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ABSTRACT

Internal gonad morphology was examined in two species of elpidiid holothurians, Elpidia heckeri
and Kolga hyalina, commonly occurring in the Central Arctic Ocean. The holothurians were
sampled in August — September 2012 and in August 2018, at several locations in the Nansen
and Amundsen Basins, in areas under the constant ice cover and in areas free of ice. Both species
were observed at different reproductive stages and both are presumed to reproduce periodically.
In 2012, spawning occurred at the beginning of September in Elpidia heckeri and from late August
to early September in Kolga hyalina. There are reasons to believe that gametogenesis in K. hyalina
depends on the availability of freshly deposited phytodetritus. The maximum oocyte size in Kolga
hyalina (240 um) was smaller than in Elpidia heckeri (390 pm).

Introduction

The elpidiid holothurians (Elpidiidae) are the most
diverse family within the Order Elasipodida. They are
very common representatives of soft-bottom abyssal
communities throughout the ocean. Many elpidiids
form aggregations on the seafloor. In particular, high
densities were reported for Peniagone diaphana (Barnes
et al., 1976), Kolga nana (Billett and Hansen 1982;
Rogacheva 2012; Gebruk and Krylova 2013), Elpidia han-
seni and E. ninae (Belyaev 1989), Elpidia sp., Scotoplanes
globosa and Rhipidothuria racovitzai (Gutt and
Piepenburg 1991), Amperima rosea (Billett et al. 2010),
Peniagone sp. and Elpidia sp. (Kuhnz et al. 2014). The
occurrence of these species in super-abundance at cer-
tain times and localities suggests they have reproductive
pattern unlike those in many deep-sea echinoderms.
Data on the reproduction of Elpidiidae remain fragmen-
tary. Their larval development is completely unknown.
Reproductive biology was studied in detail only in five
species of Elpidiidae: Peniagone azorica and P. diaphana
(Tyler et al. 1985), Amperima rosea (Wigham et al. 2003),
Protelpidia murrayi and Peniagone vignoni (Galley et al.
2008). Although many of deep-sea holothurians are
known to reproduce all year round, the latter three
elpidiid species were found to reproduce seasonally
suggesting opportunistic reproductive patterns depen-
dent on the quality of food. All these species occurred in
areas with seasonal food pulses, apparently inducing
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intensive gametogenesis. Such a reproductive pattern
allows populations to increase rapidly in number and
to form dense aggregations.

The only two elpidiid species occurring in the Arctic
Ocean, Elpidia heckeri Baranova 1989 and Kolga hyalina
Danielssen and Koren 1880 (Figure 1), are very common
representatives of the abyssal communities and can reach
high population densities (Soltwedel et al. 2003, 2009;
MacDonald et al. 2010; Boetius et al. 2013; Taylor et al.
2018). Together with the wide circumpolar distribution of
both species in the abyssal Central Artic, Baffin Bay,
Greenland and Norwegian Seas, this suggests they have
highly successful reproductive strategies. Recent studies
in the Nansen and Amundsen Basins revealed the massive
seasonal deposition of algae on the abyssal seafloor
derived from ice-cover blooms and the presence of
algae in the guts of K. hyalina (Boetius et al. 2013). The
algae would appear to be a valuable food resource for
elpidiid holothurians with the potential to affect the
intensity of gametogenesis. However, examination of
their annual reproductive cycle is complicated by difficult
ice conditions affecting sampling most of the year.

While the reproductive biology of E. heckeri remains
unknown, some data were published for K. hyalina such
as external morphology of a gonad, gonoduct and geni-
tal papilla (Hansen 1975; Danielssen and Koren 1879).
Specimens of Kolga hyalina in the North Atlantic
described originally by Billett and Hansen (1982) have
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Figure 1. Dorsal view of Kolga hyalina (a, ¢) and Elpidia heckeri (b, d):
(a, b) — in vivo (before preservation), scale 50 mm; (c), (d) — in situ.

now been assigned to another species, Kolga nana
(Théel) (see Rogacheva 2012). Details of the reproductive
biology of K. nana (as K. hyalina) are given in Billett
(1988, p. 270-271). Here we present new data on the
reproduction of E. heckeri and K. hyalina collected in the

Table 1. Station data for examined samples.

