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ABSTRACT: Chaetognaths are often considered strict predators, feeding primarily on co-
pepods, but recent studies have shown that algae and/or marine snow may also be potential
food source for some species in polar waters. The aim of this study was to investigate the
relative trophic position (TP) of three chactognath species (Parasagitta elegans, Pseudosa-
gitta maxima, and Eukrohnia hamata) using nitrogen stable isotope analysis. Chaetognaths
were collected at 14 stations in the Barents Sea during the polar nights in 2013 and 2014.
Since natural variations of 0'°N values can be expected across the stations, we used filter-
feeding copepods (Calanus spp.) as an isotopic baseline. To assess the possible effect of
size on the TPs of chaetognaths, we measured all specimens and analyzed them individu-
ally. Our results showed significant differences in 6'°N values among the three species,
indicating that P. elegans occupied the highest TP, followed by P. maxima and E. hamata.
The variations of 0'°N values across the stations were positively correlated with those of
copepods in P. elegans, but not in the other two species. In E. hamata, we have detected
negative correlation of 0'°N values with depth, but it remains unknown if this trend is
due to an isotopic shift in the food source or to actual changes in TP. Size was not a good
predictor of TPs in these chaetognaths, as no general pattern in §'°N values was observed
among the three species or within a single species. Our results complement other studies
suggesting that E. hamata and P. maxima are omnivorous and feed at lower trophic levels
than P, elegans. Thus, considering chaetognaths as a single trophic group may oversimplify
their actual role in marine food webs.
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CocTtaB cTabusbHbIX U30TONOB a30Ta yKa3biBaeT
Ha Tpodmyeckme pasnuumsa y Tpex BUAOB XeTorHar
(Parasagitta elegans, Pseudosagitta maxima w Eukrohnia
hamata) s bapeHueBa mops
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PE3IOME: XeTorHaThl 4acTO pacCMaTpUBAIOTCS KaK OOJMUTaTHBIC XUIITHUKY T TAFOIITHECS
MIPEUMYIIIECTBEHHO KOTICTIOIAMH, OTHAKO MOCTICTHHE HCCIICTOBAHNS ITOKA3BIBAOT, YTO BOO-
POCIH W/UIM MOPCKON CHET MOTYT TakXe OBITh TIOTCHIHAIBHBIM HUCTOYHUKOM TTHIITH JUTS
HEKOTOPBIX BHJIOB B MOJISIPHBIX Bozax. Llenbio HacTosIIIero uccie0Banus OblIo H3yYUTh
oTHOcHTeNbHOE Tpodrueckoe monoxenue (TI) Tpex Bunos xerornar (Parasagitta elegans,
Pseudosagitta maxima w Eukrohnia hamata) ¢ MCIONIb30BaHUEM aHAIIN3a CTAOMIBHBIX
M30TOIIOB a30Ta. XETOTHATHI ObUIH coOpaHbl Ha 14 craHuax B bapeHrieBoM Mope B Teue-
uue nossipaoit Hour 2013 1 2014 1. TTocKkoNbKy ecTeCTBEHHbIC BapHaIMy 3HaUCHHH 0'°N
OXKHUJaeMBbl CPelld CTAHIIMH, MBI HCIIOJIB30BaNIN Komenoa-¢puiasrparopoB (Calanus spp.) B
Ka4eCTBE M30TOITHOIOo 03i3naitHa. YToOb! OLIeHUTh BO3BMOXKHOE BiMssHUE pa3mepos Ha TI1
XETOTHAT, MbI U3MEPIIIN UTHHY BCEX IK3EMILISIPOB U aHAIM3UPOBAIM X WHIUBHYaTBHO.
Hartm pesyabrarsl MOKa3ajid 3HAYUTEIIBHBIC PA3/IMuus B 3HAYCHUSIX 0N MEXIy Tpems
BHJAMH, yKa3bIBaromue 4to P. elegans 3annmaet camoe Beicokoe TII, 3a Heit cienyrot P,
maxima v E. hamata. Bapuatuu 3Hauennii 0N cpean cTaHIUI MONOKHUTEIEHO KOPPEITH-
POBaJH C TAKOBBIMH y KoTlenion y P. elegans, HO He y IpyTuX ABYyX BUAOB. Y E. hamata Mel
OGHAPYKUITH OTPULIATENILHYIO KOPPEIALMIO 3HaYeH i 0'°N ¢ rIyOHUHOM, OHAKO OCTAETCs
HESICHBIM, BBI3BAHO JIM 3TO M30TOMHBIM CABHIOM B MCTOYHUKE MUTAHUS WU PEaTbHBIMU
m3MeHeHusMu TII. Pasmep He sBmsuics xopommM npeaukrtopom TII y 3Tux XxeTorHar,
ITOCKOJIBKY OOIIel 3aKOHOMEPHOCTH He OBLT0 0OHAPY)KCHO HH CPEIH TPEX BHIOB, HU B
Tpeesiax OTAeTbHBIX BHIOB. Harmm pe3ybTaTs! JOMOTHSIOT JPYTHE HCCISOBAHS, TIPEI-
rojararomue, 9to E. hamata n P. maxima SBASIOTCS BCESAHBIMHA M MUTAIOTCA Ha Oojee
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HU3KUX Tpoduueckux ypoBHsx uem P, elegans. Takum 00pazoM, pacCMOTPEHUE XETOIHAT B
KauecTBE €ANHON TPOPHUIECKOH IPYIITBI MOKET YpEe3MEPHO YIPOIIATh UX PEATBHYIO POITb

