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Abstract A method for actively protecting river lamprey and increasing the number of river
lamprey populations is presented as protocol of rearing stocking material. The objective of the
study was to accommodate lamprey larvae during the most critical life period under controlled
conditions until they reach a sufficient size, which will increase their chances to survive in the
natural environment. The eggs obtained from wild breeders were incubated in Weiss’s jars at
the water temperature of 12 °C. The larvae were reared in tanks set up in closed recirculating
aquaculture systems. During the rearing period, the water temperature was 20 °C and the
density of larvae was 150 individuals per 1 dm2 of bottom. In the initial rearing phase, the main
focus was on the type of feeds and the nourishment method. It was determined that the most
suitable feed type was Artemia nauplii combined with Hikari dry food. Additionally, the type
of substrate was tested under controlled conditions. In this case, the optimum one was
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composed of sand of the grain size between 0.3 and 0.5 mm. The experiment proved that it is
possible to successfully conduct river lamprey larvae rearing under controlled conditions. The
growth rates are comparable to or better than those achieved under natural conditions. After
30 days of the rearing period, the lamprey larvae were 25 mm long. The results create a
possibility to develop a technology for the restitution of river lamprey and other lamprey
species, which are endangered throughout the world.
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Abbreviations
BW Body weight
EN Endangered species
ITL Increase in total length
RFL Relative final length
RGR Relative growth rate
SD Standard deviation

Introduction

In Poland, as in whole Europe, some fish species as European eel Anguilla anguilla (Nowosad
et al. 2014, 2015) and river lamprey Lampetra fluviatilis (Kujawa et al. 2016) belong to the
species whose existence is gravely endangered. According to the IUCN/WCU classification,
river lamprey is considered as an endangered species (EN) (Głowaciński 1992). Next to brook
lamprey Lampetra planeri (Bloch, 1784) and sea lamprey Petromyzon marinus (Linnaeus,
1758), river lamprey is listed in Annex No. II to the EC Habitats Directive (92/43/EEC) of 21
May 1992 on the protection of natural habitats and wild fauna and flora (Sjöberg 1980;
Maitland 1980; Renaud 2011). The river lamprey is a migratory, diadromous agnatha which
attempts reproduction only once during its lifetime (Staff 1950; Brylińska 2000). In the larval
stage, it prefers flowing waters, although actively foraging adults have a preference for sea
waters. Recent results have shown that the most suitable temperature for maintaining lamprey
adults and obtaining high-quality gametes is even lower, down to 7 °C (Cejko et al. 2016).
Lampreys swimming to river in autumn go further inland and spawn at lower temperatures than
those which migrate in spring and spawn at higher temperatures, even at 16 °C (Ryapolova and
Mitans 1991). In Poland, river lamprey spawning takes place when the water temperature
exceeds 11–14 °C (Kujawa et al. 2016). Spawning does not take place in random locations, but
usually where lamprey larvae are already present. In spring, lampreys start the spawning season
and lay large amounts of eggs. After spawning, the breeders die within 1–3 weeks since they do
not forage during the spawning trip and their digestive tract undergoes atrophy (Hardisty 1986).

