
diversity

Article

Appendicularia (Tunicata) in an Antarctic Glacial Fjord–Chaotic
Fjordic Structure Community or Good Indicators of Oceanic
Water Masses?

Anna Panasiuk 1 and Marcin Kalarus 2,*

����������
�������

Citation: Panasiuk, A.; Kalarus, M.

Appendicularia (Tunicata) in an

Antarctic Glacial Fjord–Chaotic

Fjordic Structure Community or

Good Indicators of Oceanic Water

Masses?. Diversity 2021, 13, 675.

https://doi.org/10.3390/d13120675

Academic Editors: Michael Wink,

Bingzhang Chen and Jun Sun

Received: 28 October 2021

Accepted: 14 December 2021

Published: 16 December 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Marine Plankton Research, Faculty of Oceanography and Geography, University of Gdańsk,
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Abstract: Appendicularians are important but remain poorly studied groups of zooplankton in polar
regions. The present research is based on samples collected in Admiralty Bay (King George Island)
during a year-long period. Six larvacean species were noted, among which Fritillaria borealis and
Oikopleura gaussica were found to be the most numerous, while the other species were relatively rare.
Fritillaria borealis was a dominant part of the late summer (warm water) community, while O. gaussica
had the highest presence in the winter (cold water) community. The abundance of appendicularians
recorded in the bay was less numerous than that described by other authors. The most important
factors influencing annual changes in the larvaceans in the bay was season, but only in the case of the
two species. These facts were probably linked to the very dynamic changes in the abiotic conditions
in the fjord, and the influx of specific masses of water.

Keywords: larvaceans; Antarctica (Admiralty Bay); species diversity and abundance;
environmental conditions

1. Introduction

Appendicularians in some marine regions can be considered as one of the most impor-
tant groups of epipelagic mesozooplankton immediately after copepods [1,2]. However,
they play a different role in the marine food web [3], being an important group of marine
pelagic filter feeders, especially in regard to very small organic particles [4,5]. They are
producers of large sinking aggregates thanks to their extremely time-effective ability of
building filter structures, “houses” [6–8], which can be considered as an important fraction
of vertical carbon flux in the water column [9,10]. Appendicularians can also be regarded
as an important factor in the diet of some economically important fishes, e.g., the anchovy
Engraulis anchoita; in springtime, adults feed on meso- and macrozooplanktons, including
appendicularians [11]. Capitanio et al. [12,13] studied the stomach contents of anchovy
adults collected at the La Plata and El Rincón estuaries and at the Valdés Peninsula tidal
front and found great quantities of Oikopleura fusiformis and O. dioica appendicularians in
their guts.

Larvaceans are not well studied by using in situ collection methods, e.g., plankton nets
or bottles [14]. This is mainly due to their patchy distribution [15] and fragility, which makes
them very difficult to identify [14,16] and leads to underestimations of their abundance and
biomass [17,18]. In the Southern Ocean area, including the Antarctic, studies on larvacean
taxonomy, distribution and abundance are very rare. Hunt and Hosie [19] recorded high
appendicularian abundances in the seasonal ice zone (SIZ). Similar observations were
made by Tsujimoto et al. [20]. Daponte and Esnal [21] validated the Antarctic species of the
“Oikopleura gaussica group” in the regions near South Georgia and in the Bellingshausen
Sea, and Kalarus and Panasiuk [16] researched the zonal distribution of these animals
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in the Drake Passage. Most other studies conducted in recent decades have examined
entire zooplankton communities and have examined appendicularians only as a single
group or by focusing on the dominant species [22–25]. In Antarctic or sub-Antarctic
bays or fjords, studies on larvaceans are even rarer. Fuentes et al. [26] recorded Fritillaria
borealis and Oikopleura gaussica in Potter Cove (King George Island), while Freire et al. [27]
found F. borealis in Admiralty Bay (King George Island), and Potocka et al. [28] noted
Appendicularia in Herve Cove (Admiralty Bay).

