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Fig. 11: Marsupial sacs of Eukrohnia bathyantarctica (A-C) and Eukrohnia bathypelagica (D-F)
at different stages of development: stage Il (A, D), stage lll (B, E, F), stage IV (C). Scale
bars are given in the pictures. Picture B was taken at the same magnification as A and
C, picture E with an about 20% higher magnification than picture D

High numbers of eggs are usually observed in “poor” areas and in species living
under stress (e.g. bathypelagic and cold water species; Alvarifio 1994). Alvarifio
(1983) stated in addition that ova number is lower and ova size is larger in
tropical species (with a short life span and a continuous reproduction cycle),
and in species with brood sacs than in species of cold and temperate waters.
The latter species often lay their eggs freely into the water column and reach
high numbers of about 1600 ova per specimen, for instance in Sagitta gazellae
(Alvarifio 1983). Although the egg number in brood sacs may generally be lower
compared to the cold water species releasing their eggs freely, the difference
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between E. bathypelagica from different regions may represent climatic and
temperature differences respectively. A decrease of egg numbers from the
poles to the tropics may therefore be possible even in species carrying brood
sacs.

Moreover, population size may also affect the number of offspring. In large
epipelagic populations for instance lower numbers of eggs may be produced
compared to small populations with high reproductive effort (Alvariio 1994).
Hence, the discrepancy seen within E. bathypelagica may be due to differences
in food supply, the harsher environmental conditions in polar regions or possibly
due to different population sizes.

While this intra-specific variability cannot be elucidated, the differences
between E. bathypelagica and E. bathyantarctica may be explained by different
strategies to achieve reproduction success. E. bathypelagica eggs were small
(about 460 x 560 um), but numerous, compared with E. bathyantarctica’s eggs
about 700 x 1090 um, but fewer in number. It can be assumed that the better
the brood care, the lower the number of eggs. Alvarifio (1994) stated that both
strategies could maintain the same annual cycle. Even if fecundity may be
defined as “the number of eggs produced per individual per species and
geographic location” (Alvarifio 1994), large eggs may result in a comparable
reproductive success by producing larger juveniles at time of hatching which are
better suited to survive. Being at least 1.5 mm in length at hatching both deep-
living Eukrohnia species are larger than many Sagitta juveniles, but a larger
size may again outweigh a large egg number. Relatively large numbers of eggs
as seen in E. bathypelagica can be assumed for E. hamata. Timofeev (1998)
found 120 to 151 eggs per specimen in Arctic E. hamata. Following Alvarifos’
(1983) observations of 130 ova per ovary, E. hamata specimens may even
posses 260 eggs each. As E. hamata is the most abundant Eukrohnia species
and possibly reproducing on a low level, such a number may be necessary to
sustain the population.

Meso- and bathypelagic chaetognaths occur in lower numbers compared to
their epipelagic counterparts. Although self-fertilization could ensure successful
reproduction at great depth, there is no proof to which extent self- or cross-
fertilization do occur. In E. bathypelagica protandry seems to be stronger than in
E. bathyantarctica, as tail and seminal vesicles were usually empty when they
carried large ova in the ovaries (stages IV). In few specimens of E.
bathyantarctica protandry seemed only to be slight, as large and ripe ova
occurred at the same time as filled seminal vesicles (receptaculum seminis
empty). As early as 1917 Kramp had reported that E. fowleri is only slighly
protandric, too. Furthermore, it can be hypothesized that self-fertilization may
even occur when protandry is strong. The sperm might be stored in the
receptaculum seminis until the ova are ripe. However, it is still unknown what
really happens in nature. Self-fertilization may therefore be possible and cannot
be excluded as an adaptation to living at great depth.

