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Abstract

:

Diel vertical migration of the copepod the community was investigated in the open South Adriatic, in June 2020 and February 2021, under two very different hydrographical conditions. The influence of a winter wind-induced mixing event on copepod vertical migration at the species level was determined for the first time and compared to the situation in June when pronounced thermal stratification was observed. The samples were collected during a 24 h cycle in four depth layers from the surface down to 300 m depth, using a Nansen opening–closing net with 250-µm mesh size. In winter, the bulk of the copepod population remained in the epipelagic zone (0–100 m) over the entire 24 h cycle, with calanoids remaining the dominant group. An increasing trend of copepod standing stocks from midnight to early morning in the surface layer found in June is in agreement with previous records of copepod day–night variations in the Mediterranean Sea. Day–night differences in diversity and the number of taxa of the epipelagic area were more pronounced in June, confirming the higher intensity of diel vertical migration in summer. Although the epipelagic community was composed of numerous weak diel vertical migrant species, for the majority of investigated copepod taxa, migration patterns differed between the environmentally contrasting seasons. A multivariate non-metric analysis showed that the copepod community was strongly affected by temperature, thus exhibiting a clear seasonal structure.
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1. Introduction


The vertical distribution of zooplankton depends on a wide range of factors, such as different behaviors (diel, ontogenic and seasonal migrations), local physical features, cyclonic circulation, gyres, etc. [1]. Vertical migration is a widespread behavior of many zooplankton taxa that spans across diel and seasonal timescales. Through vertical migration, organisms actively participate in the transport of matter and energy in the marine environment and play a pivotal role in driving the biological pump. By feeding near the surface and then fasting at a depth where they continue to defecate, respire and excrete, migrating zooplankton remove carbon and nitrogen from the surface layers and release them at depth [2,3].



Diel Vertical Migration (DVM) is the most common behavior and one of the most-studied patterns of animal migration [4,5]. It is mainly of three types. The most common for copepods, as well as other zooplankton groups, involves an ascent to the upper pelagic zone at dusk to feed on phytoplankton during the night and descent to deeper layers at dawn, where the probability of being predated by visual hunting predators is lower. The reverse pattern includes daytime ascent and night-time descent. The third form is a twilight-migration, i.e., a double migration within the 24 h: the ascent occurs during dusk, short presence at the surface, the a descent around midnight, ascent later during the night and descent at dawn [6]. Several biological and physical factors have been proposed to explain the intensity, extent and patterns of DVM. Predatory avoidance is currently considered the ultimate reason for DVM [4,7], although there are contradictory cases, such as species that do not appear to migrate [2] or lack of relationship with predator abundance [8]. Therefore, DVM is generally held to represent a trade-off between the functions of food gathering and avoiding predators [9], which is strongly dependent on environmental variations [10,11,12].



In the marine environment, copepods have successfully colonized the whole marine realm, where their vertical zonation patterns are mainly defined by water depth. Almost the entire Adriatic copepod fauna can be found in the Southern Adriatic (SA), which is characterized by low copepod abundance but high species diversity [13]. Seasonal vertical distribution and DVM patterns of the Adriatic copepods, as well as the other zooplankton groups, have been extensively studied since the middle of the last century [14,15,16,17]. Those investigations mostly included relatively shallow stations above the continental shelf near Dubrovnik [14,15], while for the waters of the open Adriatic, detailed DVM patterns are available for the deep-water copepods during the summer period [16]. Recently, copepod species composition and their vertical and horizontal distribution in the South Adriatic during the winter mixing period were investigated and described in detail [18,19,20]. Additionally, for the first time in the Adriatic Sea, the strength of the backscatter signal from an Acoustic Doppler Current Profiler (ADCP) in relation to zooplankton vertical movement was investigated, including an eleven-year data set [21]. This study described in more detail the poorly known aspects of copepod DVM behavior but not at the species level.



Since the most recent data on copepod diel vertical migration in the SA at the species level is from the middle of the last century, our objective was to elucidate their migration and distribution patterns in light of the new insights into biological and hydroclimatic features of the Adriatic Sea. Short time interval observations were selected to allow a more accurate view of the copepod vertical partitioning under the two contrasting environmental conditions: summer stratification and deep winter convection events. The study investigates to what extent those environmental states influence copepod species-specific seasonal vertical distribution, diversity and diel migratory behavior patterns.




