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Abstract

Tintinnids (Ciliophora) are important microzooplankton grazers. In the Southern Ocean, they are found in the Antarctic Zone, Polar Front and Subantarctic Zone. The Antarctic Zone encompasses large gyres (Weddell Gyre and Ross Gyre) and the Antarctic Slope Current around the continent. The influence of these water masses on tintinnid communities has not been studied. This study investigated the tintinnid community structure in the Weddell and Cosmonaut seas in the summer of 2022. In the Weddell Gyre, tintinnid abundance was significantly lower in the interior than at the fronts. The dominant species differed between the east and west fronts: the proportion of Codonellopsis gaussi was high at the west front, whilst Laackmanniella naviculaefera, Salpingella sp. and Salpingella faurei showed high abundances at the east front. Tintinnid communities varied from inshore to offshore of the Cosmonaut Sea, possibly because of the influence from the Antarctic Slope Current and Antarctic Circumpolar Current. The Antarctic Slope Current was characterized by the occurrence of Cymatocylis drygalskii, whilst the Antarctic Circumpolar Current was characterized by Codonellopsis glacialis, Cymatocylis convallaria and Cy. calyciformis. We proposed that Cy. drygalskii can be used as an indicator of the Antarctic Slope Current. Moreover, we classify polymorphic C. gaussi into three types, in accordance with their loricae, and report their distribution characteristics in water masses. Our results contribute to a better understanding of tintinnid horizontal distribution in different parts of the Weddell Gyre and water masses and serve as a baseline for future studies of pelagic community responses to climate change in the Southern Ocean.
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Introduction

The Southern Ocean connects all the global ocean basins and has a key role in ocean circulation (Vernet et al. 2019). Two important boundary circulations in the Southern Ocean are the Antarctic Circumpolar Current in the north and the Antarctic Slope Current, which is in the south, close to the Antarctic continent (Fig. 1; Thoma et al. 2005; Thompson et al. 2018). The Antarctic Circumpolar Current divides the Southern Ocean into the Subantarctic Zone in the north and the Antarctic Zone in the south. The Antarctic Zone encompasses the Weddell Gyre and Ross Gyre, which are major components of the Southern Ocean current system (Smith et al. 2007; Meredith et al. 2014). These currents play important roles in the heat transport and energy flow in the Southern Ocean and have an important impact on the distribution and survival of organisms.

Fig. 1Sampling stations in the Weddell Sea and the Cosmonaut Sea. The sea currents are drawn from Thoma et al. (2005) and Hodgson et al. (2014). (a) Transect WG was comprised of stations 1–21, which crossed the Weddell Gyre. The colours of the dots representing the stations reflect the cluster analysis shown in Fig. 2. (b) Stations 22–57 sampled the Cosmonaut Sea. The colours of the dots reflect the cluster analysis in Fig. 3.
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Microzooplankton are an important part of the ecosystem in the Southern Ocean (Garrison 1991). They are primary consumers of small phytoplankton as well as important food sources for metazoans and fish larvae (Friedenberg et al. 2012; Rollwagen-Bollens et al. 2022). As microzooplankton with a cell size ranging 10–200 μm, tintinnid ciliates are top grazers in the microbial food web. The diversity characteristics of tintinnids have been well investigated worldwide based on their species-specific lorica. Owing to their environmental sensitivity, tintinnids are valuable indicators of water masses in many sea regions, such as the coastal Ionian Sea (Sitran et al. 2007), Pacific and Atlantic oceans (Fonda Umani et al. 2011), north-eastern Mediterranean Sea (Polat et al. 2019), Pacific Ocean (Li et al. 2021) and Arctic Ocean (Wang, Wang et al. 2022; Wang et al. 2023).

In the Southern Ocean, Dolan et al. (2012) divided tintinnid species into two groups: endemic species that occur in waters south of 40°S (Subantarctic and Antarctic) and widespread species recorded on both sides of 40°S. Antarctic large-scale biogeographic models further divide waters south of 50°S into Antarctic and Subantarctic zones, with the Polar Front as the boundary between them (Thompson & Alder 2005). Liang et al. (2020) divided tintinnid communities into those that are found—from north to south—in the Antarctic Zone, Polar Front and Subantarctic Zone. The Antarctic Zone includes part of the Antarctic Circumpolar Current south of the Polar Front, the Weddell and Ross gyres and the Antarctic Slope Current. Tintinnid distributions within different water masses have been reported for the Antarctic Circumpolar Current of Prydz Bay (Liang et al. 2018), Cosmonaut and Cooperation seas (Li et al. 2022) and Amundsen and Ross seas (Wang, Xu et al. 2022). The characteristics of tintinnid communities in the Weddell Gyre and Antarctic Slope Current have not yet been reported.