Gelatinous zooplankton, which includes appendicularians, may play an important role
in the functioning of pelagic food webs and biogeochemical cycles due to their important
role in the circulation of organic matter [8,16,29–32]. Increased melting of glaciers has
been observed in Antarctic shelf regions in recent decades [28,33–35]. The current state of
knowledge allows us to suggest that plankton communities in fjordic and shelf areas such as
Admiralty Bay will react rapidly to environmental changes. This was previously confirmed
by the results of research conducted by, e.g., Garcia et al. [36,37]. Hydrological conditions
in Admiralty Bay are the result of many factors: variability in the inflow of waters and their
characteristics from the Bransfield Strait, tidal forces, wind, and the influence of glaciers.
Based on a work by Antezana [38], who researched plankton in southern Chilean fjords,
we may assume that plankton communities in this type of fjord area may be chaotic (can
be influenced by many dynamically variable factors, in time and space), therefore, it may
be difficult to determine both certain trends in the occurrence of plankton animals and the
most important factors determining their presence and abundance.

The main goal of our work was to thoroughly investigate the species composition and
abundance of appendicularians in an Antarctic glacial fjord and their annual variability
in relation to selected environmental factors. The present research can make a significant
contribution to a more detailed understanding of some aspects of polar appendicularian
ecology, offering a good source of data on their species diversity and abundance, especially
in this period of changing climatic conditions in Antarctic ecosystems.

2. Material and Methods
2.1. Study Area

The South Shetland Island archipelago is located in West Antarctica, north of the
Antarctic Peninsula. The archipelago is separated from the Antarctic Peninsula by the nar-
row Bransfield Strait and from South America by the Drake Passage. Admiralty Bay (King
George Island, South Shetland Islands) is one of the largest bays in the entire archipelago,
with a coastline length of 83.4 km [39]. The bay is a fjord opening to the south toward
the Bransfield Strait. The central part of the bay has a depth of 400–500 m (maximum
530 m) [40]. The northern part of Admiralty Bay branches into three smaller fjords: Ezcurra,
Mackellar and Martel [40]. The hydrological conditions of Admiralty Bay result from the
influence of Bransfield Strait waters, as well as from the inflow of freshwater from the
land and local fjord processes [41]. Tides are an important factor generating the inflow
and mixing of water masses in the bay [42]. A complete exchange of surface waters (up
to 100 m deep) takes from one to two weeks [43]. Glaciers have the greatest cooling effect
on bay waters: in the immediate vicinity of meltwater, salinity may decrease to as low as
20 [44]. Because a significant part of the coast of Admiralty Bay (46%) is covered with ice
forms [42], reduced salinity and increased concentrations of suspended solids are often
observed in this zone. The latter is almost five times higher than that recorded in the open
waters of the Antarctic [45]. The western Antarctic Peninsula region, including the South
Shetland Islands, is impacted by warmer and saltier waters from the Antarctic Circumpolar
Current (ACC) [46]. One of these water masses includes Upper Circumpolar Deep Water,
which is typical for the Antarctic Shelf, with a temperature between 1.70 and 2.13 ◦C and
salinity between 34.5 and 34.75 [47,48]. The physical environment of the shelf also includes
typically cold water from the Weddell Sea [49].
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2.2. Sample Collection and Laboratory Studies

Plankton samples used in this study were collected during the 28th (2003–2004)
Antarctic Expedition to the Polish Henryk Arctowski Antarctic Station (King George Island,
South Shetland Islands). Favorable ice conditions in Admiralty Bay (no icing) allowed
for continuous sampling for 11 months, i.e., from December 2003 to November 2004.
Zooplankton material was collected twice per month at approximately 10-day intervals,
from a single research station located in the Ezcurra Inlet, in the western part of Admiralty
Bay (62◦08′90” S, 58◦29′40” W). Samples were collected from two depth layers—50–0 m
and 100–50 m (Figure 1)—using WP2 net with a mesh size of 200 µm. At the same
time, CTD probe was used to record temperature and salinity. The research material—a
total of 96 samples—was used to determine the species composition and abundance of
appendicularians in Admiralty Bay. Taxonomic identification was performed to the lowest
possible taxonomic level based on Esnal [50,51], Fenaux [52] and O’Sullivan [53], specimens
in samples were counted, and the obtained numbers were calculated into m−3 based on
the volume of filtered water.