B MOPCKUX MMHUIICBbIX CCTAX.
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Introduction

Different aspects of chaetognath’s ecology
have been studied in Arctic waters in recent
decades, including their seasonal life strategies
(Grigor et al.,2014,2015), population structure
and distribution (Kosobokova, Hopcroft, 2021),
growth and reproduction (Grigor ef al., 2017),
feeding strategies (Grigor et al., 2020), and
predation impact on zooplankton communi-
ties (Amano ef al., 2019; Patuta et al., 2023).
In pelagic food webs, chaetognaths are often
considered among the dominant predators,
with copepods being their main prey (reviews:
Feigenbaum, Maris, 1984; Feigenbaum, 1991).
Indeed, it has been shown that chaetognaths
use special mechanoreceptors that respond to
vibrations similar to those produced by copepods
(Feigenbaum, Reeve, 1977). Their grasping
apparatus is also adapted to piercing chitinous
integuments and injecting a poison similar to
tetrodotoxin (Thuesen et al., 1988; Thuesen,
Kogure, 1989). However, the predation impact
of chaetognaths on the copepod populations
remains enigmatic, as many researchers have
emphasized the remarkable scarcity of prey in
the guts of these predators in different regions
of the World’s Oceans (e.g., Qresland, 1987;
Falkenhaug, 1991; Kruse et al., 2010; Grigor
etal., 2015, 2020).

Various microscopy techniques have been
used to examine the diet of chaetognaths, allow-
ing the detection of undigested food remains,
in particular copepod mandibles and other
chitinous structures (e.g., Falkenhaug, 1991;
Froneman, Pakhomov, 1998; Grigoretal.,2015,
2020). However, this approach provides only
short-term dietary observations and is subject
to certain limitations, such as: 1) the rapid rate

of digestion in chaetognaths and 2) cod-end
feeding, prey loss due to regurgitation, and other
artefacts during the sampling and preservation
(Baier, Purcell, 1997). Stable isotope analysis
(SIA)is an alternative approach that can provide
a time-integrated measure of trophic position
of an organism (review: Layman et al., 2012).
The application of this method is based on the
similarity of the isotopic composition of the
consumer and its food source. For example,
ratios of carbon stable isotopes (6'*C) undergo
low changes (< 1%o) with trophic transfers and
thus are commonly used to infer the sources of
primary production (Post, 2002). In contrast,
ratios of nitrogen stable isotopes (0'"°N) show
more pronounced trophic enrichment (3—4%o),
sothey are used to determine the trophic position
of'a consumer and the structure of the food web
(Minagawa, Wada, 1984; Post, 2002).

Several species of chaetognaths inhabit Arctic
waters, among them Parasagitta elegans is most
common in shelf waters and Fukrohnia hamata
in deep-sea areas (Grigor et al., 2014, 2017,
2020; Kosobokova, Hopcroft, 2021). These two
species are similar in size (up to 30-40 mm),
but previous researchers have noted significant
differences in their reproduction (Grigor ef al.,
2017; Kosobokova, Hopcroft, 2021) and feed-
ing strategies (Grigor ef al., 2020). Grigor et
al. (2020) provided comprehensive data on the
trophic ecology of these two chactognaths in the
Canadian Arctic, using gut contents as short-term
signals and trophic markers (stable isotopes,
lipids and fatty acids) as signals integrated over
the longer-term. Their results indicated that E.
hamata feeds at lower trophic levels than P.
elegans, and it was suggested that E. hamata
receives a substantial energy input from diatoms
that make up aggregates of marine snow. Another
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Fig. 1. Bathymetric map showing sampling stations in the Barents Sea.
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species found in deep Arctic waters, Pseudosa-
gitta maxima, reaches much larger sizes (up to
90 mm), but information on its trophic ecology
is limited due to its rare occurrence (Sameoto,
1987; Oresland, 1990). Size is an important
parameter determining the diet of chaetognaths,
and many studies have indicated a positive rela-
tionship between the size of these predators and
their prey (e.g., Pearre, 1980; Sullivan, 1980;
Falkenhaug, 1991; Brodeur, Terazaki, 1999).
To date, detailed studies on the chaetognath’s
stable isotope ecology have focused primarily
on P. elegans and E. hamata (Sereide et al.,
2006, 2013; Connelly et al., 2014; Grigor et al.,
2015,2020), but size has not been considered as

apotential factor influencing the trophic position
of these chaetognaths.

While some studies highlight the importance
ofnon-carnivorous feeding in chactognaths (e.g.,
Casanova et al., 2012; Grigor et al., 2020), it
remains unknown to what extent alternative food
sources (marine snow, algae) contribute to the
diet of these predators. In this regard, the focus
of this paper was on studying the trophic posi-
tion of three chaetognath species (P. elegans, P.
maxima,and E. hamata) in the Barents Sea based
on samples collected during the polar nights
of 2013 and 2014. We address the following
questions: 1) Do these species have differences
in their trophic position? 2) Does their trophic



618

position depend on their size? We provide in-
direct estimates of the trophic position of these
chaetognaths by comparing their 6N values with
those of filter-feeding copepods (Calanus spp.)
collected in the same study area. To assess the
possible effect of size on the trophic position of
chaetognaths, we measured all specimens and
analyzed them individually. Our study provides a
basis for further research on the trophic ecology
of chaetognaths in the Barents Sea, which is of
particular importance for understanding the food
web structure in marine ecosystems.