In the wild, lamprey larvae after hatching settle in groups and bury themselves in mud in
some river hollows where outwash and organic residues accumulate, sustaining the develop-
ment of small algae and protozoans. The grain diameter of the substrate forming their micro-
habitats is usually 0.05–0.20 mm (Kainua and Valtonen 1980). Mortality during their lifecycle
in the natural environment is very high, for example only 10% of lamprey larvae hatch during
the incubation of eggs, of which 10% survive until metamorphosis. This means that only 1%
of lamprey larvae reaches metamorphosis (Ryapolova 1990; Ryapolova and Mitans 1991). But
study about rearing lamprey larvae under controlled conditions is still missing.
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In inland fisheries in past, river lamprey used to be perceived as a common species with a
significant economic role (Staff 1950; Valtonen 1980; Birzaks and Abersons 2011). In Poland,
catches of up to 80 t per year were recorded until the end of the 1970s (Bartel 1992). By the
late 1980s, catches had dropped to approximately 900 kg per year. Recently, it has been noted
that the distribution range of this species has started to diminish drastically. Studies on the
condition of ichthyofauna in the Polish rivers have indicated a catastrophic reduction in river
lamprey numbers (Kuszewski and Witkowski 1995; Witkowski and Kuszewski 1995;
Witkowski et al. 1999). Such adverse changes in the occurrence of river lamprey have been
noted not only in Polish waters, where this species has already become endangered, but also in
other European inland water bodies (Maitland 2003; Nunn et al. 2008). In the world literature,
the vast majority of data refer to the ecology and biology of sea lamprey and river lamprey
(Jang and Lucas 2005). Few publications discuss the morphology and feeding of river lamprey
in different water bodies and its preferences for habitats (Goodwin et al. 2008; Taverny et al.
2012; Aronsuu and Virkkala 2013). There are virtually no data on the reproduction of river
lamprey under controlled conditions nor is there any information on its rearing in juvenile
stages. Although there is some information concerning substrate selection by river lamprey
larvae (Aronsuu 2015) and the rearing of other lamprey species, none of those publications
deals with live food, which can play an important role in the early larval development of river
lamprey (Mundahl et al. 2005; Barron et al. 2015; Lampman et al. 2016). Probably due to
extinction of many lamprey populations, the study about its reproduction and rearing larvae
under controlled conditions are very limited (Cejko et al. 2016). For this reason, such studies,
which gave the possibility to produce in the future stocking material of lamprey, are needed.

The present study has involved placing larvae with the mostly absorbed yolk sac in
appropriate pools, both with and without bottom substrate, and feeding them on finely grained
feed, liveArtemia salina (Linnaeus, 1758) nauplii and a combination of both. The objective was
to accommodate larvae during the most critical period of their lives under controlled conditions
until they reach a sufficient size, allowing them to survive in the natural environment.

Materials and methods

River lamprey origin

The study was carried out on river lamprey larvae originating from spawn incubated under
controlled conditions, which was obtained from wild individuals caught at the turn of April
and May in the Vistula Lagoon (Poland). To prevent spontaneous spawning, lamprey spawners
(females and males) were placed in separate pools after being transported to the laboratory
(Kujawa et al. 1999). Sex identification of spawners in the period preceding natural spawning
did not present any problems. The spawners already had visible distinguishing features, which
enabled recognition of their sex. Females presented a significantly enlarged abdominal area,
whereas an elongated urogenital papilla was evident in males. The gametes were obtained
from the fish after approximately 2 weeks (Kujawa 2014).

River lamprey gamete collection and its fertilization

The lampreys were anesthetized before sampling the sexual products because otherwise
they would be very difficult to immobilize and the muscle tension would hinder collection
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of gametes (Kujawa 2014). To this end, a 2-phenoxyethanol solution (1.6 mL dm−3) was
administered (Lambooij et al. 2009). All spawners were measured (± 0.1 mm) and weighed
(± 0.1 g) before collecting germ cells (Table 1). Precision balance KERN PBS6200-2 m
(Germany) was used during weighing. The collected eggs was fertilized with semen
obtained from several males by the method described by Kucharczyk et al. (2016) for
freshwater finfish. After washing the eggs a few times, they were incubated in Weiss jars in
water at 12 °C. The incubation in water at this temperature lasted for 3 weeks. After
hatching, larvae were kept for an additional 2 weeks in Weiss jars, where they absorbed
the resources from the yolk sac.