2. Materials and Methods


2.1. Study Area


The Adriatic Sea is a semi-enclosed basin stretching south-eastward for 800 km in the Eastern Mediterranean. The Southern Adriatic (SA) sub-basin represents the deepest part of the Adriatic (up to 1270 m) which interacts with the Eastern Mediterranean through the Strait of Otranto (~800 m depth). This oligotrophic area is a highly complex ecosystem, where vertical mixing (upwelling, wintertime convection) has an important role in homogenizing physical and chemical seawater properties and controlling the primary production [22,23,24]. A major characteristic of the area is a topographically trapped quasi-permanent cyclonic gyre [25,26]. The more saline Levantine Intermediate Water (LIW) is entrained in the gyre, and when exposed to winter episodes of northerly winds, conditions are favorable for deep convection and generation of Adriatic Dense Water (AdDW). The water so formed is then exported through the Strait of Otranto to the rest of the Eastern Mediterranean basin and becomes the main component of the Eastern Mediterranean Deep Water (EMDW) [27]. Water masses, entering the SA in larger amounts during the winter, show a roughly 10-year cycle termed the Adriatic-Ionian Bimodal Oscillation (BiOS) [28] explained by different circulating regimes: cyclonic and anticyclonic.



The oceanographic conditions of the SA are influenced by occasionally very strong winds: the Sirocco, a wet southerly wind, which is relatively warm and humid, and the Bura (Bora in Italian), a dry and cold north-easterly wind which plays a fundamental role in winter cooling and erosion of the buoyancy of the surface layer, increasing the mixing. Thus, in this highly dynamic area, the occurrence of strong winter vertical mixing of the water column has a significant impact on primary production [22,29], transporting phytoplankton to the aphotic zone [18,24], and the distribution of zooplankton species [18,19,20,30,31,32,33]. Furthermore, zooplankton abundances in such conditions increase at the offshore stations [18,20,31], thus deviating from its usual horizontal and vertical distribution.




2.2. Sampling and Laboratory Methods


The oceanographic and biological sampling was conducted during the two research cruises; on 25/26 June 2020 and on 17/18 February 2021 at one fixed station located in the middle of the Southern Adriatic (Figure 1). During both cruises, the weather was sunny. The moon phases were waxing crescent (June) and waning crescent (February). In June, the sunrise was at 05:27 and sunset at 20:31, while in February, the sunrise was at 06:38 and sunset at 17:25.



Vertical profiles of temperature, salinity, chlorophyll-a fluorescence (Chl-a) and dissolved oxygen (DO) concentration (averaged over 1 m intervals) were taken by CTD (Conductivity–Temperature–Depth) multiparametric probe SBE 911 plus (SEA Bird Electronics INC., USA) equipped with a WETLabs Fluorometer (factory calibrated using Thalassiosira weissflogii monoculture) and a SBE43 oxygen sensor. Meteorological data were obtained from the Croatian Meteorological and Hydrological Service.



A total of 48 zooplankton samples were collected by vertical tows using the Nansen opening–closing net with a 250-µm mesh (113 cm diameter, 380 cm length). In June, sampling started at 03:30 (early morning), at 05:30 (late morning), 13:00 (midday), 19:00 (early afternoon), 20:30 (late afternoon), and 24:00 (midnight). In February, due to different light conditions, sampling started at 04:00 (early morning), 07:00 (late morning), 12:00 (midday), 16:00 (early afternoon), 18:00 (late afternoon) and 22:30 (midnight). The following depth intervals were sampled: 0–50, 50–100, 100–200, and 200–300 m. Average hauling speed was 1 m/s. On board, samples were fixed and preserved in a seawater-formalin solution containing 4% formaldehyde buffered with CaCO3. In the laboratory, a qualitative-quantitative analysis of mesozooplankton was performed under an Olympus SZX16 stereomicroscope on subsamples ranging from 1/7 to 1/10, depending on the total sample abundance. Entire samples were examined for the identification of rare species. Taxonomic identification was performed to a species level for the majority of adults. Some groups were identified at higher taxonomic levels (e.g., copepodite stages, Oithona setigera group, which included individuals of O. setigera, O. longispina and O. atlantica, genera Copilia, Vettoria and Sapphirina, family Oncaeidae). Abundance was expressed as individuals per cubic meter (ind. m−3).