Most tintinnid species have a morphologically unique lorica, which is an important basis for the traditional species taxonomy. However, some species may show polymorphism in lorica, a phenomenon that cannot be ignored in both the Arctic and Antarctic zones (Dolan et al. 2012). Recently, culture experiments on individuals of Helicostomella species and DNA experiments on individuals of Leprotintinnus nordqvisti have confirmed the polymorphism of tintinnid species (Santoferrara et al. 2015; Hu et al. 2022). Genetic studies (e.g., Kim et al. 2013) have confirmed the existence of polymorphism, but the distribution of different morphs is still not properly understood. Polymorphism in Codonellopsis gaussi has been recorded in the tintinnid survey in Antarctica, but the abundance distribution of C. gaussi in different parts of the Southern Ocean has not been specifically studied.

In the present study, we hypothesized that the tintinnid community differs in different water masses of the Weddell and Cosmonaut seas. By investigating tintinnid communities in surface waters along a west–east transect across the Weddell Gyre and a nearshore area in the Cosmonaut Sea, we aimed to uncover: (1) the distribution characteristics of tintinnid abundance and species composition in the Weddell Gyre, Antarctic Slope Current and Antarctic Circumpolar Current; (2) potential indicator functions of tintinnids for different water masses; and (3) the distribution of polymorphic C. gaussi individuals in the Weddell and Cosmonaut seas. Our research has important implications for the biogeography and response of microzooplankton to the rapid Antarctic warming process.

Materials and methods

Study area and sample collection

Tintinnid samples were collected during the 38th Chinese National Antarctic Research Expedition aboard the RV Xuelong. Transect WG, crossing the Weddell Gyre (stations 1–21), and the stations in the Cosmonaut Sea (stations 22–57) were sampled from 9 January to 11 March 2022 (Fig. 1, Supplementary Table S1).

At each station, 80 L of seawater was collected at a depth of 5 m using an onboard continuous underway sampling system and filtered through a 10-μm aperture mesh net. Samples of stations 1–21 were taken when the ship was cruising in the Weddell Sea. Stations 22–57 were grid stations where samples were taken when the ship stopped for the investigation. Concentrated samples (approximately 100 ml) were fixed with Lugol’s solution (1% final concentration). All samples were stored in dark, cool conditions until analysis. Temperature and salinity were obtained by the SBE911 conductivity–temperature–depth unit.

Sample analysis and species identification

In the laboratory, a 5-ml subsample (or a larger volume if tintinnids were scarce) of each original sample was settled in an Utermöhl counting chamber (Utermöhl 1958) for at least 24 hours and then examined with an Olympus IX 73 inverted microscope at 100× or 400× magnification. We included empty tintinnid loricae in cell counts because mechanical and chemical disturbance during collection and fixation can detach tintinnid protoplasts from the lorica. Tintinnid species were identified using published studies, and C. gaussi was grouped into three types in accordance with the polymorphism described in the literature (Alder 1995; Dolan et al. 2012; Dolan et al. 2022; Wang, Xu et al. 2022).

Data processing

Tintinnid abundance (A, ind/L) at each station was calculated using the counting data with the following equation:
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where N was the individual number of each species in the subsample, Vsubsample was the volume (5 ml) of subsample, Vsample was the volume (approximately 100 ml) of each original sample and Vseawater was the volume (80 L) of filtered seawater.

Cluster analysis of the stations was conducted using the group-average linkage based on the Bray-Curtis similarity matrix of temperature and salinity. Figures were drawn using the software Ocean Data View, Prism 9 and PRIMER 5.

Results

Hydrography and water masses

The temperature and salinity of Transect WG and the Cosmonaut Sea showed obvious variations (Figs. 2, 3). The water mass structures of the Weddell and Cosmonaut seas were divided through cluster analysis of environmental factors. Stations in Transect WG were divided into three groups (Figs. 1a, 2): stations 7 and 8 comprised group 1, in the centre of the Weddell Gyre; group 2 (stations 6 and 9–15) included the other stations within the Weddell Gyre; group 3 stations (stations 1–5 and 16–21) were located at both ends of the transect, outside the Weddell Gyre. The temperature of group 1 stations (−1.0 and −1.2°C) was lower than that of group 2 (−1.0 to 0°C) and group 3 stations (>0°C except station 4, with −0.3°C) (Fig. 2). Group 1 stations also had lower salinity than other stations, except for two abnormal salinity values (33.2 and 33.4) at stations 4 and 5. In addition, station 15 had significantly lower salinity (33.7) than nearby stations.