Central Arctic Ocean in the areas under the permanent
ice cover and in the area free of ice.

Methods

Material was collected in two cruises from eight stations
in the Nansen and Amundsen Basins at depths between
2939 and 4380 m (Table 1, Figure 2). Specimens were
collected with Agassiz and Sigsbee trawls and then
washed with sea water. Specimens were preserved in
96% ethanol for taxonomic identification. For reproduc-
tive studies, they were preserved in 4% borax-buffered
formaldehyde in seawater and 2.5% glutaraldehyde
solution buffered with 0.5M sodium cacodylate contain-
ing 21 mg/ml NacCl.

Gonad internal morphology was examined on the
series of histological slides and by examination of pre-
parations of the whole tubules. The latter method
allowed studying a greater number of oocytes, and
also to observe oocytes in many different tubules. For
that purpose, several tubule clusters were dissected,
washed in water from a fixative and dehydrated. Before
microscopic examination, the tubules were placed in
a glycerine drop on the microscope glass and pressed
using a cover glass.

Histological slides were prepared using the standard
technique of dehydration in ethanol of increasing con-
centrations (Valovaya and Kavtaradze 1993), followed by
embedding the material in paraplast and cutting it into
sections 7 um thick on a microtome (Leica RM 2125). The
sections were then stained with hematoxylin, dried and
mounted in Canada Balsam.

The external and internal morphology of gonads was
examined with the compound and dissection micro-
scopes. Images of histological slides were taken with a

Station Gear Examined speci- Examined speci-

number Location (Trawl) Date Start and End Coordinates Water depth (m) mens of E. heckeri mens of K. hyalina

RV Polarstern, Cruise ARK XXVII-3 (IceArc)

1 Nansen Basin Agassiz  09.08.2012 84.038° N 30.162° E - 4012 - 4013 £-0 $ -4
84.038° N 30.188° E b -2 & -1

2 Nansen Basin Agassiz  17.08.2012 83.972° N 77.683° E - 3470 £ -1 £ -0
83.970° N 77.632° E -1 &-0

3 Nansen Basin, close to Agassiz  20.08.2012 82.709° N 109.578° E - 3575 - 3576 2 - Q-4

Gakkel Ridge 82.724° N 109.563° E -1 & -5

4 Amundsen Basin Agassiz  26.08.2012 82.791° N 129.878°E - 4158 - 4159 2 -3 2 -1
82.778° N 129.847° E 6-0 & -1

5 Amundsen Basin Agassiz  05.09.2012 81.909° N 130.877° E - 4038 - 4039 £ -5 £ -3
81.906° N 130.843°E 6 -3 &-2

6 Amundsen Basin Agassiz  09.09.2012 85°4.35'N 122°42.42°E - 4353 - 4354 2 -3 2 -6
85°4.13'N 122°41.49'E 5 -4 & -1

7 Amundsen Basin Agassiz  19.09.2012 87°53.53'N 59°23.32'E - 4380 £ -1 £ -5
87°53.77'N 59°20.81'E 5-0 é-0

RV Akademik Mstislav Keldysh, Cruise 72

5958 Slope basis of the Sigsbee 30.08.2018 78°57.76'N 125° 44.88'E - 78° 3003-2939 2 -1 2 -0

Laptev Sea 58.68'N 125°49.60'E & -0 & -3
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Figure 2. Map of sampling localities.

Figure 3. Dissected Elpidia heckeri and its gonads: (a), (c) — female; (b, d) — male.
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Figure 4. Dissected male of Kolga hyalina (a), M — ovary; (c) - testis.

Figure 5. Kolga hyalina at Station 5 with well-developed gonad
(a) and Station 1 with smaller gonad (b).

Leica DFC490 camera mounted on a Leica DMI4000B
compound microscope. Oocyte size was measured with

Imagel) software (https://imagej.nih.gov/ij). Feret dia-
meter was determined in oocytes with a visible nucleus.