Material and methods

Sample collection and preservation

The material for this study was collected during
four cruises of the Polar branch of the FSBSI“VNIRO”
(“PINRO” named after N. M. Knipovich) in November
and December 2013 and November 2014. Sampling
was carried out at 14 stations in the depth range from
252 to 753 m (Fig. 1; Table 1). Most of the stations are
located along the slope of the Barents Sea (S1,S2,S5-7,
S9-12,S14), one in the northern Barents Sea (N3), one
south of Svalbard (SS4), and two in the Bear Island
Trench (T8 and T13). An open macroplankton net (0.2
m? mouth opening, 0.56 mm mesh size) was mounted
on the roof of a trawl to collect the zooplankton. It has
been repeatedly shown that zooplankton is predomi-
nantly distributed in the hyperbenthic zone during the
polar night (e.g., Hirche et al., 2016; Dvoretsky et al.,
2023). Therefore, the trawl was towed horizontally
within 5-10 m above the bottom; however, since the
macroplankton net did not have a closing mechanism,
sampling was also possible during the trawl retrieval.

Samples were fixed onboard and stored in a 10%
formalin/seawater solution for 7-8 years. As the for-
malin and other preservatives introduce exogenous
carbon, such samples are not recommended for 0*C
analysis (Kaehler, Pakhomov, 2001; Sarakinos ef al.,
2002; Carabel et al.,2009). The effect of preservation
on 0N values is generally considered to be minor
(Kaehler, Pakhomov, 2001; Sarakinos et al., 2002;
Carabel et al., 2009), although there are also opposite
opinions (e.g., Feuchtmayr, Grey, 2003; Flemingezal.,
2011). Forinstance, the reliable 0'°N values have been
shown in the works of Rau e a/. (2003) and Ohman et
al. (2012) for the chaetognaths and copepods stored
in formalin for over 50 years. Even if we assume an
effect of preservation on our material, it should have
been uniform across all samples, and therefore, the
comparisons within this study should be relevant. In
addition, formalin preservationresults in small changes
in the body length of chaetognaths (Conway, Robins,
1991), but we considered these changes negligible
within our study.

G.M . Artemev et al.

Laboratory processing and sample selection

Samples were examined using a stereomicroscope
in the Laboratory of Hydrobiology and Molecular
Systematics (Kazan Federal University) in 2021 and
2022. Since our material was not suitable for quantita-
tive analysis, we did not consider the number of chae-
tognaths and copepods at the stations. In total, three
species of chaetognaths (P. elegans, P. maxima, and
E. hamata) and mixed samples of copepods (Calanus
spp.) were collected for SIA (Table 1). Parasagitta
elegans were not sampled from station S6 due to
their damaged condition, and P. maxima were absent
at stations N3 and SS4. Parasagitta elegans and E.
hamata were abundant in the samples, so they were
selected randomly from the total population (5-30
ind. per station). Pseudosagitta maxima were few,
and all were collected for the further analysis (1-7
ind. per station). All chaetognaths used for SIA were
checked for the absence of food residues in their guts
and measured to the nearest millimeter from the top of
the head to the tip of the tail, excluding the caudal fin.

The copepods were represented by adults and
late copepodite stages of either C. glacialis or C.
finmarchicus. They were not measured individually
but had approximately the same size range at all sta-
tions (prosome length ~ 2-4 mm). These copepods
(10-50 ind.) were pooled into one sample per station.

Nitrogen stable isotope analysis

The final samples for SIA containing individual
chaetognaths and pooled copepods were rinsed in
distilled water and placed in plastic vials. They were
dried in a thermostat at 60 °C for 12—24 h until com-
plete dehydration of tissues, and then each sample
was homogenized with a mortar and pestle. The SIA
was carried out in the Laboratory of Isotopic and
Elemental Analysis (Kazan Federal University) with
a Flash HT series elemental analyzer coupled online
via a ConFlo 1V interface to a Delta V Plus mass
spectrometer (TermoFisher Scientific, Germany).
The ratios of nitrogen stable isotopes (**N/**N) in the
samples were determined as a relative value delta (9),
which is measured in permille (%o) as the difference
between the ratios of isotopes in the test object and
the standard:

0N (%) = [(""N/"“N
BN/UN ) % 1000

The isotope ratios were expressed relative to
atmosphericnitrogen (AIR). The accuracy of determin-
ing the 0N values was =+ 0.2%o. Original data on the
isotopic composition of chaetognaths and copepods
are presented in Supplement Table 1.

_ ISN/4N

sample

/

standard)

Data analysis

The conventional trophic enrichment factor is
assumed to be 3—4 %o (Minagawa, Wada, 1984; Post,
2002), but reliable estimates of trophic position (TP)
require knowledge of the actual isotope fractionation
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Table 1. Information on the sampling stations. The stations are numbered chronologically and abbreviated
by geographic location (S — Barents Sea slope, SS — South Svalbard, T — Bear Island Trough, N —
Northern Barents Sea). n = number of individual samples of chaetognaths and pooled samples of copepods
used for stable isotope analysis at each station. For copepods, exact numbers of individuals pooled per
sample are given in brackets.