River lamprey larvae rearing

River lamprey larvae with an almost reabsorbed yolk sac and starting to swim were put in
aquaria with the bottom surface cover of 20 and 10 dm2. Some of the pools had the bottom
covered with a 15-mm layer of washed sand [S] of the grain size of 0.3–0.5 mm. Throughout
the experiment, the only source of light was sunlight coming through the windows as no
artificial lights were applied. Washed sand was chosen because it creates the best conditions for
observations of the larvae and it contains little of organic substances which could be ingested
as food by lamprey larvae, possibly affecting the rearing outcome. The aquaria were set up in a
closed recirculation aquaculture system. The flow of water through the aquaria was
0.5 dm3 min−1. The initial stock density of larvae in the individual pools was 150
individuals·dm−2 bottom surface. The water temperature during the rearing was
20.0 ± 0.5 °C. Dissolved oxygen level oscillated between 7.4 and 7.8 mg dm−3 and the pH
was from 7.0 to 7.3. Ammonia and nitrate levels were measured during the experiment and no
high levels (above 0.05 mg dm−3) of each was found (Nowosad et al. 2013). The first dose of
feed was given to larvae 12 h after their transfer to the rearing tanks. Larvae were fed with
live A. salina nauplii [A], Hikari feed [H], and a combination of both [A-H] (two replicates
each), four times a day, every 4 h. The rearing lasted 30 days. Natural food, namely live A.
salina nauplii, was prepared according to the procedure described by Sorgeloos et al.
(1977). The size of live A. salina nauplii (stage I) was 430 μm. The feed mixture was a
specialized product: Hikari Plankton—Early Period Use. The pellet size ranged from 0.2 to
0.37 mm. The composition of the natural food and feed mixture used in the experiment is
presented in Table 2.

River lamprey larvae measurements

During the study, any feed residue was removed each morning before feeding to ensure proper
sanitary conditions and to prevent ammonia formation in water.

Table 1 Description of river lamprey (Lampetra fluviatilis L.) spawners from which sexual products were
obtained

Statistical measures Weight (g) Length (mm) Weight (g) Length (mm)
Female (n = 10) Male (n = 5)

min-max. 128.5–178.0 410.0–458.0 93.5–125.5 365.0–415.0
(x) 145.83 429.4 108.35 394.00
(± SD) 16.23 14.07 11.91 18.31
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A control sample of larvae was collected on the stocking day before the start of feeding.
Subsequent samples (of 30 individuals each) were taken every 6 days. The samplings took
place before feeding. Prior to taking measurements, caught larvae were anesthetized briefly in
Propiscin solution. The choice of Propiscin was dictated by the fact that it allows to take
pictures of larvae under the surface of water without greasy stains. The concentration of the
solution (0.3 cm3 dm−3) was determined based on the results of our previous experiments. The
larvae were measured (longitudo totalis—l.t.) at the accuracy of 0.1 mm. Following the
measurements, the larvae were released back to the pools from which they had been caught.
Next, based on the measurements, the relative growth rate (RGR) was calculated from the
onset of feeding to the end of the experiment, according to the formula by Myszkowski (1997).

RGR ¼ 100 e
SGR
100 −1

� �

Where SGR is the relative body growth rate and e is the base of the natural logarithm.
The increase in total length (mm day−1) was calculated based on the formula by Peňáz et al.

(1989). Statistical differences in the mortality of larvae between the stocking groups were
analyzed with the chi-square test (Sokal and Rohlf 1969). The null hypothesis (H0) that
mortality in the compared samples was the same was verified with the chi-square distribution.

In order to compare the results, the relative final length (RFL) of the larvae was calculated,
assuming that the length of larvae in the pools with substrate and fed the combination of the
feed mixture and nauplii was 100% (a) at the termination of the experiment.

RFL ¼ a
x
1;2;3…

* 100

Where a is the highest mean body length value and x1,2,3… is the mean body length value
from each group.

Statistical differences between the experimental groups were determined with the Tukey
test at α = 0.05. Comparison of the significance of differences was performed based on an
analysis of variance (ANOVA) and multiple comparisons with the Tukey’s procedure (HSD)
(Duncan 1955). The level of significance was assumed at α = 0.05. Statistical processing of the
results was performed with Excel 2013 and Statistica 10.0 software for Windows. Homogenity
of variance (the Levene’s test, α = 0.05) and normal distribution (the Shapiro-Wilk test,
α = 0.05) of the data were examined before the selection of the tests.

Chi-squared test was calculated according to formula shown below.

χ2 ¼ ∑
O−Eð Þ2
E

Where O is the observed values and E is the expected value.