7.4 Estimated role of chaetognaths in the ecosystem

Chaetognaths play an important role in the food web as the primary predators of
copepods (e.g. Sullivan 1980; Terazaki and Marumo 1982; Bone et al. 1991).
They are estimated to have a biomass of 20 to 30% of that of copepods in the
world oceans (Reeve 1970a) and can therefore be considered a taxon rich in

125



7. SYNOPTIC DISCUSSION

numbers and biomass, with highest concentrations occurring in the upper
hundreds of meters of the water column. Although their abundance decreases
with depth, chaetognaths may still show high numbers in the mesopelagic zone,
especially when reproduction takes place and many juvenile chaetognaths
appear. In winter their abundance below the epipelagic layer may further be
enhanced when chaetognaths, particularly the dominating species Eukrohnia
hamata and Sagitta marri, undergo seasonal vertical migrations. Average
chaetognath biomass can consequently reach approx. 270 ug C m~ between
500 and 750 m in winter, compared to 250 yg C m™ in summer. The biomass in
the upper 300 m is with up to about 5000 pg dry mass (DM) m™ (Pakhomov et
al. 2000) or 1650 yg C m™ (assuming a carbon content of 330 ug C mg DM™)
significantly higher. However, as chaetognaths may feed throughout the year
due to more or less continuous food availability (Hagen 1999), they may exert a
distinct predation pressure especially on the copepod community.

The study of the feeding behavior of the meso- and bathypelagic
chaetognaths E. bathypelagica and E. bathyantarctica has shown that both
species feed on copepods independent of their maturity stage and of the
season, although standard metabolism of Eukrohnia seems to be low. E.
hamata and E. bathypelagica respired only 0.15 pl O, mg DM™" h™. This is
probably an oxygen consumption we can expect when the chaetognaths of this
genus lie in wait for their prey. Their active metabolism respiration might be
higher. For crustaceans this respiration during active periods was suggested to
be about twice as high as standard metabolism respiration (Vinberg 1950).
Nevertheless, our developed respiration model on the basis of own and of
numerous chaetognath respiration data from the literature allowed a good
estimate of total respiration of meso- and bathypelagic chaetognaths in the
Southern Ocean. Oxygen consumption reached an average rate of 0.46 ug C
m™ day™ in summer and 0.54 ug C m™ day™ in winter between 500 and 2000 m
water depth in this study. The estimated carbon consumption was then 0.56 g C
m? y' and may be equal to 0.05% of the copepod standing stock per day in
summer. This predation impact is lower than the data reported for the epipelagic
layer. Qresland (1995) assumed an impact of up to 0.2% of the copepod
standing stock per day by number solely for the abundant E. hamata, whereas
Froneman et al. (1998) estimated 0.3 to 1.2% for E. hamata and S. gazellae
that is somewhat higher than the above mentioned biomass consumption, if the
size spectrum of copepods is rather uniform. Only data from observations near
Prince Edward Island were distinctly higher (Froneman and Pakhomov 1998).
Considering higher metabolic rates for meso- and bathypelagic chaetognaths as
indicated before and probably overestimated copepod biomass, the predation
impact would be higher.