Tabmuua 1. Madopmanus o ctanmusix oroopa npo0. CTaHIMU MPOHYMEPOBAHBI B XPOHOIOTUYECKOM I10-
PsIIKE U Ha3BaHBI 10 reorpaduyeckoMy monoxeHuto (S — ckion bapeniiesa mopst, SS — tokxHbIil CBaib-
6apa, T — xenob6 octpoBa MenBexuil, N — ceep bapeHiieBa Mopsi). 71 = YKHCIIO HHIMBUYaJIbHBIX IPOO
XETOTHAT U 00BEAMHCHHBIX NPOO KOMENO/I, UCIIOIb30BAHHBIX JUIS aHAJIN3a CTAOMIIBHBIX H30TOIOB HA KakK-
JIoi ctaHimu. [1J1s1 KOmemno, TOYHOe YHCI0 00BeTUHEHHBIX B MPOOY 0co0ei yka3aHo B CKOOKaX.

. Latitude Longitude Depth .
Station Date o S Species
N) CE) (m) P !
P elegans 15
P. maxima 4
S1 18.11.2013 77.58 10.75 740
E. hamata 25
Calanus spp. 1 (50)
P elegans 5
P. maxima 2
S2 20.11.2013 76.02 14.08 660
E. hamata 15
Calanus spp. 1(20)
P elegans 30
P. maxima -
N3 21.11.2013 78.75 34.79 271
E. hamata 10
Calanus spp. 1(10)
P elegans 25
P. maxima -
Ss4 23.11.2013 76.48 17.98 252
E. hamata 5
Calanus spp. 1(22)
P elegans 10
P. maxima 1
S5 27.11.2013 74.87 17.17 280
E. hamata 20
Calanus spp. 1 (50)
P elegans -
P. maxima 1
S6 28.11.2013 74.88 15.67 434
E. hamata 10
Calanus spp. 1(20)
P elegans 10
P. maxima 3
S7 30.11.2013 74.08 15.97 742
E. hamata 10
Calanus spp. 1(30)
P elegans 10
P. maxima 2
T8 01.12.2013 74.16 27.33 407
E. hamata 5
Calanus spp. 1 (50)
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Table 1 (continued).
Tabmuma 1 (oxoHUaHnE).
. Latitude Longitude Depth .
Station Date o S Species
CN) (°E) (m) P "
P. elegans 10
P. maxima 7
S9 04.12.2013 72.97 14.78 663
E. hamata 10
Calanus spp. 1(50)
P. elegans 10
P. maxima 5
S10 09.12.2013 72.22 16.15 559
E. hamata 10
Calanus spp. 1(20)
P. elegans 10
P. maxima 1
S11 10.11.2014 75.40 14.15 753
E. hamata 15
Calanus spp. 1(50)
P. elegans 15
P. maxima 2
S12 12.11.2014 77.37 11.22 641
E. hamata 15
Calanus spp. 1(30)
P. elegans 15
P. maxima 1
T13 20.11.2014 74.23 24.23 396
E. hamata 15
Calanus spp. 1(10)
P. elegans 10
P. maxima 4
S14 25.11.2014 70.75 17.10 658
E. hamata 10
Calanus spp. 1 (40)

between the consumer and its diet, which in most cases
can only be determined experimentally. As far as we
know, there are no experimental studies on the isotope
fractionation in chaetognaths. Therefore, we do not
reportdirectestimates of their TPs, but provide indirect
estimates by presenting 0'°N data and comparing them
with filter-feeding copepods (Calanus spp.), which
were used as an isotopic baseline in accordance with
previous studies (e.g., Hobson ez al., 2002; Agersted
et al., 2014; Grigor et al., 2015).

To consider the possible effects of different
variables on the 6"°N values of chaetognaths, we
used Spearman’s rank correlation, which is more
robust when applied to the limited number of ob-
servations. First, we tested whether the mean 0"°N
values of chaetognaths (calculated for each station
where applicable, see Table 2) were correlated with
copepod 0N values and station parameters (depth,

latitude, and longitude). Although we acknowledge
the limitations of using correlations due to the highly
unbalanced sample size among the stations (especially
for P. maxima), it is the only feasible approach for
statistical analysis in our study. In addition, we tested
whether 6"°N values of chaetognaths were correlated
with their size within individual stations. To account
for the multiple comparisons, p-values for correlations
were adjusted using Holm’s method.

Comparing all three species of chaetognaths at
all stations was not possible, as they were not always
presentin sufficient numbers. Therefore, we had touse
atwo-way ANOVAintwo cases: 1) first, we compared
two species (P, elegans and E. hamata) at 13 stations
(except for S6, where P. elegans was absent), 2) then
we compared all three species at stations S9 and S10
(where the sample size for P. maxima was 5 individuals
or more). To account for the unbalanced design and
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Table 2. Nitrogen stable isotope ratios (0'°N, %o) of the three species of chaetognaths and copepods at dif-
ferent stations. n = total number of samples for each species (for detailed information on the stations and
sample size, see Table 1). For stations where multiple samples were analyzed, means and standard devia-

tions are shown.

Tabunuia 2. COOTHOIICHHS CTAOMIBHBIX H30TOIOB a30Ta (0'°N, %o) y Tpex BHJOB XETOTHAT M KOIIEIIO Ha
Pa3HBIX CTAHIUSIX. 72 = 00Illee YHCIIO MPOO A KaXK10ro BUAA (715 MOAPOOHOH HHPOPMALINH 110 CTAHLIUAM
U pa3Mepy BbIOOPKH, cM. Tabi. 1). st cTaHuuid, rie ObIIo NpoaHaIN3MPOBAHO HECKOIBKO PO, MpuBee-

HbI CPEAHUEC U CTAHAAPTHBIC OTKIIOHCHUS.

