets: an inner eel holding bucket and an outer reservoir bucket. A
section on the bottom of each holding bucket (90.25 cm”) was perforated with
holes (0.25 cm diameter) and covered with 750 pm mesh to prevent eels from
escaping through the perforated holes. This holding bucket was suspended
within a solid reservoir bucket to create a flow-through system with a water
depth of approximately 11.5 cm. Water was fed into the top of each holding
bucket from a centralized head box with 0.64 cm diameter latex tubing at a rate
of 10 mL-sec™". After passing through an outdoor degassing tower, well-water is
pumped into the NARL facility and either flows directly to experimental set-ups
at well-temperature (between 8°C - 11°C) or flows through a boiler loop to be
heated and is then fed to experimental set-ups. Water in our treatment buckets
was a mixture of well-water and heated well-water except in the 26°C treatment
which was solely heated well-water. Water was mixed in a single headbox for
each treatment and distributed to the individual replicate buckets.

Head boxes were randomly assigned 1 of the 4 temperature treatments.
Twenty-five eels were randomly selected (from the population of 13,000), collec-

tively weighed, and placed in each bucket. Individual eels were not weighed or
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measured initially to avoid handling stress prior to experimentation. Eels were
placed in their respective housing units at an initial water temperature of 20.2°C
+ 0.04°C. Water temperature was gradually increased or decreased by 2°C - 3°C
per day until final treatment temperatures were reached. Final treatment tem-
peratures were maintained for an additional 21 days, after which the experiment
was concluded.

Eels were fed in excess of cessation (based on data from Degani and Gallagher
(1995) and personal observations) daily 0.5 g (~17% of eel weight) of a dry-food
mixture and 1 g of a mash-chicken liver mixture. Over-feeding the eels ensured
that enough food would be supplied regardless of temperature treatment to
avoid any interactions between food and temperature. Dry food was composed
of brine shrimp flakes (Hatchery flakes, Zeigler Bros, Inc.), freeze-dried Cyc-
lops-eeze (Liquid Life Argent Cyclop-Eeze Whole Freeze-Dried), and starter
mash (Bio Vita Starter and Fry Mash, Crumble; Bio-Oregon, Inc.) at a ratio of 1
g brine shrimp: 3 g Cyclops-Eeze: 100 g mash. As a supplement, typically 4 hours
after the dry food was administered, a mixture of puréed chicken liver and start-
er mash (equal parts by weight) was added to each bucket.

All housing buckets and their mesh were also cleaned daily; reservoir buckets
were emptied and scrubbed once a week. After 6 days of exposure to experimen-
tal temperatures, gas bubbles were observed on some of the eels. Presence of eels
with gas bubbles was recorded for the remainder of the experiment in addition
to weekly gas measurements of total dissolved gas, percent saturation of oxygen
and nitrogen, and Ap (pressure difference between the total gas pressure and
barometric pressure). Following 21 days of experimental temperature exposure,
eels were removed, anesthetized using MS-222 at ~45 ppm, individually weighed
(after gently removing excess and dripping water from the nets containing the
eels), and their lengths were measured. Final gas measurements were also made
and water samples were collected to determine final ammonia concentrations

using standard phenate methods [32].

2.3. Statistical Analysis

A weight-length relationship was developed for all eels using the log form of the
allometric growth equation W= aL’ where Wis total wet weight in g, Z is total
length in cm, and a and b are constants describing the relationship between
weight and length [33]. Because the slope parameter b was >3, Fulton’s K was
not used to assess body condition for comparison among treatments [33] [34].
Instead, residuals from the model were tested for normality and homogeneity of
variance and compared among temperature treatments using ANOVA.

Since mortality varied among buckets and treatments, eel mass was compared
on a mass/eel basis. Because we did not measure individual eel weights at the
start of the experiment, initial individual eel mass was calculated by dividing the
entire mass of each housing unit by the total number of eels (n = 25) per bucket.