2.3. Data Analysis


WMD (Weighted Mean Depth) was calculated for adult copepods and their copepodite stages for June 2020, as well as for February 2021, according to the following equations: Ʃ(ni × zi × di)/Ʃ(ni × zi), where di is the midpoint of the depth interval of the sample i, zi is the thickness of the stratum and ni is the abundance of organisms (ind. m−3). Student’s t-tests were performed to evaluate differences between summer and winter WMD values of the most important copepod species, using STATISTICA 8.



To analyze diversity changes between layers, the Shannon–Wiener diversity index (H′) was calculated for each sample. The Shannon–Wiener index [34] evaluates how the individuals are distributed among the taxa and was determined by the equation: H′ = −Σ(Pi × (ln Pi)), where Pi is the proportion that the i-th species represent to the total number of individuals in the sampling space. Univariate biodiversity measures were calculated with PRIMER 5 for the Windows software suite [35].



The relationship among copepod species vertical distribution and abundance and environmental data were investigated using multivariate analysis with a non-metric, multidimensional scaling (NMDS) technique using the Bray–Curtis (Sørensen) distance measure. Rare taxa (<0.5 mean contribution) were excluded from the analysis. We used 2 matrices: the ‘species’ matrix had 48 stations as rows × 50 taxa as columns. The ‘environmental’ matrix had the same 48 stations as rows in the same sequential order x 4 environmental variables as columns that measured the average values for each depth stratum of temperature, salinity, Chl-a and DO. Zooplankton sampling time (day/afternoon/night/morning), month (June/February) and depth (0–50, 50–100, 100–200 and 200–300 m) were considered as categorical variables. Data were log10(N + 1) transformed. For the ordination, the final stress (a measure of the goodness-of-fit between the data and the final ordination) was examined in relation to the dimensionality to help choose the minimum number of dimensions necessary to adequately describe the data. The results are shown as bi-plot graphs (the first two ordination axes) with environmental variables as vectors and sampling stations as points in ordination space [36].



Once the main environmental variables affecting the variability of vertical and seasonal copepod abundance were identified with the NMDS technique, we used the multi-response permutation procedure (MRPP) to test several null hypotheses (Ho) that the abundance of species and zooplankton community structure differ significantly among different sample groups: daytime, winter vs. summer and among sampling depth layers. The separation between groups is determined by the Pearson type III distribution (T): the more negative the T value, the stronger the separation. The MRPP also calculates the chance corrected for within-group agreement (A): if A = 1, all items are identical within the groups (delta = 0); if A = 0, heterogeneity within the groups is expected by chance, and if A < 0, heterogeneity between the groups is higher than expected by chance [36].



The indicator species analysis (ISA) was used to identify the typical copepod species of each sampling group defined according to the null hypotheses proposed for the MRPP analysis. The ISA measures the faithfulness of the occurrence of species within a particular group station defined by a null hypothesis. Indicator values for each species can range from 0 to 100; a score of 100 means that the presence of that particular species points unequivocally to a specific group [36]. The highest indicator value for each species is tested for statistical significance using a Monte Carlo test of 1000 randomizations. The NMDS, MRPP and ISA are nonparametric tests and were conducted in PC-ORD for Windows 5.10 [37].





