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Conservation aquaculture provides a means for promoting environmental stewardship, useful both in the context of restoring
native species and limiting the production of invasive species. Aquaculture of lampreys is a relatively recent endeavor aimed
primarily at producing animals to support the restoration of declining native populations. However, in the Laurentian Great Lakes,
where sea lamprey Petromyzon marinus are invasive, the ability to acquire a reliable source of certain life stages would be a
significant benefit to those controlling their populations and studying the species. Here, we apply methodologies developed for
Pacific lamprey Entosphenus tridentatus restoration to investigate the feasibility of rearing larval sea lamprey under laboratory
conditions. In two experiments lasting 3 and 9 months, we tested the effects of different dietary sources and water temperature
(ambient and controlled) on the survival and growth of wild-caught larvae. Rearing conditions had no effect on mortality, as larval
survival was 100% in both experiments. Growth was significantly affected by water temperature, with the highest average daily
growth rates observed at 22 and 15°C (0.14 mm dayfl) and lowest at 8°C (0.06 mm dayfl). Diets of yeast alone (0.19 and 0.21 g L™
performed better than those comprising a mixture of yeast and other material when fed 3 times weekly (rice flour, wheat flour, fish
meal; 0.19 and 0.32 g L™"). Averaged across the three constant temperatures (8, 15,and 22°C), larvae fed on yeast grew 0.13 mm day ™"
and 0.01 g day™", whereas on yeast + fish meal, they grew 0.09 mm day ™' and 0.01 g day™'. At ambient temperature (4-20°C), larvae
fed on yeast grew 0.15 mm day ™' and 0.01 gday ™', whereas those fed on yeast +wheat flour grew 0.13 mm day ™" and 0.008 g day ™"
and those fed on yeast + rice flour grew 0.12mm day ™" and 0.009 gday~'. An experimental duration of 90 days was sufficient to
detect significant changes to larval sea lamprey growth stemming from temperature variation. Overall, rearing of sea lamprey in
captivity appears feasible at low density (31-32 gm ™2 and 17-25 larvae m™?), but uncertainties remain regarding the most appro-
priate means of providing adequate feed for these fish in high-density conditions.

1. Introduction

The global aquaculture sector is valued at ~$290 US billion
year ' and projected to grow 5.5% annually through 2030,
primarily providing for the production of aquatic-based
human food, nonhuman animal feed, and a range of com-
mercial products [1]. In the past two decades, advances in

technology and standards of practice have expanded the role of
aquaculture. Specifically, aquatic organisms can now be cultured
to offset wild captures of declining populations, restore degraded
habitats by shifting to terrestrial-based culture, and aid in species
recovery [2—4]. The development of “conservation aquacul-
ture”—defined as “the use of human cultivation of an aquatic
organism for the planned management and protection of a
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natural resource”—holds significant promise to support the sus-
tainable use of natural resources and species requiring manage-
ment intervention [5].

Lampreys are a feature of temperate freshwater and inshore
marine ecosystems globally, yet >25% of species are considered
“at risk” of extirpation in at least some portion of their range
[6]. Major threats to lampreys include habitat loss and frag-
mentation, pollution, and overexploitation [7]. In some geo-
graphic locations, lampreys are highly valued as a seasonal
food source, which has resulted in the development of aqua-
culture programs to support a sustainable harvest and bolster
dwindling captures [8—10]. Over the last decade, aquaculture
research on Pacific lamprey Entosphenus tridentatus has gen-
erated significant advances in the development of methods to
culture embryos and larvae for both research and stocking
efforts in the Columbia River basin of the Pacific Northwest
region of North America [11]. Coincident with the decline of
many native lamprey species, in the Laurentian Great Lakes,
an invasive population of sea lamprey Petromyzon marinus
established itself as one of the most destructive pests in the
world’s largest freshwater system [12]. Sea lamprey invasion
led to the implementation of a bi-national (US and Canada)
control program that seeks to maintain the abundance of sea
lamprey at levels low enough to be economically tolerable to
the lake’s multi-billion-dollar fishery [13]. Ironically, because
of the efficacy of this control program, which aims to control
populations by killing the filter-feeding sea lamprey larvae
before they become large enough to metamorphose into par-
asitic juveniles and prevents adults from accessing spawning
habitat using barriers [14], access to certain life stages of sea
lamprey for research purposes has become severely limiting
[15, 16]. Limited access to sea lamprey for study was recog-
nized as an issue decades ago [17], but early attempts at rear-
ing them were unsuccessful [18]. These limitations have
hindered research efforts toward the development of new
control tactics (e.g., gene editing [19], “green” pesticides
[20], and supplemental controls [21]). Thus, there is a need
to develop methods to culture sea lamprey under controlled
conditions, particularly to provide access to and knowledge of
metamorphosing and juvenile life stages.