Data on eel mass, length, and condition were natural log transformed prior to all
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analyses to meet statistical assumptions. Two-way analysis of variance (ANOVA)
and Tukey’s post hoc test were used to compare the net effects of treatment
(temperature) and time (initial vs. final) on In transformed eel wet weight.
One-way ANOVA followed by Tukey’s post hoc test were used to compare final
individual mass and length among treatments, standard error (used as an esti-
mation of variation in body size) of mass and length between treatments, and
differences in condition between temperature treatments.

Chi-square analysis was used to determine if frequency of mortality and gas
bubbles differed from expected frequencies (due to chance). Finally, ANOVA
with Tukey’s post hoc test were used to determine if the Ap, percent total gas
pressure, percent oxygen saturation, and percent nitrogen saturation differed
among treatments. Due to unequal variances among treatments, a non-parametric
Kruskal-Wallis test was used to evaluate differences among treatments in final
ammonia concentrations. In several instances, ammonia concentrations were
below the detection limits of our methods and resulted in a slightly negative
ammonia concentration; in these cases, ammonia concentrations were assumed

to be zero for statistical analyses.

3. Results

Final eel wet weight was significantly greater than initial wet weight (F,;, = 5.44,
p < 0.05), with a marginal difference between treatments (F,;, = 2.41, p < 0.09)
and no interaction between time and treatment (F, 5, = 1.68, p = 0.190) (Figure
1(a)). In particular, there was a marginal difference between the 18°C and
14°C treatments, such that eels weighed more at 18°C than 14°C. Change in
eel mass (mean final mass/eel—initial bucket mass/total number of eels) was
greatest for the 22°C treatment (+0.012 g) and only decreased in the 14°C
treatment (—0.003 g), but these changes in eel mass did not significantly differ
among treatments (F, ;= 1.90, p = 0.171) (Figure 1(b)).

Final eel length varied between 46 and 69 mm (average = 57 mm) and wet
weight between 0.039 and 0.348 g (average = 0.143) (Table 1). Both values were
greatest in the 18°C treatment, however final length (F, ; = 1.04, p = 0.401) and
weight (F;,, = 2.34, p = 0.112) did not differ significantly between treatments.
The variation (Ze. standard error within a bucket) in final eel length also did not
differ significantly between treatments (F,,; = 2.18, p = 0.130); however, varia-
tion in eel wet weight (as measured in the standard error around the means) was
significantly greater in the 22°C and 26°C treatments compared to 14°C treat-
ment (F;,; = 7.65, p < 0.05) and significantly greater in the 26°C than in the
18°C (F,,4 = 7.65, p < 0.05) (Table 1 & Figure 2). The slope (b) in the relation-
ship between log W and logL increased with increasing temperature (14°C, 3.6;
18°C, 3.8; 22°C, 4.3; and 26°C, 4.8; Figure 3); however, there were no significant
differences among treatments in the residuals from the modeled weight-length
relationship (F; , = 0.427, p = 0.737).
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Figure 1. Initial (black bar) and final (gray bar) mean (+SE) eel weight (calculated as
mass of all eels in a bucket/total number of eels) (a) and average change in eel mass (cal-
culated as (final bucket mass/total number of eels)—(initial bucket mass/total number of
eels)) (b) for each temperature treatment. There was a significant difference between ini-
tial and final eel weight (F, ,, = 5.44, p < 0.05), a marginal difference in eel weight (F,, =
2.41, p < 0.09) between the 18 and 14°C treatment, and no interaction between time and
treatment (F;5, = 1.68, p = 0.190) (a) and there was no significant difference between
treatments in the mean change in eel mass (F, ;= 1.90, p = 0.171) (b).
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Figure 2. Mean standard error of eel wet weight in n = 5 replicate buckets for each of 4