The primary production needed to maintain the consumption by
chaetognaths via herbivorous copepods may amount to 2.8% below 500 m
depth. If their diet also consists of carnivorous prey, however, the amount may
be 6.1% (1:1 diet of herbivorous and carnivorous copepods). Considering the
water column from 0 to 2000 m, values of 8.4% and 18.2% respectively could
be estimated. Chaetognaths may therefore exhibit a significant impact on the
copepod community and play an important role in transfer of energy. This is
especially true as they themselves may represent prey for higher trophic levels
like myctophid fishes (Perissinotto and McQuaid 1992; Pakhomov et al. 1996).
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In the last two decades some studies on the role of chaetognaths in the vertical
carbon flux were conducted (Dilling and Alldredge 1993; Giesecke et al. 2009).
These studies reveal a significant contribution of this abundant zooplankton
group to the vertical carbon flux via the production of large, fast-sinking fecal
pellets. Giesecke et al. (2009) estimated that Sagitta gazellae may contribute 5
and 12% of the total vertical carbon flux in summer and winter, respectively, at
360 m depth in the Lazarev Sea. Chaetognath abundance and/or defecation
must be high for such a substantial contribution (Giesecke et al. 2009). The
number of S. gazellae at meso- and bathypelagic depths during this study is low
compared to the epipelagial. Therefore their impact at this depth zone is
assumed to be low. The contribution of Eukrohnia specimens to carbon flux is
still unclear. As experiments with this genus are challenging, rarely any data on
their fecal pellet production and sinking rates exist.
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The Antarctic meso- and bathypelagic chaetognath community consists of at
least ten species. Multiple morphological characters are necessary for clear
determination of different species and maturity stages, and have to be
consulted especially when distinguishing Eukrohnia hamata and E.
bathypelagica. E. hamata and Sagitta marri are the dominating species,
whereas E. bathypelagica and E. bathyantarctica are the typical meso- and
bathypelagic chaetognaths. Each species seems to inhabit its own vertical and
horizontal region, more or less overlapping in distribution with other
chaetognath species. Due to a high variability in chaetognath abundance
between the stations, the effect of water masses on species distribution is
difficult to identify. The Antarctic Polar Front and the associated water mass
seem to a have a minor impact on the chaetognath distribution below 500 m,
and do not act as a strict boundary for the distribution of meso- and
bathypelagic chaetognaths. The principle determinants of abundance and
species composition are water depth and season. Hence, total abundance and
biomass decrease with increasing depth, showing highest numbers between
500 and 1000 m within the 500 to 2000 m sampling range. Seasonality can be
observed in E. hamata and S. marri, both showing a deeper distribution in
winter than in summer. The vertical segregation of maturity stages is assumed
to be a common pattern in all four abundant species to different degrees.

The population structures in E. hamata, E. bathypelagica, E. bathyantarctica
and S. marri appear to be complex. The low numbers of stage Ill and IV
specimens in E. hamata and S. marri indicate either an occurrence of adults
below 2000 m, general low reproduction and/or missed reproduction maxima.
Reproduction in E. bathypelagica and E. bathyantarctica is probably continuous
throughout the year. Chaetognaths were believed to die after reproduction,
however this study demonstrates that a succession of at least two maturity
cycles can be assumed in these two deep-living species. Both species protect
their young in brood sacs in the harsh environment of the deep sea, but show
different strategies for successful reproduction. E. bathyantarctica has a small
number of large eggs, whereas E. bathypelagica carries numerous and smaller
eggs. The life cycles of the four species are not possible to elucidate only on the
basis of two sampling seasons, however.

E. hamata, E. bathypelagica and E. bathyantarctica feed in summer and
winter, with copepods as favorite prey. They possibly follow the migrating
copepods in winter. To study chaetognath feeding, fatty acid analyses together
with gut content analyses have been carried out because chaetognaths with
identifiable content are rarely caught. Higher lipid contents are found in E.
bathyantarctica than in E. bathypelagica, although lipid storage does not seem
to be of high importance in chaetognaths. The metabolism of Antarctic
chaetognaths is on a lower level compared to other Antarctic zooplankton,
indicated by very low metabolic losses of body carbon. Their impact as
predators on the copepod community even in the meso- and bathypelagic zone
of the Southern Ocean may be high.

To receive a complete picture of the deep-water chaetognath community,

further seasonal deep sampling is necessary. New species and also new
distribution patterns of existing species can still be expected at these depths in
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the Southern Ocean, as indicated by the observations during this study.
Furthermore, genetic analyses may complement and support morphological
studies and species identification. Genetical analyses may also elucidate
whether the cosmopolitan Eukrohnia hamata is one species or whether there
are cryptic species. As differences in maximum lengths seem to exist between
the Antarctic and the Greenland Sea for example, the chance of cryptic species
under this complex is high. On the other hand a gene-flow associated with the
thermo-haline circulation as mentioned above may exist. This would counteract
the development of species differentiation.