Larval lamprey grow slowly over an extended period of
time, typically requiring at least 3—5 years to reach the point
where they undergo metamorphosis [22]. Therefore, the
establishment of net positive growth of larvae over relatively
short timeframes (i.e., 3-6 months) is key to enable rapid
testing of new protocols and methods for rearing sea lam-
prey. Methods for culturing and rearing Pacific lamprey have
progressed quickly in recent years; for example, specific
guidelines were developed and outlined for culturing all life
stages, in terms of flow rates, water volume and height, tank
surface area, sediment characteristics, and feed type and rates
[23]. Therefore, these existing protocols can be leveraged to
facilitate efforts to culture sea lamprey for research.

In this study, the type, quantity, and frequency of larval
feed provided to larval sea lamprey were based on experi-
ences rearing Pacific lamprey larvae [11, 24-27]. In those
studies, active dry yeast was used as a base feed at a rate of
0.5-1.5gLweek ', and supplements (e.g, Otohime, Reed
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Mariculture Inc., alfalfa pellets, brown rice flour, or wheat
flour) were added at a ratio of 2: 1-4: 1 (yeast to supplement
ratio). In Pacific lamprey, larval growth and survival were
found to be considerably greater in tanks provided with sup-
plements compared to tanks only receiving yeast. Research
on Pacific lamprey also found that distributing a week’s
worth of feed over three application periods resulted in
higher growth rates than the application of feed once or twice
per week [27]. Larval Pacific lamprey held at densities greater
than 100-200 g m™ of substrate surface area showed consid-
erably lower growth rates [11, 28]. Based on Barron et al.
[29, 30], high growth rates for larval Pacific lamprey were
detected in a wide range of water temperatures between
14 and 19°C, but as larvae grew and aged, the optimal growth
temperature was found at a lower, narrower range (14—16°C).
In this study, our aim was to determine the feasibility of rear-
ing larval sea lamprey in captivity using similarly prepared
feeds and a range of temperatures. Specifically, we collected
larvae from the wild and exposed them to both ambient and
controlled water temperatures, as well as a range of dietary
treatments, over a 3- to 9-month time frame to measure these
effects on growth and survival.

2. Materials and Methods

2.1. Experiment 1—Growth and Survival in Relation to Diet
at Ambient Water Temperature

2.1.1. Experimental Design. Larval sea lamprey (n=120;
length =90-110 mm total length (TL)) were collected from
Baldwin River, MI, with backpack electrofishers (ABP-2;
ETS, Madison, WI; Jubar et al. [31]) between 11 and
15 July 2020 by the US Fish and Wildlife Service, Ludington
Biological Station, Ludington, Michigan (MI). Larvae were
then transported to the US Geological Survey Great Lakes
Science Center, Hammond Bay Biological Station (HBBS),
Millersburg, MI on 16 July 2020. The experiment began on
1 August 2020 and was terminated on 12 May 2021. Larvae
were weighed (g) and measured (mm TL) at three points: Day
0, Day 90, and Day 270. Larvae were randomly assigned to six
outdoor circular tanks (Table 1) with a surface area of 1.17 m*
and a total volume of 711 L (1 =20 tank " density=17.1 m~2
biomass=32.3gm > a medium density as defined by [11]).
Tanks were provided with sand collected from Schmidt Creek,
Presque Isle County, MI, to a depth of 25 cm, with water height
of 15.2 cm. Water volume was 172 L. Tanks were continuously
supplied with Lake Huron water at ambient temperatures at a
rate of 1.8 L min~", giving a turnover rate of 90 min. Water
temperature ranged from 20°C in August to less than 4°C
December through May. Tank lids were opened from 08:00 to
16:00 hr. Water temperature and dissolved oxygen levels (DO)
were measured 5 daysweek ™" using a dissolved oxygen meter
(YSI Pro 20).