temperature treatments. Different letters indicate significant differences among tempera-
ture treatments at a = 0.05. Error bars represent the standard error of the means.
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Figure 3. The relationship between log length (mm) and log wet weight (g) for each of 4
temperature treatments. Corresponding slope (b) values for each treatment were 3.6 ((a)
14°C), 3.8 ((b) 18°C), 4.3 ((c) 22°C), and 4.8 ((d) 26°C).
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Table 1. Mean (+SE) and range for water temperature (Temp), final length (Length), final weight (Weight), slope (b) describing
the relationship between the logs of weight and length, difference in total dissolved gas pressure relative to barometric pressure
(Ap), total gas pressure (TGP), oxygen saturation, nitrogen saturation, and ammonia concentration; number of buckets with gas
bubbles observed (Gas Obs); and total mortality (number of individual eels) observed for the 4 temperature treatments (Treat).
Mean (SE) represent n = 5 replicates per treatment for temperature, length, weight, body condition, and ammonia. Mean (SE) for
dissolved gas measurements represent headbox measurements at n = 3 time points.

Treat Temp (°C) L(::rgrgl Weight (g) Sl((;;))e (mrfng) TGP (%) 0, Sat (%) N, Sat (%) A(I;;n](ﬁ;a Ga(sNC))bs Mo(i]a)lity

14 Mean (SE) 14.2(0.01) 56 (0.5) 0.134 (0.004) 3.6 32(4) 104.8(0.5) 137.6(5.3) 96.3(1.3) 0.016(0.004) 0 0
Range 13.7-14.8 47 -64 0.055-0.248 28 -40 103.8-105.5 131.8-148.2 93.9-98.5 0.008 - 0.028

18 Mean (SE) 18.0 (0.01) 57 (0.4) 0.149 (0.004) 3.8 40(5) 105.9(0.3) 141.9(6.3) 96.6(2.0) 0.009 (0.006) 2 4
Range 176 -18.3 50-65 0.074-0.291 31-48 105.6-106.6 134.4 - 154.5 92.8 - 99.5 0.000 - 0.029

22 Mean (SE) 22.5(0.04) 57(0.2) 0.144 (0.006) 4.3 45(8) 106.7 (0.6) 146.1 (3.1) 96.5(1.5) 0.000 (0.000) 4 1
Range 21.6-234 47-69 0.050 - 0.348 30-55 105.5-107.6 140.6 - 151.3 93.5-98.4 0.000 - 0.000

26 Mean (SE) 25.4 (0.01) 57 (0.3) 0.146 (0.003) 4.8 46(7) 106.8 (0.5) 152.5(6.0) 95.0(2.1) 0.004 (0.002) 5 7
Range 24.2-259 46-69 0.039-0.331 33-54 105.9-107.5 143.9 - 164.0 90.7 - 97.5 0.000 - 0.011

A total of 11 buckets contained eels with gas bubbles (Table 1). The majority
of these observations (9 out of 11) were made in the 22°C and 26°C treatments,
however distribution of gas bubble buckets among treatments was not different
from chance (X(23) = 5.36, p = 0.147). Observations of mortality, however, dif-
fered significantly from chance ( Xé) =10, p < 0.02). The greatest mortality was
observed in the 26°C treatment (7 individuals) followed by the 18°C treatment
(4 individuals); little to no mortality was observed in the 14°C and 22°C treat-
ments (Table 1).

Mean nitrogen saturation varied between 95.0% and 96.6% while mean oxy-
gen saturation varied between 137.6% and 152.5% (Table 1). Both percent ni-
trogen (F,;4 = 0.18, p = 0.905) and oxygen (F,, = 1.41, p = 0.308) saturation did
not differ significantly between treatments. There was a marginal difference in
total gas pressure between treatments (F,3 = 3.31, p < 0.08), where total gas
pressure generally increased with increasing temperatures (Table 1). Ap ranged
between 28 and 55, however there was no significant difference among treat-
ments (F;; = 1.68, p = 0.380). Final ammonia concentrations were not signifi-

cantly different among temperature treatments ( X(23) =6.27, p = 0.10; Table 1).