Station Parasagitta elegans | Pseudosagitta maxima | Eukrohnia hamata | Calanus spp.
n=175 n=33 n=175 n=14
S1 102+1.2 8.4+£04 79+1.0 6.2
S2 11.3+0.9 10.7+0.1 8.5+0.7 8.8
N3 10.9+0.6 - 9.7+0.7 9.0
SS4 11.3+£0.7 — 9.8+1.3 8.7
S5 11.4+0.5 8.7 8.6+0.7 9.0
S6 - 10.0 8.6+0.6 7.9
S7 11.5+0.7 9.9+0.2 8.6+0.5 9.4
T8 10.6 £ 0.6 9.6+0.4 9.0+ 1.4 8.5
S9 11.1£0.6 9.1+0.4 7.4+0.7 9.1
S10 10.4+0.6 9.0+1.1 8.1+1.0 7.6
S11 102+1.0 11.1 83+0.8 7.1
S12 10.5+0.5 8.7+04 8.7+0.7 7.9
T13 10.8+0.8 11.5 9.0+£0.7 8.7
S14 10.1+£1.0 9.7+0.8 73+0.6 8.1
All 10.8+£0.9 9.4+0.9 84+1.0 83+09

interaction effect of the two factors (species:station),
we used the two-way ANOVA with type III sum of
squares (“car”’ package, Fox etal.,2012). The datawere
checked for normality (p > 0.05) and homogeneity (p
>0.05) using the Shapiro-Wilk test and Levene’s test
and met the assumptions of ANOVA. The estimated
marginal means (EMMs) were calculated for each
chaetognath species within each analyzed station for
the further post-hoc comparisons (“emmeans” pack-
age, Lenth et al., 2023), and p-values were adjusted
using Tukey’s method. A package “ggplot2”’ wasused
to visualize the data (Wickham, 2016).

Results

High variations of 9'°N values were detected
in copepods Calanus spp. and the three species
of chaetognaths across the stations (Table 2;
Fig. 2a). Because the isotope data for cope-
pods were obtained from a single sample per
station, it was not possible to consider their
isotopic variation within individual stations,

as was done for chactognaths. Due to this, we
used mean ¢'°N values of chaetognaths (where
applicable, see Table 2) and a single 5"°N value
of copepods to test whether their variations
followed a common trend across the stations
(Fig. 3). Among the three chaetognath species,
only P. elegans had a significant positive cor-
relation of 0'°N values with those of Calanus
spp. (r,,,, = 0.86, p < 0.001), while E. hamata
had a negative correlation with station depth
(715 = 0.72, p = 0.016). None of the species
analyzed had a significant correlation with
latitude or longitude (Fig. 3).

The three species of chaetognaths differed in
size, with P. maxima being considerably larger
(51+13 mm [mean + SD]) than P, elegans (23 +
6 mm) and E. hamata (22 + 7 mm) (Fig. 2b).
However, interspecific differences in their 6N
values were not related to size, as the highest
values were typically observed in P. elegans
(10.8 £ 0.9%0), medium in P. maxima (9.4 +
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Fig. 2. Distribution of 0'°N values (a) and size (b) in the three species of chaetognaths at different stations.
Green color indicates 0'°N values of copepods Calanus spp. at respective stations. Boxplots indicate the
median value, the first and third quartiles, the total range of the data, and outliers (defined as the data points

falling outside the 1.5 interquartile range).

Puc. 2. Pacnipenenenue 3HaueHuii 0'°N (a) u pazmepa (b) y Tpex BHIOB XETOIHAT Ha Pa3HBIX CTAHIHAX. 3e1e-
HBIH LIBET [OKa3bIBACT 3Ha4CHMS 0'°N y KOIIEIOo/l Ha COOTBETCTBYIOLINX CTaHLUSAX. BOKCILIOTH 0003HAYAIOT
MeJnaHy, MepBbIid M TPETHH KBapTHIM, OOLINI JUana3oH JaHHBIX U BBIOPOCH! (ONPEAENICHbI KaK JaHHbIE,
BBIXOJIAIINE 32 TIPeIebl 1.5 MEeXKBapTHILHOTO pa3Maxa).

0.9%o), and the lowest in E. hamata (8.4+1.0%o).
Since we had a limited number of samples for
P. maxima, we did not test the effect of size on
their 0N values. For P. elegans and E. hamata,
correlations were made within each station
with n > 10 for a species. No consistent pattern
was observed in either P. elegans or E. hamata
across the stations, and most correlations were
not significant (Fig. 4).

Comparisons of 0N values for P. elegans
(n=175) and E. hamata (n = 165) were made
at all stations except for S6. The two-way
ANOVA revealed significant effects of species

(F,,=81.6,p<0.001) and stations (F , = 8.8,

(1 12)

p < 0.001), as well as their interaction (F|,, =
4.3,p<0.001). Post-hoc comparisons of EMMs
confirmed significant differences between these
two species at all analyzed stations. When we
compared P, elegans (n=20), P. maxima (n=12),
and E. hamata (n = 20) at stations S9 and S10,
the two-way ANOVA also revealed significant
effects of species (£, = 22.6, p < 0.001) and
stations (F o =48,p= 0.033), and their interac-
tion (F(z) =4.9,p=0.012). In this case, post-hoc
comparisons of EMMs confirmed significant
differences between P. maxima and P. elegans
at both stations, and between P. maxima and E.
hamata at station S9 only.
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Calanus 0.18 027
Spearman's
coefficient (r,)
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Fig. 3. Heatmap of Spearman’s correlation coefficients (r) calculated for 6"°N values of chaetognaths and
copepods and different variables. Correlations are based on the mean 0N values of chactognaths (where
applicable, see Table 2) and the single 0'*N value of copepods at each station. Significant results (p < 0.05
after Holm’s adjustment) are indicated with asterisks.