Fig. 2Cluster analysis of sampling stations 1–21 across the Weddell Gyre. (a) Dendrogram of the station cluster analysis using group-average linkage based on the Bray-Curtis similarity matrix of temperature and salinity. (b) Temperature and salinity data of sampling stations in three groups across the Weddell Gyre.
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Fig. 3(a) Cluster analysis of sampling stations in the Cosmonaut Sea based on (b) temperature and (c) salinity of the sampling zone. Pink and green points represent ACC zone stations influenced by the Antarctic Circumpolar Current and ASC zone stations covering the Antarctic Slope Current, respectively.
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The cluster analysis classified stations in the Cosmonaut Sea into two zones divided by the 0°C isotherm (Fig. 3a, b), which was defined as the front between the Antarctic Slope Current and northern Antarctic Zone. Stations along the continent with low temperature (<0°C) were clustered into the ASC zone. Other stations north of the Antarctic Slope Current with temperature >0°C were classified as the ACC zone. Salinity was high at the frontal stations (Fig. 3c).

Tintinnid species

A total of 13 species were identified, including one unidentified species (Salpingella sp.) (Fig. 4, Table 1). Codonellopsis gaussi, Laackmanniella naviculaefera, Salpingella sp. and S. faurei were the four most frequently occurring species in both the Weddell Sea and Cosmonaut Sea. Nine tintinnid species were identified in the Weddell Sea (Supplementary Fig. S1a). Except for Cymatocylis cristallina and Cy. antarctica, these tintinnid species had OFs >30%. With the highest OF (85.7%), C. gaussi also had the largest maximum abundance at 151.2 ind/L. The other six species had maximum abundances ranging 1.9–33.2 ind/L.




Table 1Lorica oral diameter and lorica length of tintinnids (average ± standard deviation, n = 20).


	Species
	Lorica oral diameter (μm)
	Lorica length (μm)





	Codonellopsis glacialis
	27.8 ± 1.1
	60.3 ± 5.5



	Codonellopsis gaussi
	30.5 ± 2.3
	99.4 ± 26.8



	Cymatocylis drygalskii
	83.2 ± 8.7
	240.4 ±21.7



	Cymatocylis cristallina
	90.5 ± 6.8
	278.9 ± 31.8



	Cymatocylis vanhoeffeni
	74.6 ± 6.9
	409.8 ± 50.1



	Cymatocylis convallaria
	79.9 ± 7.3
	135.7 ± 13.7



	Cymatocylis calyciformis
	87.0 ± 5.2
	225.0 ± 61.9



	Cymatocylis antarcticaa
	44.6 ± 3.2
	68.9 ± 3.1



	Laackmanniella naviculaefera
	28.9 ± 2.1
	167.1 ± 46.3



	Laackmanniella prolongata
	30.9 ± 2.5
	212.4 ± 39.2



	Salpingella sp.
	8.5 ± 1.3
	57.0 ± 7.1



	Salpingella faurei
	10.3 ± 1.7
	93.2 ± 22.2



	Salpingella costataa
	17.7 ± 0.2
	201.1 ± 1.1



	aSpecies with less than 20 individuals measured.





Fig. 4Photographs of identified tintinnid species. (a) Cymatocylis vanhoeffeni; (b) Cymatocylis drygalskii; (c) Cymatocylis cristallina; (d) Laackmanniella prolongata; (e) Cymatocylis calyciformis; (f) Laackmanniella naviculaefera; (g) Cymatocylis antarctica; (h) Cymatocylis convallaria; (i) Codonellopsis gaussi; (j) Codonellopsis glacialis; (k) Salpingella sp.; (l) Salpingella faurei; (m) Salpingella costata.

[image: POLAR-42-9469-F4.jpg]

In the Cosmonaut Sea, 13 tintinnid species were identified (Supplementary Fig. S1b). These species had OFs >30%, with the exception of Cy. antarctica, Cy. vanhoeffeni and S. costata. With the highest OF (97.2%) amongst all the species, C. gaussi had the second maximum highest abundance of 63.0 ind/L. With a high OF of 94.4%, L. naviculaefera had a low maximum abundance (<20.0 ind/L).