At some stations, gonad histology was examined
only in a single specimen or in one specimen of each
sex (Table 1). Although these data are not compre-
hensive, most of the specimens examined from the
same location were at a similar stage of gametogen-
esis and had a similar oocyte size range, so even data
from one specimen could be informative. The oocyte
size was measured only in specimens from Stations
1-5 and 5958. Most of the specimens at the post-
spawning stage had very few oocytes suitable for
measuring because most of the mature and develop-
ing oocytes had been resorbed and there were only
a few previtellogenic oocytes forming.

Results
External morphology of the gonads

In both species, E. heckeri and K. hyalina, there was
sexual dimorphism in the gonad external morphology.


https://imagej.nih.gov/ij
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Figure 6. Cross-section of the ovary tubules at pre-spawning (a), spawning stages (b, d) and post-spawning resorption (c) in Elpidia

heckeri. Scale 100 um.

ct — connective tissue; ev — early vitellogenic oocyte; fc — follicular accessory cells; | - lumen; Iv - later stage vitellogenic oocyte; mo — mature oocytes; ph — phagocytes;

pv - previtellogenic oocyte.

Their gonad, unpaired, as well known in elpidiids, lay to
the left of the dorsal mesentery. In E. heckeri the gonad
consisted of a dense cluster of tubules opening to
a central duct, which ended in a short gonoduct
(Figure 3). The latter opened on the top of the small
genital papilla located in the mid-dorsal interradius
between the tentacles and the anterior pair of dorsal
papillae. In females, there were short ramifications at the
ends of tubules, whereas in males these bifurcations
were remarkably longer. The tubules were more slender
in males.

In mature individuals of K. hyalina gonads could fill
the entire body cavity (Figures 4-5). In contrast to
E. heckeri the main duct in K. hyalina bifurcated many
times, forming long tubules and never forming a dense
cluster (Figure 4(c)). The duct opened to a basal sac
leading to the gonoduct. The latter opened on the top
of the well-developed genital papilla anteriorly of the
velum. In females, the main duct was less bifurcated, and
the individual tubules were larger and less numerous
than in males.

The size of gonads in K. hyalina varied greatly, even at
stations sampled during the same period. Gonads were
relatively small in specimens from Station 1, whereas in

specimens from other stations the gonads filled the
entire body cavity (Figure 5).

Gametogenesis

Elpidia heckeri
Oogenesis. The perivisceral peritoneum consisted of
myoepithelial cells underlined by a thin basal lamina.
The connective tissue compartment varied in thickness
and was homogenous to irregular in structure (Figure 6,
ct). It contained fibers and a number of accessory cells,
the coelomocytes, apparently having a nutritive value. It
also contained haemal lacunas providing nutrition to the
growing oocytes. Traces of the membranes left after the
egg growing inside of it were spawned or resorbed were
also visible (Figure 6(c)). The inner (germinal) epithelium
contained oocytes of various stages and accessory cells
forming follicles (Figure 6, fc). The longitudinal folds
were often irregular in shape and often difficult to find.
The smallest oocytes recognized under the light micro-
scope were ~10 pm in diameter. Smaller previtellogenic
oocytes (Figure 6, pv) were characterized by small amount
of basophilic cytoplasm. As they grow, the amount of
cytoplasm increased and it became heterogeneous. At
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Figure 7. Cross-section of testis tubules in different stages of spermatogenesis in Elpidia heckeri. (a) and (b), pre-spawning; (c), (d),
spawning. Scale 50 um. Arrows on (a) and (b) show longitudinal folds.
ct - connective tissue, If — latitudinal folds; sg — spermatogonia; sc — spermatocytes; sz — spermatozoa.

~50 pm the oocytes became surrounded by accessory cells.
At ~70 um the cytoplasm was highly vacuolated indicating
the beginning of vitellogenesis (Figure 6, ev). Some of the
vacuoles lost their basophily attaining a speckled appear-
ance (Figure 6, Iv). The oocytes remained vacuolated until
reaching the size of ~140 pm. In bigger oocytes the
vacuoles started to be destroyed, therefore the oocytes
lost basophyly and became mature (Figure 6, mo).

Unspawned mature oocytes underwent resorption
(Figure 6(c)), apparently affecting vitellogenic and
young oocytes as well as the whole tubule wall. The
latter was often seen in the smaller-sized tubules at
late spawning or postspawning stages.