Three feed treatments were tested (Table 1): active dry
yeast (Red Star, Milwaukee, WI; 150 gweekfl); yeast and
brown rice flour (Anthony’s, Glendale, CA; 75 gweek_1+
150 g yeast); and yeast and organic whole wheat flour (War
Eagle Mill, Rogers, AR; 75gweek ' +150g yeast). Weekly
food rations were distributed over 3 days (Monday, Wednesday,
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TaBLE 1: Summary of experimental design for both Experiments 1 and 2.

Experiment 1

Collection locality

Baldwin river

Days 0-90 Days 90-270
Density (abundance, individuals m™>) 17.1 40
Density (biomass, gm™>) 323 165.4
Sediment depth (cm) 25 2—4
Water depth (cm) 15.2 33
Water temperature (°C) 3.3-14.6 0-4.2
Flow rate (Lmin™") 1.8 4
Water turnover rate (min) 90 39

Yeast, yeast + brown rice flour (2: 1 ratio),
yeast + whole wheat flour (2:1 ratio)
Yeast (150 g), yeast (150 g) + brown rice
flour (75g), yeast (150 g) + whole wheat

Feed source

Weekly feed amount (g)

flour (75 g)
Weekly feed ration (g L™ 0.21, 0.32, 0.32
Feed frequency 3% weekly

Biofilm disturbance Every 14 days

Yeast, yeast + brown rice flour (2: 1 ratio),
yeast + whole wheat flour (2:1 ratio)

Yeast (25 g), yeast (25 g) +brown rice
flour (12.5g), yeast (25) + whole wheat
flour (12.5g)

0.17, 0.25, 0.25
1-2X weekly
None

Collection locality

Experiment 2

Pigeon river

Density (abundance, individuals m~?) 25
Density (biomass, gm™?) 312
Sediment depth (cm) 7
Water depth (cm) 10.2
Water temperature (°C) 8, 15, 22
Flow rate (L min™") 0.25
Water turnover rate 56

Feed source Yeast, yeast + fish meal (1:1 ratio)

Weekly feed amount (g) Yeast (2g), yeast (1 g) + fish meal (1g)

Weekly feed ration (g L™ 0.19
Feed frequency 3x weekly
Biofilm disturbance None

and Friday) and dispersed evenly across the water surface with-
out mixing with water. Feed typically floated on the surface for
~13 min before dispersing through the water column or accu-
mulating on the substrate, and some portion of feed was lost
through the outflow while floating on the surface. To ensure
anoxic conditions did not develop, once every 14 days, biofilm
growing on the substrate was disturbed with a wooden rod by
inserting it 3—5 cm into the substrate and dragging it through the
sand. Suspended biofilm eventually settled back into the sub-
strate or was removed via the outflow. It was not known if DO
levels would decrease due to high feeding rates, and low oxygen
content was expected to negatively impact larvae; therefore, we
progressively increased the feeding rate. For the first two feeds,
only 50% of the ration was supplied to each tank, and for the next
two feeds, 75% of the ration was supplied. After recording no
change in DO levels prior to and after feeding, 100% rations were
supplied starting 7 August 2020.

To prevent experimental tanks from freezing over winter, at
Day 90, larvae were moved to six smaller, separate rectangular
tanks (Table 1) with a surface area of 0.5 m* and volume of 150 L
(n=20tank ™", density =40 m 2, biomass = 165.4 g m_z). These