4. Discussion

After 21 days of temperature experimentation, eel weight was significantly
greater than initial values, suggesting that rearing conditions in our laboratory
were favorable for glass eel growth. Studies on the growth of juvenile eels do not
always yield noticeable gains in weight so quickly. DeSilva, Gunasekera, Ingram

and Dobson [35] found a decrease in the mean weight of Australian short fin
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glass eels (Anguilla australis) held at ~23°C during an initial 28 days within the
laboratory. However a significant increase in weight was observed during the fi-
nal 28 - 42 days of experimentation. If there was an initial decrease in weight in
our study, eel growth rebounded quickly except within the 14°C treatment. All
treatments showed a positive increase in weight except the 14°C treatment
where eels lost an average of 0.003 g (~2% of their body mass).

The initial growth period for juvenile eels is typically characterized by a wide
variation in growth rate [19]. In the present study, temperature appeared to in-
crease the variation in growth. This increase may not have been a direct effect of
temperature, but instead changes in social behavior at the varying temperatures.
Barila and Stauffer [36] observed aggressive behavior in eels only at tempera-
tures above 18°C (none observed at 6°C or 12°C) with biting and gripping of the
tail or head of individuals (resulting in infected wounds) occurring above 24°C.
It has also been found that aggressive behavior can affect the growth of eels with
stressed individuals not consuming food [19].

Eel condition and temperature showed a positive relationship, although non-
significant, with rising slope (b) values as acclimation temperature increased in-
dicating faster growth in weight than in length for warmer temperatures [37].
The data combined from this study (low variation in the data, moderate mortal-
ity, higher body condition, and positive changes in length and weight) suggest
that the 18°C and 22°C treatments produced the greatest growth and survival in
the glass eels. Optimum temperatures in this range are lower than previously
identified for the American eel. American eel elvers were reported to have op-
timal growth between 28°C and 29°C [31]; however, the eels used by Tzeng,
Wang and Wang [31] were elvers, a later developmental stage compared to the
glass eels used in the present study and collected from a warmer climate. While
differences in optimal thermal conditions have been noted at different life stages
within a single species [30], these differences between studies could also be due
to geographic variation between collection sites (Central America versus Nor-
theastern North America) [38]. Further investigation into how both of these
factors (developmental stage and collection site) influence physiological optima
warrant further investigation both from an aquaculture and climate change
perspective. Additionally, extending the experimental period, beyond 21 days,
may also increase the differences in growth among the temperature treatments.
However, eels reared beyond 21 days are more likely to metamorphose to the
next life stage (elvers) which was not the life stage of focus for this study.

Even though our results suggest an optimal temperature range of 18°C - 22°C
for glass eel growth and survival, there is no way to assess whether this tempera-
ture corresponds with a natural temperature preference (ie. if eels in the wild
actively seek habitat at or near this temperature). In a separate study, however,
American eels collected from Tuckahoe Creek, MD, were acclimated to 6°C,
12°C, 18°C, 24°C, or 30°C and then tested for their temperature preference [36].

Regardless of acclimation temperature, all eels preferred 16.7°C. Similar results
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have also been found in other species of glass eels. August and Hicks [39] sur-
veyed glass eel populations in a New Zealand river and found that longfin (A.
dieffenbachia) and shortfin (A. australis) migrating glass eels had a preference
for water temperatures between 12°C and 20°C, with a clear optimum of 16.5°C.
Future studies investigating how our laboratory observations translate to habitat
selection in the field would be useful for identifying optimal stocking conditions
and locations.