Table 2 Chemical composition of A. nauplii* and starter diets produced by Hikari** (% dry weight) (* data by
P Candreva. Inve Aquaculture NV Dendermonde, Belgium; ** KYORIN CO., LTD. Japan)

Food Component (%)

Protein Fat Carbohydrate Ash
Hikari Plankton 48 3 2 18
Micro artemia cysts 54 11 5 6
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Results

The highest length gains in river lamprey larvae were recorded during the rearing on mixed
feed and in the pools with sand substrate [S/A-H] (Table 3). On the last day of rearing, the
average body length of river lamprey larvae in the pools with substrate and fed with nauplii
and the feed mixture [S/A-H] was 25.7 mm, whereas larvae fed only with the feed mixture
[S/H] or only with live brine shrimp (Artemia sp.) nauplii [S/A-H] averaged 22.4 and 23.7 mm
long, respectively. Statistically significant differences in the average body length of river
lamprey larvae in the variants with and without substrate were observed only from day 18
of rearing (Fig. 1).

Larvae reared in the pools without substrate had significantly lower body length gains
(Fisher test (LSD), MS-3705, df-118.00). In this variant, larvae administered the combi-
nation of feed mixture and natural food [A-H] were the largest (Table 3), but no significant
difference was demonstrated between [A-H] and [H] groups (ANOVA, F = 98,68,
p = 0,0000; the Tukey’s test (HSD), MS—2.4107; df = 114 p ≤ 0.05). The survival of
larvae at the end of rearing was significantly higher in the pools with sand substrate, where
it ranged from 60.0 to 76.4% (χ2 = 237.924; df = 1, Chi-squared distribution value at
p = 0.005 was χ = 7.879). In the pools without substrate, the survival rate did not exceed
50%. The increase in total length (ITL) was between 0.24 mm day−1 [A] and 0.54 mm day−1

[S/A-H]. The calculated RGR values for larvae fed with the combination of the feed
mixture and nauplii in the pools with [S/A-H] and without [A-H] substrate were 3.33 and
2.24% day−1 and were the highest for the given feeding variant (Table 3). Similarly, the
relative final length index (RFL) demonstrates that the rearing of lamprey larvae in pools
with substrate is much more efficient.

Discussion

Rearing larvae under controlled conditions is a very important stage in the production of fish
stocking material for restitution purposes (Palińska-Zarska et al. 2014; Kujawa et al. 2017).

Table 3 Results of rearing lamprey larvae (Lampetra fluviatilis L.) fed with Artemia and/or with Hikari

Parameter S/H S/A-H S/A H A-H A

Initial mean body
length (mm)

9.68 ± 0.26 9.63 ± 0.25 9.65 ± 0.28 9.61 ± 0.26 9.68 ± 0.26 9.68 ± 0.27

Final mean body
length (mm)

22.4 ± 1.37b 25.7 ± 1.45a 23.7 ± 1.28bb 18.3 ± 1.74c 18.8 ± 1.65c 16.8 ± 1.86d

Initial stock (indiv.) 1500 1500 1500 1500 1500 1500
Final stock (indiv.) 913.6 1146 1073.6 630 732 512
Survival (%) 60.9a 76.4b 71.6c 42d 48.8e 34.1f

(ITL)
(mm day−1)

0.42 0.54 0.47 0.29 0.30 0.24

(RGR) for length
(% day−1)

2.84 3.33 3.04 2.17 2.24 1.85

(RFL) (%) 87.16 100.00 92.22 71.21 73.15 65.37

Mean value ± S.D. Results in rows with the same letter superscript are not statistically significantly different (the
Tukey’s test (HSD), MS –2.4107; df = 114 p ≤ 0.05)
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Providing food with adequate quality and in proper amounts represents one of the major
challenges faced during fish larvae rearing (Łączyńska et al. 2016). Similarly to fish larvae
(Palińska-Zarska et al. 2014; Kujawa et al. 2017), lamprey larvae also start foraging when the
yolk sac is mostly absorbed. The duration of a time period when fish larvae may use the
resources accumulated in the yolk sac (Nowosad et al. 2017) before they start foraging on
exogenous food depends on the water temperature at which incubation takes place and at
which larvae are kept (Dabrowski 1976; Pepin 1991). In the present study, the applied food
(Artemia nauplii and Hikari plankton) are appreciate kind of food for lamprey larvae.