There is still much to be learned on the biology of the meso- and
bathypelagic chaetognaths. The present study was a first attempt to focus on
this topic. Extensive seasonal sampling from the epipelagial to the bathypelagial
could further reveal new insights into the life cycles of the abundant deep-living
species. Fatty acid and trophic marker analyses may provide additional
information on their feeding behavior, as experimental approaches with these
delicate animals are difficult to conduct. In this context, it would be essential not
only to investigate the chaetognath community, but also the copepod
community as their potential prey. Data on copepods below 1000 m are
basically missing for the Southern Ocean. Such datasets would allow a more
realistic estimate of the chaetognath predation impact. Moreover, the
comparison of copepod and chaetognath distribution patterns would allow us to
prove or disprove the link between their seasonal migration patterns. Recently,
Kosobokova and Hopcroft (2009) studied the mesozooplankton community in
the Arctic Canada Basin down to 3000 m depth. They showed that copepods
increased in importance between 1000 and 2000 m depth, whereas
chaetognaths declined abruptly below 1000 m. Additionally, they observed a
number of new zooplankton species. A comparable study for the Southern
Ocean is a matter of particular interest.

In a second step the biology of midwater zooplankton could reveal
information on their influence on the particle flux at these depths. The process
of a better understanding of the deep-water chaetognaths and their biology
must go on in order to deliver a valuable contribution to the further research of
the Antarctic deep-water zooplankton community.
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APPENDIX
I

Chaetognath abundance and species composition from deep RMTs
(Rectangular Midwater Trawl) are presented for the winter 2006 and the
summer 2007/2008 in the Southern Ocean. A station list for both expeditions is
given in Table A. Estimated chaetognath abundance (ind. 1000 m™) and
species composition (%) is shown in Table B (winter) and in Tables C-F
(summer). The nets were not equipped with a flowmeter. In order to calculate
zooplankton abundance, the sampled volume was estimated via rope length,
time and ship speed.

Table A: Station list of deep RMTs

Station Date Time Latitude Longitude
(UTC)

Winter (RMT)

506 23.07.06  11:40 61°58.48'S 0°01.56’'W
529 10.08.06  15:18 60°01.31'S 0°00.93'W
532 13.08.06 01:34 59°54.31'S 2°52.70E
Summer (multiple RMT)

39 03.01.08 07:36 64°28.73'S 2°52.24’E
62 21.01.08 10:45 62°59.88'S 0°01.18°E
68 23.01.08 08:03 59°59.82'S 0°03.24'W
84 26.01.08 11:51 52°12.08'S 0°00.23'E

Table B: Estimated total chaetognath abundance (ind. 1000 m™®) and chaetognath
composition (%) at three different RMT stations in winter. The RMT sampled
from the surface to about 3000 m and back to the surface (5000 m rope length)

Station 506 529 532
Eukrohnia hamata 4479 33.70 35.64
E. bathypelagica 5.65 6.91 6.93
E. bathyantarctica 5.59 7.03 8.66
Eukrohnia spp. 4.89 2.06 3.28
Sagitta marri 10.95 1297 11.76
S. maxima 1.16 1.33 0.55
S. gazellae 26.03 3539 3291
Sagitta spp. 0.93 0.61 0.27
Estimated abundance

(ind. 1000 m™) 7.15 3.44 4.22
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Table C: Estimated total chaetognath abundance (ind. 1000 m™) and chaetognath

composition (%) at three different depths of RMT station 39 in summer

Depth range (m) 500-750 750-1500 1500-1900
Eukrohnia hamata 64.10 55.87 20.26
E. bathypelagica 5.13 10.53 35.95
E. bathyantarctica 0.43 10.12 37.25
Eukrohnia spp. 0.00 1.21 0.00
Sagitta marri 8.55 12.96 3.92
S. maxima 2.14 4.05 0.65
S. gazellae 19.66 5.26 1.96
Sagitta spp. 0.00 0.00 0.00
Estimated abundance