Figure 1. Geographic position of the sampling station in Admiralty Bay, Ezcurra Inlet (King George
Island), December 2003–November 2004.

2.3. Statistical Analyses

Appendicularian abundance was expressed as the number of individuals per 103 m−3

assuming 100% efficiency of the net. Multivariate statistical analyses of appendicularian
community abundance data were carried out using the PRIMER 7 software package [54,55]
and RStudio using R version 4.0.3 [56]. Multivariate statistical analyses were performed
using the vegan package version 2.5–7 in R [57]. Square root transformation was used for
the pretreatment of the obtained abundance data. Similarities between samples were exam-
ined using the Bray–Curtis index [58] (vegdist function). ANOSIM (analysis of similarities)
was used to check differences between specific groups of appendicularians. Nonmetric
multidimensional scaling (NMDS, function metaMDS) was carried out with dissimilarity
matrices calculated for the appendicularian abundances and selected environmental fac-
tors. The NMDS plot was made using environmental vectors representing temperature,
and salinity (functions envfit and ordisurf). We used generalized additive models and
ordisurf function to check how the variability of temperature can affect Appendicularia
communities. Ordisurf function plots fit environmental variables on ordination diagram.
Permutational multivariate analysis of variance (PERMANOVA) was performed to identify
the most important environmental factors among temperature, salinity, depth and season
for larvacean abundance. Interpretation of differences and similarities between the groups,
as well as identification of the species responsible for group differences, were carried out
using the SIMPER procedure.
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3. Results
3.1. Hydrological Conditions

The highest temperature (+2.7 ◦C) was recorded at the end of January at a depth of 1 m,
and the lowest temperature (−1.5 ◦C) was recorded at the end of August, also at a depth of
1 m (Figure 2). The change from Antarctic summer to winter occurred from April to May,
when temperature decreased from +0.5 ◦C to −0.9 ◦C in the surface water layer and from
+1.2 ◦C to −0.9 ◦C at a depth of 100 m (Figure 2). During Antarctic summer (December–
April), the temperature of the upper water layer changed from +2.7 ◦C in January to
+0.5 ◦C in April. In May–June, isothermal conditions were observed in the investigated
water column (Figure 2). The salinity of the waters of Admiralty Bay varied slightly, from
34.0 to a maximum value of 34.6 (Figure 2). The greatest variability of this parameter was
recorded near the surface, where it reached a minimum value of 34.0 (Figure 2) in March.
A slight decrease in salinity in the entire water column, i.e., from 34.2 to 34.4 (Figure 2), was
recorded in September and October. Based on hydrological data the research period was
divided into seasons, summer (S) lasting from December to the end of March, transition
period (TP) from April to May, and winter (W) from June to November.

Figure 2. Variabilities in temperature (T) (◦C) and salinity, in the surface water layer (50–0 m) and in
the intermediate water layer (100–50 m) of Admiralty Bay from December 2003 to November 2004.