Spermatogenesis. In comparison to the ovary, the testis
wall was characterized by a greater homogeneous con-
nective tissue and more prominent longitudinal folds
(Figure 7, ct, If). The latitudinal folds varied in width from
filiform (Figure 7(a,b), arrows) to solid structures (Figure 7
(c)). Longitudinal folds were surrounded by spermatogen-
ous cells (spermatogonia and spermatocytes | and I, see
Figure 7(c), sg and sc). In some cases, dividing spermato-
gonia were found. At the pre-spawning stage, most
tubules were filled mainly with spermatocytes and

contained narrow longitudinal folds surrounded by acces-
sory cells and dense rows of spermatogonia (Figure 7(b)).
Spermatogonia also formed a dense layer along the inner
epithelium. At the spawning stage, tubules had a central
lumen containing spermatozoa and prominent latitudinal
folds surrounded by spermatogonia and less numerous
spermatocytes (Figure 7(c,d)).

Kolga hyalina

Oogenesis. In the ovary of K hyalina, the connective
tissue compartment and the form of longitudinal folds
were more structurally organised (Figure 8, If). The connec-
tive tissue compartment was rarely homogenous (Figure 8,
ct), often contained fibers, lacunas and a number of acces-
sory cells. The latter could be more abundant in narrow
parts of the gonad wall.

Cells of inner germinal epithelium were similar in shape
to those of perivisceral peritoneum. The youngest oocytes
were recognized at the diameter ~15 pum. They were
rounded, strongly basophilic and had homogenous cyto-
plasm (Figure 8, pv). At the diameter 30-40 um the cyto-
plasm was less basophilic and more vacuolated indicating
the beginning of vitellogenesis (Figure 8, ev). Unlike devel-
opment in E. heckeri, vitellogenic oocytes were not so
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Figure 8. Cross-section of the ovary tubules at spawning stage (a — ¢) and post-spawning resorption (d) in Kolga hyalina. Scale 100 pm.
Arrows show a membrane that remains after unspawned oocytes were resorbed.
ct — connective tissue; ev — early vitellogenic oocyte; fc - follicular accessory cells; | - lumen; If - latitudinal folds; Iv — later stage vitellogenic oocyte; mo — mature

oocytes; ph — phagocytes; pv — previtellogenic oocyte.

brightly stained in the later stages in K. hyalina (Figure 8, Iv),
which suggests a greater amount of lipids in vacuoles. At
this stage, the oocytes obtained follicular epithelium
(Figure 8, fc). At the diameter 100 um vitellogenic oocytes
lost their basophily, the vacuoles started to be destroyed,
and the oocytes became mature. In comparison with
E. heckeri, mature oocytes in K. hyalina (Figure 8, mo)
were more basophilic and contained some vacuoles that
suggest higher glycoprotein content. Mature oocytes were
numerous in the lumen, whereas in E. heckeri they were
rare. As in E. heckeri, ovary tubules in K. hyalina were at

different maturation stages: big tubules contained mainly
mature oocytes and also some vitellogenic and previtello-
genic oocytes, whereas small tubules were at various
stages of resorption. Resorbing tubules contained numer-
ous phagocytes (Figure 8, ph).

Spermatogenesis. The testis in K. hyalina was similar
in internal morphology to that in E. heckeri but more
structured. The gonad wall was wider, ca. 20 um, and
covered by myoepithelium. The connective tissue
compartment was homogenous with rare accessory
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Figure 9. Cross-section of testis tubules in different stages of spermatogenesis in Kolga hyalina. (a) — spawning; (b) — late spawning,
(c) - pre-spawning/spawning. Scale 100 um. Arrows on (a) and (b) show longitudinal folds.
ct - connective tissue, If - latitudinal folds; sg — spermatogonia; sc — spermatocytes; st — spermatids; sz — spermatozoa.

cells, about 10 um in width (Figure 9(b), ct and (d),
showed by arrows). Inner epithelium formed promi-
nent well-visible folds (Figure 9(b), If). The folds were
surrounded by all the five types of the cells: sperma-
togonia (Figure 9(d), sg), spermatocytes | and Il
(Figure 9(d), sc), spermatids (Figure 9(d), st) and sper-
matozoa (Figure 9, sz). The latter were separated from
accessory cells lying free in the lumen.