3. Results


3.1. Environmental Conditions


Data acquired during the two sampling cruises characterized two different environmental conditions typically associated with the summer and winter seasons (Figure 2A). In June, the temperature decreased gradually from the surface (24.05 °C) to the deeper layers, where the minimum was recorded at 300 m depth (14.53 °C). A typical seasonal thermocline was present in the upper 50 m. During February, the water column was well mixed with relatively uniform thermal conditions (average 14.47 ± 0.008 °C). Salinity values in June were relatively lower in the upper 20 m, with an average of 38.71 ± 0.04. The maximum of 38.96 was found at 60 m depth. Winter conditions showed stable salinity conditions, with a minimum recorded on the surface (38.90) and average values of 38.92 ± 0.002. Mean DO concentration was higher in June (5.32 mL L−1 O2) than in February (4.73 mL L−1 O2). In July, the highest concentrations were in the upper 80 m, with a maximum of 6.01 mL L−1 O2 at 30 m depth. This is associated with a significant increase in Chl-a (maximum of 0.46 mg m−3). Additionally, February meteorological conditions are shown since they were directly responsible for deep convection, which occurred before our sampling (Figure 2B). A strong Bura event was recorded from the 11th to 14th of February, just three days before the sampling exercise in February 2021, with wind gusts surpassing 50 m/s, coupled with a decrease in air temperature.




3.2. Vertical Distribution of Copepod Abundances and Diversity


Figure 3 shows the vertical distribution of total copepod numbers (adults and copepodite stages) separated by main orders. Cyclopoida, Mormonilloida and Harpacticoida were, in general, considerably less abundant than Calanoida in both seasons.



In June, the overall mean copepod abundance was 68.9 ± 38.3 ind. m−3. In the surface layer, two peaks of abundance were recorded: in early morning (163 ind. m−3) and at midnight (147.6 ind. m−3). This layer showed the widest diel oscillations of total percentages of relative abundances, ranging from 47.2% to 18.7% at midnight and in the late morning, respectively. With increasing daylight, calanoids retreat to deeper layers. Thus, at midday, the bulk of calanoid populations were concentrated in the 200–300 m layer, with the layers above inhabited mainly by Oithonidae. Furthermore, during the midnight–early morning period, higher values of Oncaeidae (up to 10.2 ind. m−3 in the early morning) were detected at the surface. The contribution of calanoid copepodite stages to the total copepod numbers was, on average, 19% and increased up to 29% at midnight at the 100–200 m layer. Juvenile Oithona stages contributed, on average, 21%.



In February, mean copepod abundance was 69.7 ± 33.8 ind. m−3. Over the entire sampling period, the maximum overall numbers of individuals occurred in the 0–50 m layer, ranging from 149.9 to 62.5 ind. m−3, representing early afternoon and midnight values, respectively. In general, a trend toward decreasing abundance with depth was observed, with calanoids remaining the dominant group over the entire sampling period. Fewer oscillations in total percentages of relative abundances of each layer during the 24 h period were recorded than in summer sampling. Thus, the 200–300 m layer showed higher differences, ranging from 24.3% in the late morning to 9.0% in the late afternoon. Calanoid copepodite stages accounted for 24%, while Oithona copepodites accounted for 12% with respect to the entire copepod population.



In all, 87 copepod taxa were identified: 77 in June and 75 in February. The most diverse group was order Calanoida, with 64 species found. Cyclopoida was represented by the families Oithonidae (5 taxa), Oncaeidae, Lubbockiidae (one species—Lubbockia squillimana), Corycaeidae (9 species) and Saphirinnidae (genera Copilia, Sapphirina, and Vettoria). Harpaticoida included three species (Clytemnestra gracilis, Microsetella norvegica, and Macrosetella gracilis), while the order Mormonilloida included one species: Neomormonilla minor.



The highest number of taxa (40) was recorded in the surface layer (midnight) in June and the 100–200 m layer (late afternoon) in February (Figure 4). Average Shannon–Wiener diversity index was lower in July (2.21 ± 0.27) than in February (2.54 ± 0.18) and highest in the 100–200 m layer (2.46). Differences between the number of taxa found and the estimated diversity index between the two seasons were the most pronounced in deeper investigated layers, especially the 200–300 m layer, during the whole sampling period. The maximum H′ of 2.8 was found in a midnight sample from the deepest layer taken in February. In June, the wider oscillations between day and night were reported, especially in the upper layers, where we found a considerably higher number of taxa and diversity during the night and morning.