Puc. 3. Tennosas xapra kodpdunuentos xoppensunu Crupmena (r,), pacCUMTaHHBIX Ul 3HadeHui 0'°N
XETOTHAT M KOIENOJ C Pa3HbIMHU MEpeMEHHBIMU. KOppessiiiuyu OCHOBaHbI Ha CPEAHHMX 3Ha4eHUsX 0°N y
XeTOTHAT (IIe MPUMEHNMO, CM. Ta0ll. 2) U eIMHCTBEHHOM 3HadeHnH 0'°N y KOMEIOA Ha KaKIOM CTaHIHH.
3HaunMmble pesynbrarsl (p < 0,05 nocie monpasku XoiaMa) OTMEUESHBI 3BE3J[0UKOI.

Spearman's
coefficient (r;)

1.0
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Fig. 4. Heatmap of Spearman’s correlation coefficients (r) calculated for 6'°N values and size of two chae-
tognath species at individual stations. Significant results (p < 0.05 after Holm’s adjustment) are indicated
with asterisks.

Puc. 4. Teruopas kapra ko3dduimentos koppensuuu Crupmena (r,), pacCYUTaHHBIX JUTs 3Ha9eHUH 0N u
pa3MepoB y ABYX BUJIOB XETOTHAT HA OT/IEJIbHBIX CTAHIMX. 3HaUUMBbIe pe3yasTarsl (p < 0,05 mocie nonpaBku
Xonma) OTMEUEHBI 3BE3/I0YKOIA.



624

Discussion

Limitations associated with the calculation
of trophic position

Over the course of the seasonal production
cycle, high 6"N fluctuations can be observed in
zooplankton (Jennings et al.,2008; Kiirten et al.,
2013). During the polar night, the contribution of
fresh primary production is expected to be lower
compared to microbial-detrital material, and this
may result in a shift in 0'°N values at the base
of the food web. Interpretations of isotopic data
thus require a robust baseline that can integrate
spatial and temporal isotopic variations. Filter-
feeding copepods (Calanus spp.) are traditionally
used as abaseline for pelagic primary production
pathway (e.g., Hobson et al., 2002; Agersted et
al.,2014; Grigor et al., 2015). With the onset of
the polar night, these copepods migrate to greater
depths and enter a diapausing state to utilize
their wax esters (Berge et al., 2020). Although
Calanus spp. are often assigned a second trophic
level (i.e., herbivorous), many studies suggest
that they may consume detritus, bacteria, and
other alternative food when phytoplankton is
scarce (Ohman, Runge, 1994; Levinsen ef al.,
2000; Basedow, Tande,2006; Cleary etal.,2017).
According to Sereide et al. (2008), in Svalbard
waters only C. glacialis exhibited seasonal shift
in 6"°N values (from 7.6%0 in May to 9.6%o in
December), indicating opportunistic feeding in
winter months (mean TP = 2.5). This was not
the case for C. finmarchicus, which retained
herbivorous signals (mean TP =~ 2) and appar-
ently were not feeding during the polar night.
Thus, the uneven distribution of the two copepod
species (C. glacialis and C. finmarchicus) across
the stations may be one of the reasons for the
variations in the baseline.

In our study, reliable calculations of TPs are
further complicated by the fact that the copepod
0N data were obtained from a single (pooled)
sample within a station, which does not allow us
to consider their variability in the same way as
was done for chaetognaths. Previous attempts to
determine TPs in chaetognaths and copepods in
the Barents Sea were made in studies by Sereide
et al. (Table 3). These authors used two isoto-
pically distinct sources of primary production
(ice-POM and pelagic-POM) as a baseline and
analyzed pooled samples of both chactognaths
and copepods. Similar to ours, their results show
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that the difference corresponding to one trophic
level (= 3—4%o) is not always evident between
chaetognaths and copepods, as might be expected
between pure herbivores and carnivores. As
already noted, we are not aware of any experi-
mental studies on the isotopic fractionation in
chaetognaths, which could theoretically differ
from the generally accepted one. In addition, it
is known that the isotopic composition of a con-
sumer may be affected by its physiology (Layman
etal.,2012). Ikeda and Skjoldal (1989) reported
that daily losses of body nitrogen were higher in
P elegans than in the three Calanus species in
the Barents Sea in early summer, which suggests
shorter turnover in this chaetognath compared
to copepods. It remains unknown to what ex-
tent these metabolic differences influence their
isotopic fractionation, so further experimental
studies are highly recommended.

Evidence for differences in the trophic
position of chaetognaths

We have shown that differences in 6N
values of P. elegans, P. maxima and E. hamata
were evident across the stations, indicating dif-
ferences in their TPs. Similar results were pre-
viously reported for P. elegans and E. hamata
in different seasons and areas, with the former
having consistently higher 6'°N values than the
latter (Table 3; Connelly et al., 2014; Grigor
et al., 2020). Unlike previous studies, we ana-
lyzed samples of individual chaetognaths rather
than pooled samples, which contributed to the
observed isotopic variability. Information on
the stable isotopes of P. maxima is limited to
isolated reports (Wada et al., 1987; Pomerleau
etal.,2011; Stasko et al.,2017; Kohlbach et al.,
2023), so our study represents the first detailed
examination of this species, one of the largest
among chaetognaths.