For cyprinid larvae, feeding with feed mixtures from the very beginning results in smaller
BW gains and lower survival than feeding with zooplankton (Mookerji and Rao 1991). They
need a period of several days on natural food in order to be able to absorb the nutrients from
feed mixtures afterwards (Nowosad et al. 2013; Łączyńska et al. 2016; Kujawa et al. 2017).
Similar observations were made during the rearing of river lamprey larvae. Despite the higher
availability of the feed mixture, larvae gained more body length and grew better on the mixed
food supplemented with live A. salina nauplii.

A diet of lamprey larvae under controlled conditions consists mainly of organic detritus,
which forces our constant search for new sources of nutrients easily accessible to larvae that can
be used in rearing (Lampman et al. 2016). Until an adequate feed for river lamprey larvae is
developed, they may be fed with commercial feed mixtures used for rearing fish larvae.
However, such a feeding regime has to be preceded by several days of feeding larvae with
natural food or a feed mixture combined with live A. salina nauplii (e.g., Palińska-Zarska et al.,
2014; Łączyńska et al. 2016). This allows the larvae to achieve a rapid increase in body length
and to progress through subsequent developmental stages. Improper food components might
cause by larvae body deformations (Łączyńska et al. 2016). Feed dosing may be automated with
feeders (Charlon and Bergot 1984, 1986), which significantly reduces service costs. A rearing
strategy based only on commercial feeds does not allow for full expression of the growth
potential of larvae and therefore it is recommended to supplement them with live A. salina
nauplii, which was also confirmed in previous studies carried out by Kujawa et al. (2010). There
are few publications dealing with the rearing of Pacific and sea lamprey, where authors used to

Fig. 1 Increase in body length (mean value ± SD) of lamprey larvae reared in the pools with and without
substrate (sand). Different letters showing differences at p < 0.05
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feed mainly yeast and algae (Mundahl et al. 2005; Barron et al. 2015; Lampman et al. 2016).
Ryapolova and Mitans 1991 reared river lamprey larvae feeding them with boiled yeast (in
70 °C) and once in 2 weeks they supplemented this diet with river sediments. But such kind of
preparing food, especially for commercial scale, is difficult. As it is shown in this paper, rearing
lamprey larvae using a different type of feed is possible as well. Moreover, live food is readily
accessible to burrowed larvae and it ensures their high growth rates.

In the natural environment, lamprey larvae feed themselves by filtrating small particles from
water, mainly zooplankton and phytoplankton and other organic particles (Mundahl et al.
2005). Since this is a pilot study, food with the composition comparable to natural food and
composed of low-processed ingredients was used. Lamprey fry produced in this way may be
used to restock selected river segments. During the restocking, a proper location for the release
of larvae should be considered, including the type and structure of substrate and the velocity of a
current. There should be some hollows or meanders, that is the sites where the river current
decelerates and where outwash and organic residues accumulate, allowing for the robust growth
of small algae and protozoans. The substrate should be up to 30 cm thick and composed of sand,
silt, or mud. Densely overgrown sites and areas with clay ground should be avoided.

Conclusions

The success of the reintroduction of lamprey populations depends on the knowledge of their
requirements for habitats. After several years, a correctly managed restocking operation carried
out at appropriately chosen sites will generate an increase in the number of lampreys initially
migrating to the sea and returning to spawning grounds after several months. Lamprey fry
produced in this way may be used to restock selected river segments. During the restocking, a
proper location for the release of larvae should be considered, including the type and structure
of substrate and the velocity of a current. There should be some hollows or meanders, that is
the sites where the river current decelerates and where outwash and organic residues accumu-
late, allowing for the robust growth of small algae and protozoans. The substrate should be up
to 30 cm thick and composed of sand, silt, or mud. Densely overgrown sites and areas with
clay ground should be avoided.

The success of the reintroduction of lamprey populations depends on the knowledge of
their requirements for habitats. After several years, a correctly managed restocking operation
carried out at appropriately chosen sites will generate an increase in the number of lampreys
initially migrating to the sea and returning to spawning grounds after several months. Further
studies on river lamprey larvae rearing under controlled conditions are recommended, with the
emphasis on a type of substrate that ensures proper conditions for foraging larvae and that is
also easy to remove during catches of larvae (Cejko et al. 2016).
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