3.3. Dial and Seasonal Vertical Distribution Patterns of Dominant Copepods


Diurnal vertical abundance profiles of the taxa with a contribution greater than 1% are presented in Figure 5. The dominant copepod genera were Clausocalanus and Oithona, especially in the upper 100 m. Among the eight species of the genus Clausocalanus found in the area, those with higher abundances were: C. pergens (with a peak abundance in the surface layer at midnight (June) and late afternoon (February); C. parapergens (with a peak in late morning/early afternoon in the 0–50 and 50–100 m layers, respectively in June, and late afternoon in the 0–50 m layer in February; C. paululus (whose peak was in the surface layer of both seasons, in late morning in June and late afternoon in February) and C. mastigophorus (with considerably higher abundances recorded in February, especially in the upper 100 m during the daylight). During the strongest daylight (midday) in June, the Clausocalanus species avoided the upper 100 m depth. Furthermore, C. parapergens, C. paululus and C. mastigophorus showed distinct, although not significant, seasonal WMD variations and exhibited deeper WMD in June (Table 1). Their copepodite stages were relatively numerous in both seasons. The Oithona setigera group was more abundant in June, when, except for the surface layers during the day, they also showed higher abundances in the deeper layers over the night. O. similis was constituted by the bulk of the population occurring in the 0–100 m layer in both seasons. During June, Neomormonilla minor remained in the deeper layers, while in February, considerably higher numbers were recorded up to the surface during the night–late morning. Haloptilus longicornis showed significant seasonal variations in vertical distribution and was constituted by the bulk of the population occurring below 100 m in July. In February, this copepod was more uniformly distributed in the upper 300 m of the water column. Lucicutia flavicornis and Ctenocalanus vanus are copepods whose WMD generally did not differ between the seasons, although they had different diel patterns between seasons. L. flavicornis reached maximum abundance in the late afternoon (100–200 m) and night (0–50 m) in summer, thus avoiding surface layers during the strongest insolation. The winter peak for this species was recorded at the surface in the early afternoon. During the winter, C. vanus was consistently abundant in the 50–100 m layer. A strong migrant P. gracilis performed surface migration only in June, while during February the majority of the population remained in the 200–300 m layer. For both adults of P. gracilis and Pleuromamma copepodite stages, WMD was observed deeper during the winter mixing. Similar vertical movements were recorded for P. abdominalis as well as for another intermediate water copepod—Euchaeta acuta, performing standard DVM movements only during the stratification period. Mecynocera clausi occupied surface layers in June with a peak in the late afternoon, while during February, it was more or less evenly distributed through the investigated layers.



With respect to copepods living at great depths (results not shown), Monacilla typica has not been recorded in the upper 300 m, while E. messinensis was recorded up to the surface layers in the early morning of June. The two species of the genus Spinocalanus also occurred in the upper 300 m only in June: S. longicornis only during the night, while S. oligospinosus was found sporadically in the deepest sampling layer and also at 100–200 m during the night-early morning. T. mayumbaensis was found during the night in June in the 100–200 m layer, while in February, during the late morning, this copepod was found up to the 100–50 m layer.




3.4. Environmental Drivers of the Copepod Community


The NMDS ordination resulted in an optimum two-dimensional solution with the final stress of 12.5 (p = 0.004). The two axes explained 91.6% of the total variability of the zooplankton community structure (r2 = 0.75 for axis 1 and r2 = 0.16 for axis 2). The NMDS ordination shows that the various station groups were divided according to the sampling season and sampling layers (Figure 6). Temperature and DO had the highest correlations with the first ordination axis (Table 2), reflecting the seasonal and vertical temperature gradient. This axis separates June surface samples from the June deep assemblage together with all February samples that were clustered on the left side of horizontal axis 1 in the NMDS plot. C. typicus, C. jobei, F. rostrata, T. stylifera and C. pavo are located in the right half of axis 1 ordination because they were more abundant in the summer surface samples, while genus Spinocalanus, Heterorhabus and Haloptilus were located on the left, indicating lower temperatures and high salinity values, representing a deep environment. Salinity and temperature were the environmental variables that prevailed in the vertical distribution of copepods along the second axis, separating mainly deep June samples and consequently the species that appear there.