Chaetognaths are non-visual predators and
can feed throughout the year, but their feeding
activity may decrease during the polar night, as
hasbeen shown for P, elegans in Svalbard waters
(Grigoret al.,2015). However, previous studies
did not find any evidence of seasonal shift in
0PN values of P. elegans (Grigor et al., 2015;
McGovern et al.,2018; Choi et al.,2020), while
information on the other two species remains
lacking. Many studies have indicated a positive
relationship between the size of these predators
and theirprey (e.g., Pearre, 1980; Sullivan, 1980;
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Table 3. Previous reports of isotopic composition and trophic position (TP) calculations for chaetognaths
and copepods from the Barents Sea and adjacent waters. n = number of samples. Note that unlike the pres-
ent study, the isotopic data are reported for pooled samples of chaetognaths (i.e., several individuals were
combined per sample).

Tabnuua 3. [Ipeapiynire cooOImeH s H30TOIHOTO COCTaBa M BhIYUCIeHUS Tpopudeckoii mosunuu (TI1)
XETOTHAT U Koremnoa u3 bapeniieBa Mopst ¥ MPUIIETAIOMINX BOI. 7 = 4KCio pod. Obparute BHUMAaHUE, YTO
B OTVIMYKE OT HACTOSIIETO MCCIIEI0BAHHS, H30TOIHBIC JIAHHbIC TPE/ICTABIICHBI U1 O0BEANHEHHBIX POO
LICTUHKOYEITFOCTHBIX (T.. HECKOJIBKO IK3EMIUISIPOB OBLIO BKIIOYCHO B OJHY TIPO0Y).

Source Sar:g;gi tzrea Species Size/stage 0N, %o TP
Barents Sea, Parasagitta
June 1995 clegans n. m. 12.0£0.0 3.7+0.0
Parasagitta 3040mm | 11.9+02 | 3.8+0.1
elegans
Barents Sea, Calanus
May 1999 glacialis CVIF 7.1+0.3 1.9+0.1
Calanus CVIF 74+04 | 20+04
finmarchicus
Eukrohnia 15-30mm | 94+00 | 3.0£00
hamata
Parasagitia 3040 mm | 122+0.1 | 3.7£0.0
Barents Sea, elegans
Sereide et al. March 2000 Calanus
(2006) glacialis CVIF 9.7+0.2 29+0.1
Calanus CVIF 97+03 | 3.1+0.0
finmarchicus
Eukrohnia 15-30mm | 86+02 | 2.6=0.1
hamata
Parasagitta 26-30 mm 12,6 3.8
elegans
East Greenland, Calanus
October 1999 glacialis CVIF o.1+0.1 2.8+0.0
Calanus cv 102+03 | 3.1+0.1
glacialis
Calanus CVIF 64+02 | 2.0+0.1
finmarchicus
Eukrohnia 17-30mm | 9.9+0.1 | 2.6=0.0
hamata
Northeastern Parasagitta
Svalbard, ole ais 35-45 mm 11.7+0.3 32+0.1
August 2003 L
, Calanus cv 94+05 | 2.5+0.1
Sereide et al. glacialis
2013 i
(2013) Eukrohnia 17-25mm | 85+02 | 22+0.1
hamata
Northwestern Calanus
Svalbard, lacialis CV 9.5+0.1 2.5+0.0
August 2003 gracian
Calanus cv 75402 | 1.9+0.0
finmarchicus
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Falkenhaug, 1991; Brodeur, Terazaki, 1999).
Although one might expect larger chaetognaths
(e.g., P maxima) to feed at higher trophic levels,
we do not see such a pattern in 6'°N values either
among the three species or within a single spe-
cies. This means that interspecific differences in
0N values cannot be explained by differences in
their size. At the same time, when considering a
single species (either P. elegans or E. hamata),
the absence of a pronounced size trend may
indicate a significant overlap in the diet of small
and large individuals.

In our study, P. elegans was the only chaeto-
gnath 1) to show a positive correlation of ¢'°N
values with copepods and 2) to have an average
increase about 2.5%o relative to copepods, which
is close to the conventional trophic enrichment
factor. This provides strong evidence that this
species is more dependent on Calanus spp.
than the other two chaetognaths. Parasagitta
elegans is primarily an epipelagic species and
occurs in the upper 100-150 m of the water
column (Terazaki, 2004), but seasonal migra-
tions of this chaetognath to mesopelagic zone
have been observed in the Arctic (Grigor ef al.,
2014,2017). It was suggested that P. elegans fol-
lows the seasonal migrations of Calanus spp. to
overwintering depths (Grigoretal.,2014,2015).
In the Barents Sea, the gut content of P. elegans
was investigated by Falkenhaug (1991) in the
summer period, and the author demonstrated that
copepodites of Calanus spp., nauplii and smaller
copepods (Pseudocalanus, Oithona) were indeed
the dominant prey for these predators. Similar
results have been shown for other Arctic and
Subarctic areas, suggesting that this chactognath
feeds on the most abundant copepod species
(Terazaki, 2004). Interestingly, Sullivan (1980)
reported that P elegans generally consumed
larger copepods than E. hamata in the subarctic
Pacific, and its vertical distribution was related
to high prey densities in the upper water column.