Somewhat unexpectedly, gas bubbles became evident on the anterior portion
of eels after 6 days of experimentation. Gas bubble disease results from exposure
to water supersaturated with atmospheric gases and is often prevalent in hatche-
ries supplying well water to fish or in the wild below dams [40]. Fish suffering
from this disease can have visible bubbles near their eyes or under their skin,
hemorrhages, emboli in the blood vessels, and exhibit abnormal behavior and
eventually death (Ze. loss of equilibrium or writhing) [41]. The number of expe-
rimental buckets containing eels with gas bubbles did not differ from chance;
however, none were observed in the 14°C treatment and the maximum number
of buckets with gas bubbles occurred under the warmest temperature treatment,
likely due to the positive relationship between gas saturation and water temper-
ature [41].

The specific effects of gas supersaturation on fish vary with ontogeny and ac-
cording to fish species. Gas bubble disease is most often associated with excess
levels of dissolved nitrogen in the water rather than high levels of dissolved oxy-
gen or total dissolved gases, but extreme amounts of any dissolved gas can lead
to negative effects [41]. Total gas pressure or Ap are the parameters that best
characterize dissolved gas levels [42] [43]. In general, potentially harmful levels
of nitrogen saturation for fish occur at or above 110% and 2 - 3 times these levels
for dissolved oxygen [41]. Dissolved nitrogen levels of 118% to 125% have been
specifically reported to cause negative effects in adult American eels and Japa-
nese eels (A. japonica) [41]. Information on negative levels of dissolved gases for
juvenile eels (glass eels and elvers) is absent, but negative effects have been ob-
served in other larval fish at ~106% total gas saturation for steelhead trout (Sa/-
mo gairdneri), Chinook salmon (Oncorhynchus tshawytscha), and lake trout
(Salvelinus namaycush) [44] [45] [46] and Ap values ranging from 10 - 20 mm
Hg in cold water species [42]. Other fish species appear to be less sensitive to to-
tal gas saturation, with warm water species capable of tolerating Ap values be-
tween 30 - 40 mm Hg [42]. Similarly, walleye fry (Stizostedium vitreum) can
withstand total gas levels of 123% with no visible bubble formation and no effect
on survival [47].

During our study, total nitrogen saturation remained well below the values
reportedly toxic to adult eels, and oxygen saturation ranged between 131% and
164%, again, below the levels harmful to most fish. Total gas pressure, on the
other hand, ranged from 103% to 108%, at or near levels that are reportedly

harmful to larval trout [44] [45]. Ap values were also high and within or above
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the range reported to be critical for warm water species [42]. Further investiga-
tion is necessary to define critical dissolved gas limits for eels across life stages.

Perhaps related to gas saturation, we observed the greatest mortality at the
highest temperature treatment. Other potential mechanisms could include direct
mortality due to temperature, increased disease (fungus, parasites, bacteria, etc.)
prevalence and transmission rates at warmer temperatures, or any combination
of these factors. We also observed greater size variability at warmer tempera-
tures, an observation that has been noted in other larval fish species [48]. This
variation may have increased competitive interactions among individuals lead-
ing to increased mortality. Finally, ammonia build up can also inhibit growth
and increase mortality. However, ammonia levels were extremely low in all of
our treatments and in fact, the greatest concentration of ammonia occurred in
the 14°C treatment (0.016 + 0.004 mg-L™"). Previous studies have shown concen-
trations below 0.07 mg-L™" do not have an effect on survival or growth rate of
other eel species [49] [50]; therefore it is unlikely that ammonia build-up or tox-
icity contributed to the experimental results. Further investigation into the rela-
tionship between mortality and temperature is warranted as it may have direct
implications for eel health and survivorship at lower latitudes where water tem-
peratures are regularly at or above 26°C.

While 18°C - 22°C temperatures resulted in overall greater growth and condi-
tion and less variation in size and mortality than the other treatments, these ef-
fects were only measured for a short duration and differences between treat-
ments were observable, but often statistically insignificant. Nonetheless, this is
one of the first studies on American glass eel rearing conditions and to our
knowledge provides some of the first documentation of gas bubble disease in
American glass eels. This study should provide a basis for future investigations

into the thermal biology of this highly imperiled species.
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