tanks were filled with sand collected from Lake Huron to a
depth of 24 cm and supplied with Lake Huron water at ambi-
ent temperatures circulating at a rate of 4 Lmin™'. Water
height was set at 33 cm, giving a turnover rate of 39 min.
Each tank received the same feed type; however, the rations
were reduced to 1/6th due to low ambient water temperatures
(1-5°C): rations were reduced to 25g of yeast and 12.5g of
brown rice flour or whole wheat flour per week. During
November, weekly food rations were distributed over 2 days,
dropping to just 1 day week ' December—April. During feed-
ings, the water supply was shut off for 1-2 hr to allow for the
dispersion of the feed. Feed was added to the surface and
immediately agitated with a plastic mixing paddle for 1 min.
All experimental tanks developed a biofilm 1cm thick or
greater. The biofilm was not disturbed during this period.
On 15 February 2021, five larvae were removed from half of
the tanks for use in a separate study. Experimental protocols
involving the handling of fishes were carried out in accordance
with US federal guidelines for the care and use of animals as
described in the American Fisheries Society Use of Fishes in
Research Committee [32].
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FIGURE 1: Marking scheme for larval sea lamprey Petromyzon marinus using visible implant elastomer (VIE) tags. VIE tag colors appear
differently under visible light (a) and when fluoresced at 405 nanometers (nm) (b). Using five fluorescent colors and four body locations (¢), it
is possible to individually mark 150 larvae. For example, injecting yellow VIE beneath translucent skin at two locations on the right side of a

larva provides the unique code Y2Y4 (d).

2.1.2. Data Treatment and Analysis. Growing degree days
(GDD) were calculated using Equation (1):

GDD = Tz - Tpyse- (1)

where T is the mean daily temperature, and T, is 5°C. We
selected the base temperature from previous studies of sea
lamprey growth that concluded little to no growth was
achieved below 5°C [33]. Any days with a negative GDD
value were recorded as zero. A one-way analysis of variance
(ANOVA) was used to test for differences in larval size
between feed treatments at the outset of the experiment. A
repeated measures ANOVA with Greenhouse—Geisser cor-
rection was used to compare larval size (length and weight)
between three time periods: 0, 90, and 270 days. Condition
factor (K) was also calculated using a lamprey-specific cor-
rection factor [11] using Equation (2):

W x 10°
= ®
and compared between sample periods, where W is the wet
weight of a larva (g), and L is the length (mm TL). Post hoc
Tukey honestly significantly different (HSD) tests were used

to identify any significant effect of feed treatment on growth,
using an a=0.05.

2.2. Experiment 2—Growth and Survival in Relation to Diet
and Water Temperature Regimen

2.2.1. Experimental Design. Larval sea lamprey (n=108;
length=90-110mm TL) were collected from the Pigeon
River, Cheboygan County, MI, with backpack electrofishers
(ABP-2 ETS, Madison, WI) between 30 and 31 August 2022
and brought directly to HBBS. Larvae were anesthetized
using a 0.1 gL™" solution of buffered tricaine methanesulfo-
nate MS222 (with sodium bicarbonate) and weighed (g),
measured (mm TL) and individually tagged subcutaneously
using visible implant elastomer (Northwest Marine Technol-
ogy Inc., WA). Tags were prepared according to the manu-
facturer’s instructions and combinations were derived using
the program SalaMarker (MacNeil et al. [34]; Figure 1). Lar-
vae were then transferred to a recovery tank and monitored
for 24 hr. The experiment occurred between 14 September
2022 and 19 December 2022. Larvae were randomly distrib-
uted among 36 tanks, each with a surface area of 0.12 m* and a
volume of 10.8 L (1 =3 tank™"; density = 25 m~% biomass =
31.2 gm_z; Table 1). Tanks were provided with commercial
play sand (Quikrete premium play sand, Atlanta, GA) sifted
to <500 um and a depth of 7-7.5cm and continuously
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supplied with Lake Huron water at a rate of 250 mL min ™",

Water height was set to 10.2 cm, providing a turnover rate of
56 min. Water temperature and DO levels were measured
daily using a dissolved oxygen meter (YSI Pro20 YSI
Inc., OH).

Two feed treatments (yeast, Red Star, WI; yeast and 50%
menhaden fish meal by weight, Omega Protein Inc., VA) and
three temperature treatments (8, 15, and 22°C) were distrib-
uted across the 36 experimental tanks in blocks to minimize
tank effects, resulting in an N = 6 for each feed and temperature
combination. Feed ration was provided as either 2 g of yeast per
week or 1 g yeast + 1 g fish meal, distributed over 3 days (Mon-
day, Wednesday, and Friday) by adding directly to the tank
water surface (Table 1). Water inflow to tanks was turned off
for 2 hr, and feed was mixed at the surface using a plastic paddle
for 1 min. At the conclusion of the experiment, larvae were
recovered from the sediment using a net and anesthetized to
re-identify individuals using VIE tags. Larvae were weighed,
measured, and returned to holding tanks to recover. All pro-
cedures were carried out in accordance with Michigan State
University’s Animal Care and Use Committee requirements
(ID: PROT0202200101).