On the basis of variation in the tail bulge of the lorica, C. gaussi was divided into three morphological types (Fig. 5). Type I—a visible ring-shaped bulge in the rear of the lorica and a slimline tail—was the most common form. Type II individuals had a shorter tail (even forming a horn) and either a less visible bulge (Fig. 5: first three photographs in Type II) or no bulge at the lower end of the lorica (Fig. 5: last two photographs in Type II). Type III was characterized by a conical lorica without a bulge. The lorica length gradually shortened from Type I to Type III, but the lorica oral diameter did not differ amongst the three types (Supplementary Fig. S2).

Fig. 5Photographs of polymorphic Codonellopsis gaussi types. I: individuals with a prominent ring-shaped bulge in the rear of the lorica and a slimline tail; II: individuals with a less pronounced ring-shaped bulge at the lower end of the lorica; and III: individuals with a conical lorica, almost no bulge at the lower end of the lorica, and a significantly shorter body than the other two types.
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Tintinnid community in the Weddell Gyre

Tintinnid communities had lower species richness and total abundances at stations in the centre of the Weddell Gyre than at other stations in Transect WG (Fig. 6a, b). Transect WG was divided into four zones on the basis of abundance and species richness at the stations (Fig. 6, Table 2). In the interior of the Weddell Gyre, stations 7–12 had a low average total abundance (8.4 ind/L). At the western front of the gyre, stations 4–6 had the highest average total abundance (104.5 ind/L). At the gyre’s eastern front, stations 13–21 had a moderate average total abundance (36.6 ind/L). In the coastal zone, away from the Weddell Gyre, stations 1–3 had the lowest average total abundance (1.3 ind/L) of the four zones.




Table 2Average abundances of all species and abundance proportions in four zones along Transect WG.


	Species
	Average abundance (ind/L)
	Abundance proportion (%)



	CZa
	WFb
	INc
	EFd
	CZa
	WFb
	INc
	EFd





	Salpingella sp.
	0.3 ± 0.3
	<0.1
	0.5 ± 0.5
	4.7 ± 4.3
	18.6 ± 14.6
	1.1 ± 0
	14.1 ± 12.3
	19.4 ± 16.6



	Salpingella faurei
	<0.1
	1.9 ± 3.2
	1.0 ± 2.0
	8.5 ± 5.2
	3.2 ± 4.5
	1.9 ± 2.9
	39.0 ± 40.7
	24.6 ± 9.8



	Codonellopsis gaussi I
	0.2 ± 0.1
	62.3 ± 23.0
	3.8 ± 7.51
	14.3 ± 22.8
	12.3 ± 5.5
	63.2 ± 1.2
	20.2 ± 23.1
	31.5 ± 22.0



	Codonellopsis gaussi II
	-
	33.8 ± 28.3
	1.6 ± 2.9
	0.7 ± 0.9
	-
	30.0 ± 1.1
	18.5 ± 30.4
	1.9 ± 1.6



	Codonellopsis gaussi III
	0.2 ± 0
	-
	-
	<0.1
	13.2 ± 4.9
	-
	-
	0.8 ± 2.4



	Cymatocylis drygalskii
	0.12 ± 0.1
	0.2 ± 0.3
	<0.1
	0.5 ± 0.7
	9.0 ± 0.9
	0.3 ± 1.0
	3.2 ± 7.3
	1.3 ± 1.9



	Cymatocylis convallaria
	0.5 ± 0.03
	0.8 ± 1.3
	0.1 ±0.3
	0.4 ± 0.6
	37.9 ± 17.2
	0.5 ± 0.1
	0.4 ± 0.9
	1.7 ± 2.6



	Laackmanniella prolongata
	-
	1.9 ± 3.2
	0.5 ± 1.1
	0.7 ± 1.2
	-
	1.9 ± 3.0
	1.7 ± 3.3
	2.7 ± 5.4



	Laackmanniella naviculaefera
	-
	3.6 ± 4.2
	0.7 ± 1.6
	6.7 ± 10.5
	-
	3.2 ± 4.1
	2.7 ± 4.5
	16.1 ± 16.5



	Other species with OF <30%
	<0.1
	-
	<0.1
	-
	5.8 ± 3.6
	-
	0.2 ± 0.5
	-



	All species
	1.3 ± 0.5
	104.5 ± 51.9
	8.4 ± 12.9
	36.6 ± 25.4
	100.0
	100.0
	100.0
	100.0



	aCoastal zone far from the Weddell Gyre (stations 1–3). bWestern front of the gyre (stations 4–6). cInterior of the gyre (stations 7–12). dThe gyre’s eastern front (stations 13–21).