3.2. Appendicularian Diversity and Abundance—Annual Changes

In Admiralty Bay, six species of Appendicularia were found: three from the genus
Fritillaria, namely, F. borealis typica, F. antarctica and F. aberrans, and three from the genus
Oikopleura, i.e., O. fusiformis, O. gaussica and O. parva. The highest density of larvaceans was
recorded from March to July (late summer–early winter), with the maximum abundance
observed in March (more than 40,000 ind. 103 m−3) (Table 1, Figure 3).
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Table 1. Abundance (mean± SDs) (ind. 103 m−3) of Appendicularia in Admiralty Bay in summer (S), transition period (TP),
and winter (W) seasons in the surface layer; App—Appendicularia, Fb—Fritillaria borealis, Fa—F. aberrans, Fan—F. antarctica,
F—Fritillaria sp., Of —Oikopleura fusiformis, Op—O. parva, Og—O. gaussica, and O—Oikopleura sp.

Period Fb Fa Fan F Of Op Og O App

S 7541.4± 18,917.9 6.4 ± 25.5 0 127.4 ± 296.5 0 6.4 ± 25.5 57.3 ± 90.9 12.7 ± 34.8 968.9 ± 6964.4

TP 1630.6 ± 1392.9 0 0 84.9 ± 163.3 0 0 67.9 ± 52.6 33.9 ± 52.6 227.2 ± 705.8

W 1293.5 ± 1370.1 7.8 ± 28.3 7.8 ± 28.3 62.7 ± 78.2 47.1 ± 114.8 7.8 ± 28.3 250.9± 304.6 47.1 ± 98.6 215.6 ± 637.5
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Figure 3. Monthly changes in abundances of Appendicularia in Admiralty Bay, December
2003–November 2004: (A)—all recorded individuals and species (means ± SDs) (ind. 103 m−3),
(B)—Fritillaria borealis, (C)—Oikopleura gaussica.

Throughout the research period, Fritillaria borealis was the most abundant species,
and maximum density values were observed at the end of the Antarctic summer in March
(Figure 3). During wintertime, the abundance of this species decreased, but individu-
als were still observed until September (Figure 3). The second most numerous species
was Oikopleura gaussica, whose density peak was recorded at the beginning of winter
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(June–July) (Figure 3). The highest recorded mean abundance in winter was approximately
250 ind. 103 m−3 (maximum abundance more than 1000 ind. 103 m−3 was recorded in June)
(Table 1, Figure 3). Other species were recorded sporadically, and their mean numbers
reached no more than 50 ind. 103 m−3 (Table 1).

3.3. Environmental Factors Influencing the Annual Changes in the Abundance of Appendicularia

The results of the ANOSIM analysis showed statistically significant differences (p < 0.05)
between samples collected in different seasons (summer, transition period, and winter).
The SIMPER analysis indicated that the species that determined most similarity between
the samples was Fritillaria borealis (Table 2). This larvacean accounted for over 80% of
the similarity between the samples collected in the summer and winter periods (Table 2).
During the winter season, a noticeable increase in the importance of Oikopleura gaussica
was observed (Table 2).

The influence of environmental factors on the abundance of larvaceans from Admiralty
Bay was investigated using the Permanova test. The results showed that the factors that
had the greatest influence on the observed appendicularian variability were temperature
(T) and season (Table 3). Our studies showed that only Fritillaria borealis correlated with
temperature and season variables. In the case of the remaining analyzed taxa, the studied
environmental factors were not statistically significant. The ordisurf models for temper-
ature showed that Appendicularia were most abundant at temperatures above 0.2 ◦C or
slightly higher (Figure 4). Fritillaria borealis preferred slightly higher temperatures, above
0.3 ◦C, while Oikopleura gaussica was most numerous in water with a temperature above
0 ◦C (Figure 4). The ordisurf models for salinity showed that in the case of all investigated
species, a value above 35.5 was the most favorable (Figure 4).

Table 2. Values of SIMPER analysis of appendicularian taxa accumulating 90% similarity for abun-
dance, in Admiralty Bay; S—summer, TP—transition period, and W—winter.