2.2.2. Data Treatment and Analysis. To determine if
between-study comparisons were appropriate, a one-way
ANOVA was used to test for differences in initial larval
size between treatments. The change (4) in length, weight,
and condition factor (K) from the outset to day 96 was
compared between treatments using a two-way ANOVA
that included feed treatment and temperature regimen as
factors as well as their interaction. Post hoc Tukey HSD
tests were used to identify the significant effect of feed and
temperature on growth, using an a=0.05. Levene’s Test of
Homogeneity of Variance was used to compare the A in
length, weight, and condition factor (K) in Experiment 2.

3. Results

Larval sea lamprey differed significantly in starting size
between Experiments 1 and 2 (ANOVA, length: p<0.001;
weight: p<0.001; K: p <0.001). In Experiment 1, larvae were
larger and had a mean initial length of 104.9 £2.7 mm TL,
weight of 1.88 +0.22 g, and mean K of 0.82 + 0.14, whereas
in Experiment 2, larvae measured 99.9 £54 mm TL, 1.26
0.22 g, and had a K of 1.05 £ 0.09.

3.1. Experiment 1—Growth and Survival in Relation to Diet
at Ambient Water Temperature. Diet influenced growth in
larval sea lamprey, with the highest length and mass gain
observed in the size of the animals fed yeast. Larvae did
not differ in size across treatments at the start of the experi-
ment (length: p =0.567; weight: p=0.476; K: p=10.22).
Diet had a significant influence on the change in larval
size, with larvae fed on yeast being significantly longer and
heavier than larvae fed on yeast+ wheat flour or rice flour
supplements (Tukey HSD, p<0.001, both; Figure 2). We
found no differences in either the length or weight of larvae
that were provided with either wheat flour or rice flour sup-
plements (Tukey HSD, p = 0.486 and p = 0.459, respectively).

The condition factor was not significantly different between
pair-wise tests of feed treatments after either 90 or 270 days.
No mortality occurred during the experiment.

Larval sea lamprey were significantly larger following
270 days of rearing in the laboratory compared to Day 0
(length: p<0.001; weight: p <0.001; K: p=0.005; Figure 2).
However, most of the growth was restricted to the first
90 days, likely because there were 0 GDD after this (Days
0-90=572 GDD, 3.3-14.6°C; Days 90-270=0 GDD,
0—4.2°C; Figure 3). After 90 days, larvae were significantly
longer and heavier than at the outset of the experiment, but
there was no appreciable growth between 90 and 270 days
(length: p =1; weight: p=0.076). Over the first 90 days, lar-
vae grew an average of 35.3 £4.2mmTL and 2.19+£0.87 g,
but between 90 and 270 days, they grew 0.5 = 0.2 mm TL and
decreased in weight by 0.11 £0.05g.

3.2. Experiment 2 —Growth and Survival in Relation to Diet
and Water Temperature Regimen. Diet and water temperature
both had a significant effect on larval growth in terms of length
(p<0.001), mass (p<0.001),and K (p <0.001) (Figure 4). After
a period of 90 days, larval length increased significantly (diet:
p =0.014; temperature: p<0.001; Figure 4(a)); however, larval
mass was only significantly affected by water temperature (diet:
p=0.257; temperature: p<0.001; Figure 4(b)). The longest
larva after 90 days was fed on yeast alone (133 mm TL), and the
greatest increase in length was also observed in an individual fed
on yeast alone (+34 mm). Larvae reared at 15 and 22°C were
significantly longer than those at 8°C (Tukey HSD, p<0.001,
both). No differences in length between larvae reared in 15 vs
22°C water (p = 0.976; Figure 4(b)) were observed, but larvae
reared at 15°C were heavier than those in 22°C (p=0.035;
Figure 4(b)). A weak but nonsignificant interaction between
diet and temperature was present (length: p=0.097; mass:
p=0.954).