Fig. 6Tintinnid (a) species richness and (b) abundance; total abundances of (c) three types of Codonellopsis gaussi, (d) Laackmanniella naviculaefera and Laackmanniella prolongate, (e) Salpingella faurei and Salpingella sp. and (f) Cymatocylis convallaria and Cymatocylis drygalskii along Transect WG in the Weddell Sea. Stations 1–3 were in the coastal zone far from the Weddell Gyre (CZ). Stations 4–6 were at the western front of the gyre (WF). Stations 7–12 were in the interior of the gyre (IN). Stations 13–21 were at the gyre’s eastern front (EF).
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Along the Transect WG, tintinnid species with OF >30% had different distributions: C. gaussi, L. naviculaefera and L. prolongata showed lower abundances in the interior of the gyre and higher abundances at the western and eastern fronts (Fig. 6c, d); S. faurei and Salpingella sp. mostly appeared at the eastern front (Fig. 6e); Cy. drygalskii and Cy. convallaria appeared in four zones, with similar abundances that were lower than other species (Fig. 6f). In addition, Transect WG had two anomalous stations. Station 9 was located in the interior zone but had a high tintinnid abundance (33.5 ind/L) and species richness (eight species); these values were notably higher than at neighbouring stations in the interior zone. Station 16 was located at the eastern front but had a much lower tintinnid abundance (5.4 ind/L) than at neighbouring eastern front stations (Fig. 6b).

Although similar tintinnid species occurred in both the interior zone and two frontal zones, their abundance proportions varied in different zones (Table 2). Four tintinnid species (C. gaussi, L. naviculaefera, Salpingella sp. and S. faurei) dominated the tintinnid community in three zones, with abundance proportions higher than 90%. Codonellopsis gaussi showed a decreasing proportion of abundance from the western front (93.2%) to the eastern front (34.2%); Type I C. gaussi had a lower abundance proportion trend from the western front (63.2%) to the eastern front (31.5%), whilst Type II C. gaussi had the same lower abundance proportion trend from the west front (30.0%) to the east front (1.9%). The abundance proportions of L. naviculaefera, S. faurei and Salpingella sp. increased from the western front (3.2, 1.9 and 1.1%, respectively) to the eastern front (16.1, 24.6 and 19.4%, respectively).

The coastal zone had different tintinnid abundance proportions compared with the other three zones (Table 2). Type II C. gaussi did not occur in the coastal zone. C. gaussi comprised a smaller proportion of the tintinnid community in the coastal zone than in other zones. However, Types I and III C. gaussi appeared in high proportions (>10.0%) in the coastal zone. The abundance proportions of Cy. convallaria and Cy. drygalskii (37.9 and 9.0%, respectively) were greater in the coastal zone than in the other three zones.

Tintinnid community in the Antarctic Slope Current in the Cosmonaut Sea

In the Cosmonaut Sea, the tintinnid community in the ACC and ASC zones varied with water mass. In general, there were higher average abundances and richness in the ACC zone than in the ASC zone. Total abundances were high at stations in the frontal zone between the ACC and ASC zones (Fig. 7, Table 3).




Table 3Average abundances of all species and abundance proportions for two station zones.


	Species
	Average abundance (ind/L)
	Abundance proportion (%)