The MRPP showed that summer copepod assemblage was significantly different from the winter assemblage (p < 0.0000; Table 3). The ISA of these groups showed many strong indicators, especially for the winter season. Thus, there were twelve indicators for February (IV > 30; p < 0.05) and eight indicators for June (IV > 24; p < 0.05) (Table 4). The MRPP also indicates significant differences in copepod community structure between sampling depth layers (p < 0.0016). Of the eight indicators of the surface layer, Temora stylifera was also a significant indicator for the warm season and Onichocorycaeus giesbrechty for the cold season. Only Calocalanus styliremis and Ctenocalanus vanus were indicative for the 50–100 m and Heterorhabdus papilliger for the 100–200 m layer. From the three indicators of the deepest layer investigated, two of them (L. clausi and S. oligospinosus) were indicative for the June samples as well. Less differences were recorded between day and night samples, although strong migrant middle zone species were significant indicators (IV > 40; p < 0.05) for the night samples.





4. Discussion


A short sampling scale taken at two contrasting environment conditions with a detailed description of the vertical pattern of copepod abundance and species composition such as the regime used in our study is lacking for the area of the Adriatic Sea. The upper oceanic waters in June are characterized by vertical gradients of environmental factors, while in February, oceanic waters show relatively homogeneous physicochemical conditions. The February cruise took place after strong Bora wind episodes and consequent substantial winter heat loss at the air–sea interface. Therefore, we encountered the occurrence of a deep mixing, which extended up to 600 m. In June, a thermocline and halocline were observed along the water column with the vein of LIW between depths of 40 and 150 m. Winter vertical mixing enhances nutrients and phytoplankton development of the surface layers [24] and can consequently cause short outbreaks of micro and mesozooplankton densities in this system [18,20,31]. Higher concentrations of copepod developmental stages up to 300 m depth were recorded in winter 2015 as a consequence of large and rapid variations in production conditions driven by overall environmental changes and complexity of processes in the entire water column of the SA [31]. After the convective mixing in 2008, an increase in copepod density in the surface, and also in the 300–400 m layer, were registered [18]. During the winter sampling in 2021, this was not the case and our observed copepod densities in the upper 300 m were in accordance with the oligotrophic character of the area [13]. However, it seems that our winter investigation followed immediately after vertical mixing and phytoplankton (copepods’ food) had not yet developed, as we can see from Chl-a vertical distribution. In contrast, in June, the subsurface chlorophyll maximum was registered, but total copepod abundances were similar to those in February. We can suppose that the salp bloom already recorded in April and June at the open sea [23] may be responsible for hampering the development of other herbivorous zooplankton such as copepods by the strong reduction in phytoplankton. Anyhow, our estimated densities are in agreement with samples of comparable mesh sizes from the other oligotrophic areas in the Mediterranean Sea [38,39,40]. The use of a larger sampling mesh size (250 µm) may underestimate the abundance of the early developmental stages or smaller size copepods whose contribution to the overall copepod community can be significant in pelagic coastal and transitional areas [41,42,43]. Therefore, this should be taken into account during the interpretation of the quantitative copepod data. However, coarser net with a bigger mouth opening catches a greater number of larger calanoid species that occur in low densities but contribute to overall zooplankton biomass. This is especially true for the open waters where a considerable number of oceanic, larger size forms are present. Another important advantage of the mesh size used is the possibility of comparison with historical datasets where 250-µm mesh size was widely used (e.g., [15,16,44]).