(ind. 1000 m™®) 33.43 10.74 5.28

Table D: Estimated total chaetognath abundance (ind. 1000 m™) and chaetognath

composition (%) at three different depths of RMT station 62 in summer

Depth range (m) 500-1000 1000-2000 2000-2500
Eukrohnia hamata 45.28 34.09 42.86
E. bathypelagica 3.14 2.27 7.14
E. bathyantarctica 3.77 29.55 28.57
Eukrohnia spp. 0.00 0.00 0.00
Sagitta marri 11.95 11.36 0.00
S. maxima 1.26 4.55 0.00
S. gazellae 34.59 18.18 21.43
Sagitta spp. 0.00 0.00 0.00
Estimated abundance

(ind. 1000 m™) 10.60 1.42 0.60

Table E: Estimated total chaetognath abundance (ind. 1000 m™) and chaetognath

composition (%) at three different depths of RMT station 68 in summer

Depth range (m) 500-1000 1000-2000 2000-2500
Eukrohnia hamata 41.19 23.70 11.32
E. bathypelagica 3.89 7.51 16.98
E. bathyantarctica 2.07 30.64 49.06
Eukrohnia spp. 0.26 2.89 1.89
Sagitta marri 19.95 9.25 5.66
S. maxima 2.33 4.05 0.00
S. gazellae 30.31 21.97 15.09
Sagitta spp. 0.00 0.00 0.00
Estimated abundance

(ind. 1000 m™) 10.03 2.51 2.30
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Table F: Estimated total chaetognath abundance (ind. 1000 m™) and chaetognath

composition (%) at three different depths of RMT station 84 in summer

Depth range (m) 0-1000 1000-1500 1500-2000
Eukrohnia hamata 28.28 45.73 51.11
E. bathypelagica 1.29 2.51 7.04
E. bathyantarctica 3.08 1.01 18.52
Eukrohnia spp. 2.83 1.51 0.37
Sagitta marri 6.68 11.06 4.81
S. maxima 36.50 33.67 10.74
S. gazellae 20.31 4.52 7.41
S. macrocephala 0.26 0.00 0.00
Sagitta spp. 0.00 0.00 0.00
Unid. chaetognath 0.77 0.00 0.00
Estimated abundance

(ind. 1000 m™) 12.75 9.26 7.50

The last net should have sampled the 500 to 1000 m depth range, but the net

did not close completely and stayed open up to the surface.
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The following tables show the summarized results of length, body composition
and daily metabolic loss (% body carbon) of Eukrohnia hamata (A), E.
bathypelagica (B) and E. bathyantarctica (C) at different depths in summer (1)
and winter (2). A lower number of nitrogen and thus C:N data were obtained for
E. hamata and E. bathyantarctica in summer (number of specimens given in
brackets). Body carbon respired was calculated for each specimen using an
average respiration rate of 0.15 pl O, mg dry mass™ h™' (see publication Il for
calculation details).
DM: dry mass, n: number of specimens

Table A1: Eukrohnia hamata (summer)

Depth
range (m) 500-750 750-1000 500-1000 1000-1500 1500-2000 1000-2000
n 43 (42) 8 4 3(2) 6 8
Length Mean 19.4 21.5 26.0 16.3 27.3 26.1
(mm) sd 4.3 4.8 1.2 4.7 1.5 1.1
Dry mass |Mean 20 2.7 4.1 0.9 6.6 4.3
(mg) sd 1.4 1.6 0.8 0.6 1.5 0.9
Carbon Mean 28.5 32.5 31.1 27.6 38.3 32.8
(% DM) sd 7.6 6.3 1.4 4.0 2.7 10.2
Nitrogen Mean 6.5 6.8 7.7 7.0 7.7 7.2
(% DM) sd 1.7 1.4 0.2 0.6 0.6 3.0
C:Nratio |Mean 4.4 4.8 4.0 4.3 5.0 4.9
sd 0.6 0.9 0.1 0.0 0.6 1.1
Body
carbon
respired Mean 0.74 0.61 0.62 0.71 0.50 0.64
(%) sd 0.26 0.12 0.03 0.10 0.04 0.22
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Table A2: Eukrohnia hamata (winter)