	ACCa stations
	ASCb stations
	ACCa stations
	ASCb stations





	Codonellopsis glacialis
	2.1 ± 4.2
	<0.1
	6.8 ± 12.1
	0.2 ± 0.7



	Salpingella sp.
	9.0 ± 15.6
	5.2 ± 5.0
	19.1 ± 19.8
	15.5 ± 14.8



	Salpingella faurei
	7.9 ± 14.6
	6.3 ± 7.8
	22.7 ± 26.4
	16.5 ± 12.2



	Codonellopsis gaussi I
	5.9 ± 6.0
	3.6 ± 3.9
	13.8 ± 12.1
	10.5 ± 8.0



	Codonellopsis gaussi II
	1.8 ± 4.1
	3.4 ± 3.0
	3.4 ± 4.5
	10.0 ± 5.4



	Codonellopsis gaussi III
	3.8 ± 7.7
	4.4 ± 3.3
	8.4 ± 12.4
	14.6 ± 12.1



	Cymatocylis drygalskii
	0.3 ± 0.5
	1.1 ± 1.3
	0.9 ± 1.4
	4.5 ± 6.4



	Cymatocylis cristallina
	0.8 ± 1.5
	0.5 ± 0.8
	2.6 ± 4.8
	1.7 ± 3.0



	Cymatocylis convallaria
	2.8 ± 5.3
	0.6 ± 0.6
	6.5 ± 10.8
	2.2 ± 2.2



	Cymatocylis calyciformis
	0.8 ± 0.9
	<0.1
	2.4 ± 2.9
	0.3 ± 0.5



	Laackmanniella prolongata
	0.2 ± 0.4
	0.6 ± 1.4
	1.3 ± 4.1
	1.6 ± 3.4



	Laackmanniella naviculaefera
	4.6 ± 4.8
	6.8 ± 3.5
	11.4 ± 11.2
	21.5 ± 8.0



	Other species with OF <30%
	0.2 ± 0.3
	0.3 ± 0.3
	0.8 ± 1.3
	0.8 ± 0.9



	All species
	40.2 ± 26.1
	33.1 ± 16.6
	100.0
	100.0



	aAntarctic Circumpolar Current. bAntarctic Slope Current.





Fig. 7(a) Species richness, (b) total abundance and (c-o) abundance (ind/L) of individual tintinnid species in the Cosmonaut Sea.
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Species richness was higher in the ACC zone than the ASC zone (Fig. 7a). Ten tintinnid species with OF > 30% had distinct distributions in the ACC and ASC zones (Fig. 7). Cymatocylis drygalskii occurred mainly in the ASC zone, except for one station (station 26) in the ACC zone (Fig. 7o). Three species (Cy. convallaria, C. calyciformis and C. glacialis) were found in higher abundances in the ACC zone than in the ASC zone (Fig. 7c–e). The remaining six species (Cy. cristallina, L. prolongata, S. faurei, C. gaussi, L. naviculaefera and Salpingella sp.) were found in both the ASC and ACC zones and had peak abundances near the front (Fig. 7f–n). Collectively, the total tintinnid abundance showed peak values at station 23 (81.3 ind/L), station 36 (98.2 ind/L) and station 55 (75.8 ind/L) near the front (Fig. 7b).

The ASC zone had lower average total abundances than in the ACC zone (Table 3). The four most frequent species (C. gaussi, L. naviculaefera, Salpingella sp. and S. faurei) occupied most of the tintinnid abundance in both water masses (abundance proportions of 78.8 and 88.6% in the ASC and ACC zones, respectively). The average abundance and average proportion of Cy. drygalskii were higher in the ASC zone (1.1 ind/L and 4.5%) than in the ACC zone (0.3 ind/L and 0.9%). Cymatocylis convallaria, C. glacialis and Cy. calyciformis were the endemic species in the ACC zone, with significantly higher abundance proportions (15.7%) in the ACC zone than in the ASC zone (2.7%).

For C. gaussi, the abundance proportion was higher in the ASC zone (35.1%) than in the ACC zone (25.6%). The distributions of the three types of C. gaussi were different: the abundance proportions of Type II and Type III were higher in the ASC zone (10.0 and 14.6%, respectively) than in the ACC zone (3.4 and 8.4%, respectively), whilst the proportion of Type I was lower in the ASC zone (10.5%) than in the ASC zone (13.8%).

Discussion

In our study, the detection limit of tintinnid abundance was 0.25 cells/L, and only near-surface waters were sampled. Therefore, the following discussion concerning tintinnid occurrence is limited to the surface waters and species with abundances exceeding 0.25 ind/L.

In the present study, the tintinnid abundance range in austral summer in the Weddell Sea (0–155.7 ind/L) was within the range of 0–859 ind/L in summer reported in a previous study (Boltovskoy et al. 1989). Some studies reported tintinnid abundance ranges of 1–445 ind/L in autumn (Buck et al. 1992) and 1–440 ind/L in austral spring (Garrison & Buck 1989). However, some authors reported high summer tintinnid abundances of 3000 ind/L (Buck & Garrison 1983) and 6500 ind/L (Trifoglio et al. 2023) in the Weddell Sea. In the Cosmonaut Sea, our maximum tintinnid abundance of 98.2 ind/L was lower than the abundance reported by Li et al. (2022) of 586 ind/L.

Tintinnid community in different water masses

To our knowledge, the present study is the first to document a difference in plankton communities between the Weddell Gyre centre and the surrounding zones. Although several tintinnid community studies have filtered large volumes (5–2000 L) of surface waters using small nets (mesh size 20 or 26 μm) in the Weddell Sea (Buck & Garrison 1983; Boltovskoy et al. 1989; Garrison & Buck 1989; Gowing & Garrison 1991, 1992; Nöthig & Gowing 1991), their transects (stations) were meridional and were located west of 30°W (Supplementary Fig. S3). These previous studies did not analyse the differences in zooplankton between the centre and the edges of the Weddell Gyre, which is a huge and complex water mass roughly located between 60°W and 30°E (Deacon 1979).