Across all treatments, larvae did not differ in size at the
beginning of the experiment (length: p=0.813; mass: p =
0.9119; K: p=0.843); however, it was noted that larvae
reared in warmer water conditions (15 and 22°C) exhibited
higher levels of variation in growth after 90 days compared
with animals reared at 8°C. Levene’s test indicated that the
variance in A length (p<0.001) and A weight (p=0.038)
were not equal between temperature treatments, but the var-
iance in A K was equal (p =0.647). One larva was not recov-
ered at the end of the experiment and was presumed dead or
escaped.

4. Discussion

The rearing of larval lampreys to address management objec-
tives (e.g., stocking to bolster low population size) has been
an ongoing research effort for several lamprey species in
recent decades [15, 23]). However, laboratory-based efforts
involving long-term maintenance of wild-caught Great Lakes
larval sea lamprey are typified by low rates of growth. Previ-
ous studies obtained growth rates of just 0.03 and 0.07 mm
day ™" over the course of 12 months [35, 36]. Using a combi-
nation of prepared, commercially available food sources, as
well as constant or ambient temperatures, we were able to
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FIGURE 2: Mean and confidence intervals for the length (a) and body mass (b) of larval sea lamprey Petromyzon marinus in Experiment 1
(ambient temperature) at the outset (white bars) and after 90 days (gray, 3.3-14.6°C) and 270 days (dark gray, 0—4.2°C) of rearing. Letters

denote significant differences between treatments.

demonstrate that net positive growth and 100% survival of larval
sea lamprey are possible in a controlled environment. Under
ambient temperatures over a 9-month period, we observed aver-
age growth rates of 0.15 mm day ™" (yeast), 0.13 mm day " (yeast
+wheat flour), and 0.12mmday " (yeast +rice flour). Using
controlled temperatures over a 3-month period, we obtained

similar growth rates for yeast (0.13 mmday ™) and yeast + fish
meal (0.09 mm day ). Barron et al. [28] reported much higher
daily growth rates (0.25-0.4 mmday™") for young-of-the-year
(YOY) Pacific lamprey reared in captivity under constant tem-
perature and receiving some portion of fish effluent and similarly
high growth rates (0.39-0.54mmday™") were observed using
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which no larval sea lamprey Petromyzon marinus growth was expected to occur.
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FIGURE 4: Mean difference in length (a), weight (b), and condition factor (c) with confidence intervals for larval sea lamprey Petromyzon
marinus reared under controlled temperatures (8, 15, 22°C) and provided with yeast (white bars) or yeast + fish meal (gray bars) as a food
source in Experiment 2. Letters denote significant differences between treatments.

85UB0|7 SUOWILWIOD BAITID) 3|eol|dde ays Ag peusenob afe ssjolie YO ‘8N 40 sa|nu oy Areiqi 8uIiuQ 4|1 UO (SUORIPUOD-pUe-SLLRY/LI0D A3 1M AReIq [T |UO//SANY) SUORIPUOD PR SWB | 8U3 88S *[9202/T0/92] Uo ARiqiTauliuo A8|im ‘AiseAlun BT puIM AQ OVELYSS/7202/SSTT 0T/10p/w00 A8 |imAreiq1jpul|uoy//sdny wo.y pepeojumoq ‘T ‘%20z ‘9%



larger sized 3-year-old larvae which grew from ~66 mm to
99-113mm after only 84 days of rearing [28]. Lampman
[25-27] also observed higher daily growth rates (0.28-0.58
mm day ™) from laboratory studies spanning 2-3 months using
artificially propagated Pacific lamprey YOY and age-1 larvae
with a variety of supplemental feeds. Using wild-caught Pacific
lamprey larvae (64-145 mm TL), Jolley et al. [37] observed mean
daily growth rates of up to 0.18 mm day ' using ambient tem-
peratures and a salmon carcass analog over a period of 6 months.
In our study, a relatively short period of time (90 days) was
sufficient to observe significant changes to the animal’s size,
both in terms of length and weight. Larval lampreys grow slowly
in natural environments, typically only increasing ~100 mm
over the course of 3-5 years [22], which would average
~0.05-0.09 mm day'. Establishing protocols that produce
observable and statistically significant changes in larval size
over short timeframes can help to enable the rapid testing of a
range of environmental conditions necessary to reveal optimal
growth conditions for sea lamprey.