Depth range (m) 500-750 750-1000 1000-1500 1500-2000 2000-3000

n 62 36 50 30 1

Length (mm) Mean 20.9 21.3 23.3 24.2 26.0
sd 2.9 3.5 2.7 2.8 -

Dry mass (mg) |Mean 20 2.2 2.7 2.8 4.6
sd 1.0 1.2 1.2 1.3

Carbon (% DM) |Mean 38.4 40.2 38.5 41.7 39.8
sd 5.9 7.2 5.8 5.1 -

Nitrogen (% DM) | Mean 8.0 7.9 7.6 7.7 7.4
sd 1.1 1.5 1.1 1.0 -

C:N ratio Mean 4.8 5.2 5.1 5.6 5.4
sd 0.8 1.1 0.9 1.2 -

Body carbon

respired (%) Mean 0.51 0.50 0.51 0.47 0.48
sd 0.07 0.13 0.10 0.06 -

Table B1: Eukrohnia bathypelagica (summer)

Depth range (m) 500-750 750-1000 1000-1500 1500-2000
n 12 4 9 15
Length (mm) Mean 21.5 18.8 18.9 22.6
sd 1.5 1.7 2.6 1.6
Dry mass (mg) Mean 1.9 1.6 1.8 4.0
sd 0.5 0.8 1.1 1.6
Carbon (% DM) Mean 17.3 21.3 27.9 29.4
sd 2.2 4.6 6.7 5.5
Nitrogen (% DM) Mean 4.7 5.0 6.0 6.5
sd 0.8 0.7 1.1 0.8
C:N ratio Mean 3.7 4.3 4.6 4.5
sd 0.2 0.4 0.7 0.6
Body carbon
respired (%) Mean 1.13 0.94 0.72 0.68
sd 0.14 0.25 0.16 0.14
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Table B2: Eukrohnia bathypelagica (winter)

Depth range (m) 500-750 750-1000 1000-1500 1500-2000 2000-3000
n 5 5 19 13 1
Length (mm) Mean 22.6 20.8 211 231 23.0
sd 1.1 24 2.2 2.0 -
Dry mass (mg) Mean 1.6 1.7 20 3.0 1.6
sd 0.4 0.8 1.1 1.6 -
Carbon (% DM) |Mean 241 30.0 33.6 31.9 21.4
sd 2.0 8.7 10.2 7.7 -
Nitrogen (% DM) |Mean 6.4 7.4 7.0 7.0 5.4
sd 0.6 1.7 1.3 1.0 -
C:N ratio Mean 3.8 4.0 4.7 4.5 4.0
sd 0.1 0.3 1.1 0.7
Body carbon
respired (%) Mean 0.80 0.68 0.63 0.64 0.90
sd 0.07 0.19 0.21 0.16 -
Table C1: Eukrohnia bathyantarctica (summer)
Depth range (m) 1000-2000 2000-2500
n 34 (33) 8
Length (mm) Mean 21.6 23.6
sd 5.7 2.4
Dry mass (mg) Mean 3.5 3.2
sd 2.7 1.3
Carbon (% DM) Mean 321 34.0
sd 5.2 3.3
Nitrogen (% DM) Mean 6.8 7.2
sd 1.1 0.5
C:N ratio Mean 4.8 4.7
sd 0.9 0.3
Body carbon respired | Mean 0.62 0.57
(%) sd 0.10 0.06
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Table C2: Eukrohnia bathyantarctica (winter)

Depth range (m) 500-750 1000-2000 2000-3000 0-3000
n 1 16 2 16
Length (mm) Mean 25.0 19.0 21.5 241
sd - 4.9 3.5 1.7
Dry mass (mg) Mean 24 1.6 2.0 29
sd - 1.0 1.1 0.7
Carbon (% DM) Mean 455 36.5 44.3 47.9
sd - 4.1 5.2 4.9
Nitrogen (% DM) Mean 8.1 7.6 7.4 9.3
sd - 1.1 1.0 1.1
C:N ratio Mean 5.6 4.9 6.1 5.2
sd 0.8 1.5 0.9
Body carbon respired
(%) Mean 0.42 0.53 0.44 0.41
sd - 0.06 0.05 0.04
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