Oocyte size

The maximum oocyte size was 240 um in K. hyalina and
390 um in E. heckeri. According to the box-plot analysis
(Figure 10), smaller differences in the egg size mean were
found in E. heckeri, than in K. hyalina. The smallest eggs
were in specimens of E. heckeri from Station 3, whereas at
the Stations 2 and 5 they were the biggest (Figure 10). The
oocyte size distribution in K. hyalina showed wider mean
variation between the examined localities. At the Station
1, oocytes were remarkably smaller than at the other
stations. The biggest oocytes were found in specimens
from the Station 5 (Figure 10).

Reproductive stage

At the Stations 1-4, males and females of E. heckeri were
characterized by mixture of some spermatozoa and sper-
matogeneous cells, and some mature oocytes and numer-
ous smaller oocytes, respectively (Table 2). Absence of
empty tubules, and also of the resorbing oocytes suggest
the final pre-spawning stage. Oocytes at Station 2 were
the biggest, however, there was no evidence of the begin-
ning of spawning. Intensive gametogenesis was also
found in the female from Station 5958, however its smal-
ler oocytes indicate even later spawning stage. At Station
5, specimens were obviously at the spawning stage since
their tubules were empty or contained mature gametes in
higher proportion, or, in females, contained resorbing
oocytes. At Stations 6 and 7, specimens were at the post-
spawning stage, with gonad tubules containing resorbed
oocytes in females and being empty in males. At the same
time, few small oocytes and spermatogeneous cells of
probably a new generation were present.

Beginning stages of gametogenesis were observed in
gonads of K. hyalina at Station 1 (Figure 11). In males from
the Station 5958, spermatozoa were present in some
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Figure 10. Vitellogenic oocyte size (feret diameter) statistics in Elpidia heckeri (a) and Kolga hyalina (b).

tubules with others filled with spermatogenic cells at dif-
ferent stages of development suggesting the pre-spawning
stage. At Stations 3 and 5, specimens were spawning or at
the very beginning of the post-spawning stage. At Stations
4, 6 and 7 specimens were at the post-spawning stage.

Frequency histograms of oocyte size (Figures 12—
13) showed a peak at the size of ~40-70 um in
E. heckeri and ~30-50 pum in K. hyalina both at pre-
spawning and spawning stages. At the spawning
stage, a number of size clusters increased and size
distribution showed another (smaller) peak at ~200
pm in E. heckeri and 150-170 um in K. hyalina. At
Station 4 K. hyalina was observed at the very begin-
ning of the post-spawning stage (Figure 13, bottom
left). The oocyte size distribution at this station was
similar to the pre-spawning distribution with mature
oocytes ejected or resorbed, but most of previtello-
genic and vitellogenic oocytes were not fully
resorbed.

Discussion
Gonad morphology and oocyte size

The gonad morphology in E. heckeri is typical of that in
other elpidiids and similar to that described for Elpidia
glacialis (Théel 1877), Elpidia belyaevi (Hansen 1975;
identified as Elpidia glacialis), Amperima rosea (Wigham
2002) and Penilpidia desbarresi (Gebruk et al. 2013). The
gonad is located in the anterior body half, on the dorsal
side covering the intestine. The gonad of this type con-
sists of a dense cluster of short tubules opening into the
gonoduct varying in length. In K. hyalina the gonad is of
a different deviating type. The same type of gonad is in
Irpa abyssicola Danielssen and Koren 1879, however
these two species might be conspecific (Rogacheva
2007). The gonad in K. hyalina consists of a long, ramified
duct ending in fertile tubules. In our specimens from
some localities, the body cavity was packed with
gonad tubules. Observed differences in the gonad size
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Figure 11. Ovary tubules under the light microscope in Kolga hyalina from St. 1. Scale 100 pm. Arrows on (a) and (b) show haemal
sinuses, along which the growing oocytes are distributed; (c) — acinus (terminal part of a tubule, where some bigger oocytes

occurred).

in K. hyalina suggest that gonads are bigger in spawning
individuals getting smaller after spawning because of
resorption.