Based on measurements of growth (length, weight, con-
dition factor) under our tank conditions, the addition of
supplementary feeds may not be necessary in rearing large
sea lamprey larvae. We found that the addition of supple-
mentary food sources in combination with yeast had no
significant positive impact on growth over yeast alone. Sut-
ton and Bowen [38] found larval sea lamprey assimilate food
slowly, suggesting more food supplied in a single period may
not necessarily equate with higher rates of growth. We also
found that the condition factor was not influenced by feed
type. This result contrasts with findings in Pacific lamprey
rearing studies that showed higher growth and/or higher
proportions of whole-body lipids when animals were given
supplementary feed (e.g., Otohime, alfalfa pallets, wheat, and
other flour products) in addition to yeast [24-27]. Jolley et al.
[37] observed higher growth in larvae provided salmon car-
cass analog, which had the highest protein and second high-
est lipid content of the different diets provided. Thus, the
benefit of supplemental feed to sea lamprey may be influ-
enced by the nature of the supplement itself. Future studies
with larval sea lamprey should address important methodo-
logical differences employed in the study of larval Pacific
lamprey growth. Specifically: (1) reduce the height of water
above the sediment (e.g., feed may have been diluted due to
higher water volume), (2) increase feed ration (e.g., 3—6 times
higher feed rate for Pacific lamprey, and (3) increase flow
rates (e.g., 10 times lower flow rates may have resulted in
suboptimal dissolved oxygen levels).

Temperature has a profound effect on the growth of
larval lampreys, with variation in growth rates within species
evident when their geographic range encompasses multiple
climatic regimes or several degrees of latitude [22, 39]. In the
Great Lakes region, larval sea lamprey inhabiting warmer
tributaries of Lakes Ontario and Erie exhibit higher growth
rates compared to larvae inhabiting the colder tributaries of
Lakes Huron, Michigan, and Superior [22]. Growth of larval
lamprey in temperate regions is also strongly seasonal, with
maximum growth occurring in summer-fall, declining and
then ceasing in winter before resuming in spring [40]. In our
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study, we observed larval growth under both constant tem-
perature and ambient temperature conditions. Water tem-
peratures in Experiment 2 were consistent with stream
temperatures in May through October in the Great Lakes;
we observed the lowest growth rates at 8°C which corre-
sponds to spring temperatures. Larvae in Experiment 2
were longest when held at 22°C but heaviest and with a
higher condition factor at 15°C, which is consistent with
the estimated fundamental thermal niche of sea lamprey as
falling close to or between 17.8 and 21.8°C [41]. Similarly,
larval Arctic lamprey Lethenteron camtschaticum also exhib-
ited the highest growth rates at 18°C [42], and Pacific lam-
prey larvae grew quickly at 14—19°C [28, 30], suggesting
larval lamprey growth may be optimized under either “cold-
water” or “coolwater” conditions.

Recent work demonstrated that an accurate method for
estimating the length-at-age of sea lamprey in the Great Lakes
includes GDD in the highest-performing model, with 5°C
assumed to be the species’ base temperature in that study
[33]. Our data support the validity of this assumption, as little
to no growth was evident in our captive larvae between
November and May when ambient water temperature ranged
from 0 to 4.2°C. However, it must be noted that during the
period when colder temperatures were experienced, food
rations were lower, and densities were higher. So, these con-
ditions could conceivably have had an effect. Regardless,
European brook lamprey Lampetra planeri were found to
have extremely low assimilation efficiencies of lipid (8%),
protein (3.9%), and carbohydrates (6.2%) at 5°C [43], and it
is reasonable to anticipate similar low efficiencies occur in
larval sea lamprey. Consistent with this expectation, larval
sea lamprey assimilation efficiency was found to be highest
in natural streams in May—October (72%) and lowest in
November—March (53%) [38]. Despite the apparent simplic-
ity of the external morphology of larval lampreys, these ani-
mals are capable of thermoregulatory behavior similar to
other vertebrates by moving to detect preferred temperature
regimes [44]. Although coldwater temperatures (e.g., 5°C)
appear not to be detrimental to the health of larval sea lam-
prey, in the context of rearing the species quickly, growth is
likely to be most rapid when water is provided at temperatures
>15°C. Additional studies using a more finely graded range of
temperatures would be useful in determining if a narrower
optimal temperature for growth exists.