Season S TP W

Av. Sim. 36.14 59.70 48.05

Av. Sim.
and Contrib. [%]

Fritillaria borealis 30.19 83.53 48.94 81.99 35.97 81.99

Seasons Summer
and TP

Summer
and Winter

TP
and Winter

Av. Diss. 56.14 58.56 46.36

Av. Diss.
and Contrib. [%]

Fritillaria borealis 36.76 80.20 31.68 54.10 21.49 46.34

Oikopleura gaussica 7.38 13.14 10.17 17.36 10.17 21.93

Table 3. The results of the 1- and 2-way PERMANOVA tests are reported as pseudo-F values;
significance levels are marked as follows: * p < 0.05 (Ef –environmental factors, T—temperature, S—
salinity, depth, season, App—Appendicularia, Fb—Fritillaria borealis, Fa—F. aberrans, Fan—F. antarctica,
F—Fritillaria sp., Of —Oikopleura fusiformis, Op—O. parva, Og—O. gaussica, and O—Oikopleura sp.).

Ef Df
R Fb Fa Fan F Of Op Og O App

Season 1
33 0.196 1 0.37 0.345 0.14 1 0.189 0.439 0.099

Season
+ T

1
1

32

0.165
0.046 *

0.798
0.534

0.345
0.947

0.345
0.431

0.034 *
0.359

0.766
0.491

0.223
0.889

0.458
0.756

0.066
0.012 *
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Table 3. Cont.

Ef Df
R Fb Fa Fan F Of Op Og O App

T 1
33 0.148 0.823 0.422 0.257 0.336 0.861 0.359 0.65 0.069

S 1
33 0.605 0.323 1 0.515 0.095 0.344 0.318 0.495 0.311

T + S
1
1

32

0.170
0.626

0.799
0.323

0.411
0.816

0.273
0.629

0.323
0.076

0.812
0.321

0.370
0.239

0.649
0.437

0.063
0.386

Depth 1
33 0.997 0.207 0.477 0.53 0.239 0.242 0.943 0.407 0.964

Figure 4. Ordisurf models showing the distribution of temperature over the NMDS clusters of
Appendicularia (all identified species), Fritillaria borealis and Oikopleura gaussica. Circles represent
samples and predicted temperatures for the community or selected species were plotted as a smooth
surface on ordination diagrams.
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4. Discussion

Appendicularians are a very important component of the mesozooplankton, they also
play an important role in the production of “sea snow”, and thus they can be an important
link in the vertical carbon flux [59]. In addition, larvaceans can play a crucial role in the
diet of copepods, fish or jellyfish [60]. Nonetheless, these animals are still very poorly
studied, especially in polar regions, which is often due to the use of inadequate plankton
nets, as well as difficulties in taxonomic identification [16,61]. Considering the above facts,
the results of the research presented in this paper may offer a significant contribution to
a better understanding of this group of animals in polar fjord environments, where the
effects of ongoing climate change are most clearly and readily visible [28,35,62].

4.1. Appendicularians Diversity and Abundance

During our research, we found Fritillaria borealis and Oikopleura gaussica to be the most
numerous species in the investigated area. These two species were also previously recorded
in the bay by Freire et al. [27]. Other species, i.e., F. antarctica, F. aberrans, O. fusiformis and
O. parva had not been previously noted in the investigated region or in the entire area of
the Antarctic Peninsula. However, we observed the presence of these species in the Drake
Passage [16]. The larvacean abundance recorded in this study was higher than that found
by Freire et al. [27], i.e., 1200 ind. 102 m−3 (March 1989) in the central part of Admiralty Bay,
and only 2 ind. 102 m−3 in the Ezcurra Inlet. Freire et al. [27] used nets with a relatively
large mesh size, i.e., 384 µm, which probably induced an underestimation of the number of
individuals. The values obtained by Kittel et al. [63] were also much lower than the ones
recorded in the present study. Generally, high differences obtained by several authors in the
same area of research can be partially explained by large spatial and periodic fluctuations
in the abundance of larvaceans, which may be presumably conditioned by the hydrological
specificity of the waters [42,63]. However, the differences in abundances obtained during
the previous studies could be a consequence of use of nets with different mesh sizes. It
should also be mentioned that the most important factor determining the occurrence of
larvaceans is the availability of food, i.e., the composition and density of phytoplankton
(pico- and nanoplankton) [64]. Studies conducted by other researchers in the bay indicated
a relatively low phytoplankton biomass within the investigated area, with high values
of suspended organic matter that limit the range of the euphotic zone [65–67]. However,
while the mean abundance of F. borealis recorded in the bay was higher than that in the
Drake Passage, it was relatively similar to that reported for the Antarctic Zone [16].