Based on the maximum oocyte size, the elpidiids can
be divided into three groups (Table 3): 1) with smaller
eggs, ~200 um in ferret diameter (Elpidia glacialis,
Scotoplanes globosa, S. clarki etc.); 2) with medium-
sized eggs, ~300 pm (Peniagone diaphana and
Protelpidia murrayi) and 3) with larger eggs, >400 pum
(Peniagone vignoni). Maximum oocyte size in K. hyalina is
smaller than in E. heckeri falling into group 1. The same
oocyte size was observed by Billett (1991) in Kolga nana.
The reproductive strategy in the latter species as well as
in another species with small eggs, Amperima rosea, is
opportunistic, i.e. they can quickly respond to increased
flux of organic matter and produce a lot of small eggs
forming temporary dense aggregations (Billett et al.
2010). It can be suggested that fecundity is higher in
K. hyalina than in E. heckeri because K. hyalina is gener-
ally bigger with the gonad more branched and smaller

eggs.

Reproduction periodicity

Many deep-sea holothurians are known to reproduce con-
tinuously with only few species spawning periodically or
seasonally. Periodical reproduction was suggested for
Kolga nana (Billett and Hansen 1982; Billett 1991),
Amperima rosea (Wigham et al. 2003), Protelpidia murrayi
and Peniagone vignoni (Galley et al. 2008). These species are
characterized by significant differences in the oocyte size
depending on a season. The annual reproductive cycle
remains unclear in our specimens of E. heckeri and
K. hyalina since they were collected during the short period
of the year, from the beginning of August to mid-
September. However, even this short period of observation
revealed remarkable differences in the mean oocyte size in
the two species. Differences were more prominent in
K. hyalina: oocytes were much smaller in specimens from
Station 1 than from all other stations. The internal gonad
morphology in both species (examined visually) also sug-
gests spawning seasonality, since pre-spawning, spawning
and post-spawning stages were found.
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Table 2. Visual observation summary of the internal gonad morphology of the specimens from different stations.

Station Date Elpidia heckeri Kolga hyalina

1 09.08.2012 Females: not examined Females: tubules are mostly empty with smaller-sized oocytes
Males: intensive spermatogenesis; some areas contain located along the sinuses
mature spermatozoa Males: spermatogeneous cells along the sinuses and empty central

part of the tubules

2 17.08.2012 Female: gonad is packed with many smaller-sized oocytes and Not sampled
also big oocytes; some mature oocytes were observed in the
lumen
Male: intensive spermatogenesis; sinuses are surrounded by
spermatogenous cells on different stage of development

3 20.08.2012 Female: intensive oogenesis; some tubules contain large Females: tubules are filled with mature oocytes; some tubules are
oocytes empty; resorbing oocytes are also present
Male: central part of the tubules are filled with spermatozoa; ~ Males: tubules are filled with spermatogenous cells and
spermatogenous cells are numerous; some tubules did not spermatozoa
contain mature cells

4 26.08.2012 Females: intensive oogenesis with few mature oocytes in the  Female: acini mainly empty, some of them contain resorbing
lumen oocytes, and few very small oocytes
Males: not examined Male: new generations of spermatogeneous cells

5 05.09.2012 Females: many mature oocytes, most of them undergo Females: many mature oocytes are in the lumen, smaller oocytes and
resorption, some tubules contain only resorbed oocytes resorbing cells are also present
Males: spermatozoa and spermatogeneous cells are visiblein ~ Males: tubule lumen is filled with spermatozoa; on the periphery
some big tubules, smaller sized tubules are often empty are spermatogeneous cells on the different stage of development

6 09.09.2012 Female: few resorbing oocytes and a number of small oocytes Females: in the tubules resorbing oocytes and small oocytes
probably of a new generation probably of a new generation
Males: tubules are mostly empty, some spermatogeneous Male: tubules contain spermatogeneous cells at the periphery
cells are developed at the peripheral of the tubules

7 19.09.2012 Female: tubules contain few resorbing oocytes and small Females: in the tubules resorbing oocytes and small oocytes
oocytes probably of a new generation probably of a new generation
Males: not examined Males: not examined