Larval lamprey growth in the wild has been associated
with a multitude of biotic and abiotic factors operating at the
micro- and macrohabitat scale [22, 45]. Likely, the relative
importance of any given factor and their varied interactions
will fluctuate spatiotemporally. For example, larval sea lam-
prey rely on allochthonous material to fuel growth in some
rivers where riparian forests are dense [46] but use autoch-
thonous material and aged organic matter to a greater extent
in rivers surrounded by more agriculture [47, 48]. In our
study, we found no interaction between the source of food
and the temperature to which larval sea lamprey were
exposed to. These data suggest that the composition of the
food was of lesser importance in fueling larval growth than
the prevailing temperature, supporting the notion that the
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availability of a source of ingestible material may be more
critical than the nature of the material itself. If true, this
result could indicate that in a captive-rearing environment,
larvae derive most of their energy from bacterial and/or fun-
gal populations breaking down and adhering to ingested
particles [49] and that warmer environmental temperatures
may be more conducive to bacterial and/or fungal growth. In
Experiment 1, larvae fed yeast alone received a lower quan-
tity of food compared to the other treatments, yet they were,
in fact, larger at the end of the experiment. This finding
indicates more food does not equate to increased growth
and suggests that perhaps, in this instance, a greater quantity
of food was, in fact, negatively impacting larvae (e.g., due to
poor substrate conditions or dilution of preferred yeast con-
tent). As well as determining the upper threshold for the
concentration of feed provided, future studies could examine
the exact nature of what larval lampreys are ingesting vs.
assimilating to fuel growth relative to what is provided
to them.

Larval lamprey growth can be influenced by animal den-
sity to a significant degree, with those experiencing high
densities subject to slower growth [22]. The mechanism
that underpins density-dependent growth remains elusive,
and there have been studies that indicate interference com-
petition via physical [50] or chemical [51] cues may play a
role. At the conclusion of Experiment 2, our data showed
that larval sea lamprey reared in warmer water exhibited a
greater degree of body size variation among individuals com-
pared to those held in cooler water, despite the food ration
and larval abundance being the same between temperature
treatments. These data suggest several possible phenomena
were occurring. First, resource competition could be appar-
ent in tanks experiencing warmer conditions (e.g., some indi-
viduals were better able to exploit available food sources,
reducing access by others), or second, some larvae have
higher activity rates and were increasing rates of movement
through the substrate disturbing others and reducing the
overall time spent feeding and assimilating food [50]. The
standard metabolic rate of larval Pacific lamprey increases
with temperature [52], and in our study, the two warmer
temperature treatments encompass the sea lamprey’s funda-
mental thermal niche (17.8-21.8°C; [41]). Therefore, lastly,
the warmer conditions may have resulted in increased
metabolism that, via interactions with food availability (neg-
ative or positive), differentially influenced the growth of indi-
viduals. For example, an animal with high metabolism and
access to sufficient food could grow quickly, whereas an
animal with high metabolism and insufficient access to
food could lose mass. Assimilation efficiency would also be
greater in larval sea lamprey at higher temperatures, result-
ing in more efficient nutrient absorption and growth [38].

The implications of variation in larval sea lamprey
growth rate revealed here are also important to sea lamprey
control. For example, rapidly growing larvae could metamor-
phose prior to planned pesticide applications on a 3—4-year
cycle, as was suspected in the Chippewa River, east-central
MI [53]; therefore, a clearer understanding of growth rate
would improve the planning of treatments. The growth rate

could also potentially be under selection by the constant and
severe mortality caused by pesticide applications, and under-
standing the genetic components of growth may be impor-
tant in limiting the evolution of pesticide resistance [54].
There are also possibilities that variation in growth rate is
sex-specific [55, 56] or associated with feeding rate as a par-
asitic juvenile, perhaps resulting in less effective control
(in terms of reduced fecundity of the population) or individuals
that are disproportionately more damaging to the fishery. Larval
rearing of sea lamprey for research and management on a
large scale will require identifying and optimizing a range of
factors that influence growth, not only those highlighted here.
However, prior research on Pacific lamprey has provided a
significant jumpstart on this process and highlights that
knowledge exchange between those involved in lamprey
aquaculture for conservation and control can be extremely
beneficial.
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