The results obtained during our studies indicated seasonal changes in the qualitative
and quantitative composition of appendicularians in Admiralty Bay, including the presence
of species succession, i.e., Fritillaria borealis (summer/warmer water masses)→ Oikopleura
gaussica (winter/colder water masses). It should be emphasized, however, that in the case
of Fritillaria species, we observed one large abundance peak in March 2004. In our opinion,
this was probably the result of an intrusion of warmer water masses, as these animals were
later observed in the bay but in much smaller numbers. In March very high temperatures
(>1.5 ◦C) were recorded in the bay, which might have been related to the periodic advection
of circumpolar deep water [48]. During wintertime, the influence of Weddell Sea waters
increases, which may be the source of the high O. gaussica abundance in the bay.

4.2. Environmental Factors Influencing the Abundance of Appendicularia

In fact, with some exceptions, it was very difficult to determine the environmental
factors (statistically significant) conditioning the structure of the community of the studied
group of animals. For most species that we studied, their presence in the bay as well as their
density were not related to environmental factors. However, based on our results we can
conclude that seasonality had the most significant impact on the community structure of
larvaceans in the bay, while season and salinity (analyzed independently) may have some
effect on the occurrence of rare species. This observation may suggest a strong relationship
between the occurrence of these animals and the dynamics of bay water masses, primarily—
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as mentioned above—the inflow of waters from the surrounding areas, probably from the
Bellingshausen Sea during a summer period and from the Weddell Sea during a wintertime.

4.3. Appendicularia (Tunicata) in an Antarctic Glacial Fjord vs. Open Oceanic Waters

In Admiralty Bay, we found six species of larvaceans, and two of them, Fritillaria
borealis and Oikopleura gaussica, were the most numerous. Kalarus and Panasiuk [16], in
the Drake Passage in 2010, found eight species and the most abundant were F. borealis,
F. fraudax, O. fusiformis and O. gaussica. In the Drake Passage, F. borealis was a common
species in the entire research area, while O. gaussica was a typical species in the polar
front and in the polar front zone areas [16]. The results of Lindsay and Williams [68], who
conducted research in open oceanic waters in East Antarctica, showed that Oikopleura
species had a more northern occurrence than Fritillaria species. Based on Esnal’s [51] and
our results, we can state that F. borealis is very abundant in all Antarctic waters; however, it
is probably related with the warmer water mass community, and O. gaussica is a typical
species that occurs from 50◦ S to the south in relatively colder waters. In Admiralty Bay we
did not record F. pellucida and F. fraudax specimens (these species were previously noted by
us in the Drake Passage), which is probably related to the northern distribution of both
species [50].

5. Conclusions

(1) In Admiralty Bay six species of Appendicularia were found, which indicates a
much higher species diversity than previously recorded. Fritillaria borealis and Oikopleura
gaussica were most numerous. However, the former was a significant part of the warm
water mass community of this group of animals, while O. gaussica was an indicator of the
colder water mass community.

(2) The dynamics of larvacean species observed in Admiralty Bay suggest the presence
of succession, probably with relation to the inflow of specific water masses from the
Bransfield Strait (e.g., summer–Bellingshausen Sea–warmer waters, winter–Weddell Sea–
colder waters).
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