We found that C. gaussi, L. naviculaefera, Salpingella sp. and S. faurei were the four dominant species in the Transect WG. Previous studies found that C. gaussi dominated in a narrow sampling zone in the northern–central Weddell Sea, at approximately 45–55°W, which corresponds to the eastern front zone in our study (Boltovskoy et al. 1989; Alder & Boltovskoy 1991). In the present study, we further found that C. gaussi made a significantly higher contribution to the total abundance in the west front zone than the eastern front zone of the Weddell Gyre. The contribution of C. gaussi and the other three main species—L. naviculaefera, Salpingella sp. and S. faurei—to the total abundance showed opposite trends in the eastern and western front zones of Transect WG. This phenomenon may be explained by the gyre rotation. The water moves from the eastern front to the western front, forming a semicircle along the gyre trajectory. During this process, the dominance of these species changes in accordance with their adaptation to environmental variation associated with latitudinal change and mixing with coastal waters. This process is similar to the tintinnid community variation in different parts of subtropical gyres (Li, Tarran et al. 2023).

The coastal zone in Transect WG was a mixed area that was influenced by the Antarctic Circumpolar Current, Antarctic Slope Current and Weddell Gyre (Fig. 1a). The low abundance of total tintinnids in the coastal zone might be because the mixed water was not suitable for many of the species that originated from these individual water masses. A study of waters around the Antarctic Peninsula found that Cy. convallaria was one of the dominant species (Li, Liang et al. 2023), which is consistent with the high abundance proportion of Cy. convallaria (37.9%) in the coastal zone of Transect WG in our study. The lower abundance proportions of C. gaussi, L. naviculaefera, Salpingella sp. and S. faurei in the coastal zone might be because of the increased contributions of species from the Antarctic Slope Current (Cy. drygalskii) and species from the Antarctic Circumpolar Current (Cy. convallaria).

The anomalous results from two stations in the transect may be explained by disturbance of general circulation patterns. The high tintinnid abundance and species richness at station 9 might be caused by filaments from the north limb of the Weddell Gyre (Fahrbach et al. 2011; Reeve et al. 2019), whilst the low tintinnid abundance at station 16 might be due to the northern migration of fronts led by topography elevation and Maud Rise upwelling (Jena et al. 2019).

Our sampling stations in the Cosmonaut Sea were in the convergence area of the Antarctic Slope Current and the Antarctic Circumpolar Current (Comiso & Gordon 1996; Fig. 1b). We found a high tintinnid abundance at the intersection of these two water masses, which is similar to the findings of a study in the Ross Sea (Wang, Xu et al. 2022). Liang et al. (2020) showed that C. glacialis and Cy. calyciformis were abundant near the Polar Front, whilst Cy. convallaria occurred south of the Polar Front. In our study, the abundance proportions of Cy. convallaria, C. glacialis and Cy. calyciformis were lower in the ASC zone than in the ACC zone in the Cosmonaut Sea. We speculate that these three species might be entrained from the ACC zone in the north and, therefore, showed low contributions in the ASC zone. Similarly, C. glacialis and Cy. calyciformis were not detected in the Weddell Gyre because of the weak influence of the Antarctic Circumpolar Current on the Weddell Gyre.

Tintinnid diversity in relation to water masses has been reported worldwide, especially with regard to its uses in indicating the division of inshore and offshore currents (Sitran et al. 2007; Polat et al. 2019). In our study, Cy. drygalskii was endemic in the ASC zone and occasionally appeared in the ACC zone. This phenomenon is consistent with previous studies. Alder & Boltovskoy (1991) showed that Cy. drygalskii is one of the dominant species in the shelf and mostly ice-covered areas of the southernmost Weddell Sea and the Bellingshausen Sea. Similarly, Liang et al. (2018) discovered that Cy. drygalskii is more abundant at stations closer to shore in Prydz Bay, and Trifoglio et al. (2023) also found that Cy. drygalskii is limited to shelf waters. Cymatocylis drygalskii could also be advected from coastal waters into offshore waters in the north. Therefore, we recommend Cy. drygalskii as an indicator of the Antarctic Slope Current.