5958  30.08.2018 Female: intensive oogenesis, with mostly smaller oocytes Female: not examined

Male: not examined

Male: intensive spermatogenesis with numerous
spermatogeneous cells at the different stage of development;
many of tubules contain spermatozoa, but they are not numerous

In 2012, spawning took place in the beginning of
September in E. heckeri and from late August to early
September in K. hyalina. As in other seasonally reproducing
deep-sea holothurians, the time of spawning in K. hyalina
and E. heckeri apparently depends on local environmental
factors such as the flux of phytodetritus to the sea floor.
This hypothesis can explain peculiar dissimilarities between
reproductive stages at different locations on similar dates,
or instead, similarities in gametogenesis stages on different
dates. Particularly, in 2012 K. hyalina was found spawning
on August 20 (Station 3) and September, 5 (Station 5),
whereas on August 26 it was clearly at the post-spawning
stage. Gametogenesis in E. heckeri was more consistent. In
2012 this species was found pre-spawning on 9-26 of
August, spawning on September 5 and post-spawning on
9-19 of September. The female of E. heckeri collected at
Station 5958 on 30 August 2018 was expected to be at the
same reproductive stage with specimens from Station 4
collected in 2012 also at the end of August. However,
oocytes were smaller in the female from Station 5958,
suggesting later spawning in 2018 at this locality
(Figure 12). We estimate the delay in spawning as ~10
days since the oocyte size at Station 5958 (in 2018) was
similar to that at Station 3 (in 2012) and the gametogenesis
in E. heckeri is relatively consistent.

Gametogenesis in the two species from the same local-
ities was not fully synchronous. Particularly, at Station 3
K. hyalina was observed at the spawning stage, whereas
E. heckeri was pre-spawning. The opposite pattern
occurred at Station 1; gametogenesis was very intensive
in E. heckeri whereas it was at the very beginning stage in
K. hyalina. At the same time, similar gametogenesis stages
were observed at Stations 5-7 (in 2012) and 5958 (in 2018).
These dissimilarities can indicate different reproductive
and feeding patterns, since strong relationships between
the diet and foraging strategy, and the reproductive pat-
tern are known for other elpidiids such as Kolga nana and
Amperima rosea (Billett 1991; Wigham et al. 2003).

Conversely, gametogenesis in specimens of one spe-
cies at the same locality was visually very synchronous.
Differences were mainly observed in tubules of different
size in one specimen than between the specimens.
Differences between tubules suggest that spawning is
not instant, it rather takes several days to complete. The
latter can explain why E. heckeri was found spawning
only at one station, Station 5. At Station 4 taken 9 days
earlier, E. heckeri was pre-spawning, and at Station 6
taken four days later, specimens were post-spawning.
Since gametogenesis stages and rates in E. heckeri were
relatively consistent, spawning in this species in 2012 at
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Figure 12. Frequency histograms of oocyte size (feret diameter) distribution in um in Elpidia heckeri.

all localities could occur over a few days in the very
beginning of September.

Relation to feeding conditions

Both species in our study, Kolga hyalina and Elpidia heckeri,
were found actively feeding on freshly sunken colonies of
ice-algae Melosira arctica (Boetius et al. 2013; Rybakova
et al. 2019). Abundance of diatom colonies as well as the
Chlorophyll a concentration in sediment strongly varied
between the stations (Table 4). Elpidia heckeri occurred at
pre-spawning/spawning or post-spawning stages at all the
stations. No clear relationship with the phytodetritus abun-
dance was revealed in this species. At the same time,

K. hyalina was found at the near spawning stage only at
the stations with the sunken algae. However, it seems
unlikely that M. arctica colonies provide a provision for
breeding in K. hyalina. These diatoms grow on the under-
side of the sea ice forming dense meter-long filaments with
high biomass (Melnikov and Bondarchuk 1987). Melosira
arctica debris at the seafloor cannot be abundant in areas
free of ice in summer-time, such as the locality of Station
5958 where K. hyalina was numerous. It is more likely that
K. hyalina similar to K. nana and Amperima rosea responds
to increased flux of phytodetritus to the seafloor, the latter
can be of sea ice or surface water origin. However, no clear
relationships between the Chlorophyll a concentration,
seafloor algal coverage and gametogenesis stage in
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Figure 13. Frequency histograms of oocyte size (feret diameter) distribution in um in Kolga hyalina.