Pseudosagitta maxima and E. hamata are
eurybathic species typical for mesopelagic zone
in Arctic waters (Sameoto, 1987; Grigor et al.,
2017, 2020; Kosobokova, Hopcroft, 2021).
Compared to P. elegans, these two chaetognaths
seem to be less active predators, as suggested by
their lower metabolic rates (Thuesen, Childress,
1993; Tkeda, Takahashi, 2012). Little is known
about the diet of P maxima (Sameoto, 1987,
Oresland, 1990), and trophic ecology of E. ha-
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mata has been better studied in Antarctic waters
(Qresland, 1990, 1995; Froneman, Pakhomov,
1998; Froneman et al. 1998; Kruse et al., 2010;
Giesecke, Gonzalez,2012),and less in the Arctic
and Subarctic (Sullivan, 1980; Sameoto, 1987;
Grigor et al., 2020). For both species, copepods
were also noted as an important food source.
However, Grigor et al. (2020) demonstrated
that captured E. hamata can use their hooks to
ingest marine snow in a petri dish, and similar
feeding behavior was mentioned for P. maximain
the Canadian Arctic (Grigor et al.,2015). These
authors suggested that E. hamata may feed on
algae and/or marine snow in their natural habitat,
because green detritus was frequently observed
in the guts of these chaetognaths sampled in
different seasons. Specific fatty acids (FAs)
(16:1(n—7)) also indicated that £. hamatarelied
on diatom source pathway more than P. elegans
in the Canadian Arctic (Grigor et al., 2020). We
have shown that E. hamata had the lowest 6'""N
values among the studied chaetognaths, almost
the same as in Calanus spp., supporting the idea
of non-carnivorous feeding for this species. In
addition, £. hamata was the only species in which
0PN values negatively correlated with station
depth. It is difficult to explain whether this trend
was due to an isotopic shift in the food source of
these chaetognath or to actual changes in their TP
(e.g.,amore carnivorous diet at shallow stations
and a more omnivorous diet at deep stations).
In this study, there was a highly unbalanced
sampling for P. maxima, but at most stations this
species occupied an intermediate TP between
P elegans and E. hamata. We did not find any
trends in 0"°N values of P. maxima in relation to
copepods or station parameters, although these
trends may have been obscured by the limited
sample size. Thuesen and Childress (1993) hy-
pothesized that P maxima must be an ambush
predatorusing the “‘sit-and-wait” feeding strategy
because of'its extremely low metabolic rates and
reduced body musculature. However, analysis
of several lipid markers made by Kohlbach et
al. (2024) suggested low carnivory indices for
P. maxima in the Barents Sea, which comple-
ments our results. For example, this species had
alower concentration of Calanus-associated FAs
relative to P. elegans, while higher dinoflagel-
late/Phaeocystis FAs (22:6 (n — 3)) indicated
a possible contribution of phytoplankton to its
diet. Some authors suggest that the presence of
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algal-associated FAs in chaetognaths is the result
of their transfer along the food chain, i.e., from
phytoplankton to copepods and further to chae-
tognaths (e.g., Connelly et al., 2014). However,
webelieve itis reasonable to assume thatnot only
E. hamatabutalso other species of chaetognaths
may optionally feed on marine snow. Both E.
hamata and P. maxima apparently do not exhibit
active seasonal migrations following copepods,
unlike the more carnivorous species P. elegans
(Grigor et al., 2014, 2017, 2020). Although all
three species can certainly feed on copepods
thatoverwinter in the hyperbenthic zone, marine
snow may serve as an important alternative food
source, especially for non-migrating E. hamata
and P. maxima.

It is known that chaetognaths use special
mechanoreceptors that respond to vibrations
similar to those produced by copepods (Feigen-
baum, Reeve, 1977). To better understand the
trophic ecology of chaetognaths, it is necessary
to know whether the disturbance produced by
marine snow is sufficient to elicit their feeding
response, and to what extent this response var-
ies among different species. The chactognaths
studied in this work also differ in the morphology
of their grasping apparatus and toxicity levels,
with P. elegans having a higher number of hooks
and teeth (Pierrot-Bults, 2017), and higher val-
ues of tetrodotoxin production (Thuesen ef al.,
1988). These characteristics may be important
in explaining the differences in trophic ecology
among the three species, so further research is
needed to clarify this issue.

Conclusions

Understanding the trophic ecology of chae-
tognaths is important for modelling marine food
web structure. In this paper, we have presented
the first detailed study of the relative trophic
position (TP) of three chaetognath species in
the Barents Sea during the polar night. Nitrogen
stable isotope analysis confirmed previously
known differences in TP between P, elegans and
E. hamata and provided the first insight for P.
maxima, one of the largest chaetognath species.
We have discussed the limitations of calculat-
ing their TPs using the filter-feeding copepods
(Calanus spp.) as a baseline. The variations of
0PN values across the stations were positively
correlated with those of copepods in P. elegans,
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butnotinthe othertwo species. In E. hamata, we
have detected negative correlation of '*N values
with depth, butitremains unknown ifthis trend is
dueto anisotopic shiftin the food source of these
chaetognath or to actual changes in their TP. We
have shown that size is not a good predictor of
TPs in these chactognaths, as no general pattern
in 0N values was observed among the three
species or within a single species. Our results
indicates that P. elegans occupies the highest
TP, followed by P. maxima and E. hamata. This
complements other studies that have suggested
that marine snow plays an important role in the
diet of the latter two species. For this reason,
we recommend a more careful consideration of
their role in marine food webs, particularly with
regard to their predation impact on zooplankton
communities.
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