Codonellopsis gaussi polymorphism in different water masses

For most tintinnid species, individuals of the same species have similar lorica forms and lorica oral diameters (Dolan et al. 2006). Individuals of the same genus are classified as different species on the basis of the shapes and sizes of loricae, allowing for some morphological differences amongst individuals in the same species (Williams et al. 1994). However, lorica polymorphism is seen in some tintinnid species such as C. gaussi, which is an endemic species in the Southern Ocean (Dolan et al. 2012). As the most common species in the Weddell Sea, C. gaussi was first recorded by Laackmann (1907); subsequently, many other C. gaussi forma (like coxliella, cylindroconica/cylindrica, globosa and typica) were reported in later studies (Laackmann 1910; Balech 1973; Sassi & Melo 1986; Alder 1995). Our Type I and Type III C. gaussi are located at the two extremes of the spectrum presented in Alder’s figure IV.4 (1995), whilst our Type II C. gaussi is in between the two extremes. Some of our Type II C. gaussi specimens were identified as C. glacilis in Fig. 8 of Dolan et al. (2022).

Different morphologies of C. gaussi coexist in the waters near the Antarctic Peninsula and the Weddell Sea (Alder & Boltovskoy 1991), Ross Sea (Dolan et al. 2022) and Amundsen Sea (Dolan et al. 2013), but the distribution of those morphologies has never been clearly described. Dolan et al. (2012) speculated that polymorphism may be associated with the occurrence of population growth in rapid, short-lived bursts with a consequence of cell division rates exceeding normal lorica-formation rates. However, in the Amundsen Sea, the occurrence of different C. gaussi morphologies shows no clear relationship with the composition of the microphytoplankton (Dolan et al. 2013). In our research, we found that the abundance contribution of different morphological types of C. gaussi was related to water masses. Type I C. gaussi appeared at most stations. Type II C. gaussi had a higher percentage in the ASC zone of the Cosmonaut Sea and in the interior and western front of Transect WG. Type III C. gaussi comprised a higher percentage in the coastal zone of Transect WG and the ASC zone of the Cosmonaut Sea. Our results support the idea of Dolan et al. (2012) that growth conditions cause the different abundance proportions of C. gaussi morphological types. However, contrary to the proposition of Dolan et al. (2012) that good growth conditions cause higher proportions of Types II and III, we propose that there might be a higher proportion of Type III when this species is in a status of stress.

Implication of tintinnids to different gyres in the Southern Ocean

Our finding that tintinnid abundance was lower in the centre of the Weddell Gyre was consistent with the low productivity in the gyre centre (Vernet et al. 2019). In the Weddell Gyre, divergence in the interior area is steered by cyclonic circulation and induces deep water upwelling (Marshall & Speer 2012), which causes low temperature water to be transported to the surface. Frontal zones in the Weddell Sea show a positive correlation between productivity and biomass (Park et al. 2010). The distribution of tintinnids in our study also conformed to this trend. However, the west front had a higher total tintinnid abundance than the eastern front, which might be because the west front zone was near the ice-edge zone, and the ice-edge blooms contribute to the growth of surface biota (Daly & Macaulay 1991; Massom et al. 2006). The spatial distribution of other phytoplankton and zooplankton taxa in different parts of the Weddell Gyre has not been studied (Vernet et al. 2019). The distribution of phytoplankton and zooplankton might be similar to that of tintinnids in our study because these taxa are influenced by the same hydrological transport and mixing processes.

The Ross Sea is another similar important area with a gyre in the Antarctic Zone. Tintinnid studies in the Ross Sea have focused on Terra Nova Bay (Monti-Birkenmeier et al. 2022) and waters south of Terra Nova Bay (Wang, Wang et al. 2022), which are outside the Ross Gyre. These studies showed that C. gaussi also dominates the tintinnid communities in the waters outside Ross Gyre in the Ross Sea. We speculate that the tintinnid community in different parts of the Ross Gyre would be similar to that of the Weddell Gyre.

Conclusions

This study was the first to evaluate the tintinnid distribution in surface waters along a west–east transect across the Weddell Gyre and an area covering both the Antarctic Circumpolar Current and the Antarctic Slope Current in the Cosmonaut Sea. In the Weddell Gyre, the tintinnid community showed obvious variations between the centre of the gyre and its frontal zones. The rotation of the gyre might cause tintinnid community spatial heterogeneity. In the Cosmonaut Sea, the tintinnid community had a higher abundance of Cy. drygalskii in the Antarctic Slope Current than the Antarctic Circumpolar Current. Therefore, Cy. drygalskii could serve as an indicator of the Antarctic Slope Current, which would be useful in studies of how zooplanktonic biogeography is changing in the Southern Ocean as it warms. The abundance distributions of polymorphic individuals of C. gaussi in the Weddell and Cosmonaut Seas suggested that Type III mainly occurred in the coastal waters, where this species might be in a state of stress.
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