Table 3. Maximum oocyte diameter in Elpidiidae.

Oocyte
Species diameter Reference
Amperima naresi 200 Hansen (1975)
Amperima rosea 200 Wigham et al.
(2003)
Ellipinion molle 200 Wigham et al.
(2003)
Elpidia heckeri 390 This study
Elpidia sp. from Baffin Bay 200 Hansen (1975)
Elpidia sp.* from Kermadek Trench 200 Hansen (1975)
Kolga hyalina 240 This study
Kolga nana 240 Billett (1991)
Peniagone diaphana 300 Tyler et al. (1985)
Peniagone azorica 300 Tyler et al. (1985)
Peniagone vignoni 570 Galley et al. (2008)
Peniagone sp.** from Kermadek 200 Hansen (1975)
Trench
Protelpidia murrayi 357 Galley et al. (2008)
Scotoplanes globosa 200 Hansen (1975)
Scotoplanes clarki 200 Hansen (1975)

* |dentified as Elpidia glacialis, but probably another species.
** |dentified as Peniagone azorica, but probably another species.

K. hyalina was found at the stations located in the ice-
covered areas and where the sunken algae were observed
(Stations 2-7). It can be suggested that algal deposits make
up at the seafloor mosaically (especially massive debris)
and they are consumed rapidly. However, regular and
focused studies are required to understand this phenom-
enon. At Station 1, oocytes in K. hyalina were the smallest,

the chlorophyll a concentration was low and diatom
deposits or their traces were completely absent.
Assumingly poor feeding conditions at Station 1 are corro-
borated by data on megabenthic communities in
Rybakova et al. (2019): the biomass and density of mega-
fauna were the lowest at Station 1 among Stations 1-7.

Kolga hyalina was at spawning and post-spawning
stages only at stations with higher chlorophyll
a concentration or obvious algal debris, therefore
peculiarities of reproduction in poorer feeding condi-
tions in this species remain unclear. Possible scenar-
ios are fewer eggs or lack of spawning with oocytes
undergoing resorption. This question requires further
studies.

Conclusions

(1) Elpidia heckeri and Kolga hyalina are suggested to
reproduce seasonally in response to ice cover
primary production.

(2) Gametogenesis rate and time of spawning in both
Kolga hyalina and Elpidia heckeri are dependent
on the flux of phytodetritus, but more so in
K. hyalina.
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Table 4. Characteristics of the stations (from Boetius et al. 2013; Rybakova et al. 2019; modified).

5958
free of ice

Characteristic/Station
Ice age: first (FYI)/

FYI/MYI FYI/MYI

FYI

FYl

FYI

FYI

FYI

multi-year ice (MYI)
Sea ice coverage (%)
Sea ice thickness (m)

0
N/A
Not observed

100
1.2-1.8
24+07

50

0.9-1.7

60

80

70

0.7
1.6 £ 04

80

80

1.2
05+0.2

0.7
03+0.2

1.2
0.03 £ 0.04

1.0

04+06

Seafloor algal coverage

(%) £SD
Algal freshness

N/A

indistinct very old  mostly fresh, old white

mostly indistinct old white  mostly not old white

mostly fresh, old white

mostly fresh

absent

big patches patches present

degraded patches

degraded patches

degraded patches present

0.07 0.08 Not measured

0.13

0.22

0.21

0.24

0.07

Chlorophyll a (Chl a)

(ug/cm3)
Elpidia heckeri

Post-spawning Intensive
gametogenesis

Post-spawning

Pre-spawning Spawning

Pre-spawning

Pre-spawning

Pre-spawning

gametogenesis

stage
Kolga hyalina

Post-spawning Intensive
gametogenesis

Post-spawning

Spawning

Post-spawning

Spawning

Not sampled

Early
gametogenesis

gametogenesis

stage

(3) Kolga hyalina has smaller eggs compared to
E. heckeri and more branched gonads that could
lead to higher fecundity.
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