The bulk of copepod concentration in Adriatic, as for the entire Mediterranean, is concentrated in the epipelagic zone with decreasing abundances with depth [44,45,46]. Generally, our results confirm that statement, although overall total copepod abundances varied over the investigated water column between the seasons and sampling time. During the winter vertical mixing, the bulk of the copepod population remained in the epipelagic zone (0–100 m) over the entire 24 h cycle, with calanoids remaining the dominant group. Diel vertical movements were characterized by the lowest numbers found at midnight, especially in the upper 50 m, suggesting a lower intensity of DVM in winter, as reported previously in the south Adriatic [15] and confirmed recently by the strength of the backscatter signal from an Acoustic Doppler Current Profiler (ADCP) [21]. By contrast, an increasing trend of copepod standing stocks from midnight to early morning in the surface layer found in June is in agreement with previous records of copepod day–night variations in the Mediterranean Sea [38,44,47,48]. A marked reduction in abundances, particularly calanoids, was recorded in the epipelagic layer (0–100 m) during the highest light intensity in June, with the center of calanoid abundances remaining relatively low (200–300 m). Thus, during the day (from the late morning to early afternoon), surface layers remained occupied by mostly smaller zooplankton members, primarily Oithonidae as well as notable numbers of another thermophilic group—Corycaeidae. Recent studies highlight the importance of genus Oithona in temperate seas and also their relative importance compared to calanoid copepods [46,49,50]. Due to their wide tolerance of temperature and salinity and opportunistic diet, Oithonidae are well adapted for the utilization of food resources in a stratified environment [51,52]. This study confirms their importance, which is even more apparent during the strongest sunlight over the stratified conditions when most of the calanoid species avoid surface layers. Similar results were found in the coastal area of the Mljet lakes, where seasonal studies on the vertical distribution of zooplankton showed that the genus Oithona was numerically dominant during the summer, with O. nana being one of the dominant zooplankton species in the surface layers during the warmest period [53]. As opposed to seasonal changes in vertical positioning, small copepods such as Oithona spp. usually show little or no DVM behavior [54].



Values of the Shannon–Wiener diversity index is in accordance with previous records for the SA [19,20], although we found a slightly lower number of species compared to the data along the east–west transect [20]. Even though historical data reported reduced numbers of copepod species found during the winter in the SA [55], recent results as well as our research indicate higher diversity over the colder part of the year [20]. The vertical patterns of diversity showed higher values in 100–200 m layers, which corresponded to the findings reported by Scotto di Carlo et al. [44] and Brugnano et al. [47] for the Tyrrenian Sea, Siokou-Frangou et al. [46] for the eastern Mediterranean basin and Zagami et al. [48] for the Ligurian Sea. Brugnano et al. [47] reported increased diversity in the 100–200 m layer in the afternoon due to the upward-moving mesopelagic copepod species. Enrichment of epipelagic waters during the night by diel migrants that ascend from the pelagic layer has been widely reported in the Mediterranean Sea [38,44,47,56]. Our day–night differences in diversity and number of taxa of the epipelagic area were more pronounced in June, which is related to higher intensity of DVM compared to February as well as deficiency of calanoids during the intensive daylight.



DVM patterns of the investigated copepod species varied between the two seasons. Many common epipelagic species such as Clausocalanus jobei, C. arcuicornis, C. vanus, and Mecynocera clausi are reported in the literature as weak or non-migrant species [44], with abundance maxima from 50 to 100 m during the day and above 50 m at night. C. paululus, C. parapergens and L. flavicornis have a wider distribution, with abundance maxima from 100 to 200 m during the day and from 50 to 100 m at night [44]. However, Brugnano et al. [47], in spring sampling of the open central Tyrrhenian Sea, did not find significant migrating behaviors of those species. Similar results were reported by Zagami et al. [48] in the Ligurian Sea, where Clausocalanus spp. were characterized by different vertical partitions, with no significant variations in the day/night WMDs. Although there are no data for their DVM in the Adriatic, our results show that for Clausocalanus spp. and L. flavicornis, nocturnal upward and diurnal downward migration were more obvious in summer when they migrate toward the food-rich areas during the night when the risk of attack is greatly reduced. C. pergens showed a pronounced descent only during the strongest sunlight, while it remains in the subsurface chlorophyll maximum layer (50–100 m) over the rest of the 24 h cycle. High backscatter values during the warmer part of the year in this layer were registered [21]. A different pattern was found during the winter mixing when those species occurred with higher abundances in the surface layer somewhat earlier (late afternoon). Of the most frequent calanoids, it seems that only M. clausi tolerate higher light intensity and showed higher densities in the surface layer, in both day and night samples, especially in summer. Our reported abundances of Neomormonilla minor are considerably higher than previously reported for the Adriatic Sea [13] sampled by the same mesh size. Records on the diel migration of N. minor in the Adriatic are missing. Interestingly, although previously reported occurrences of this species were at not more than 50 m depth [13,20], during the winter mixing, N. minor contributed significantly to the total copepod values of the upper 100 m, especially in the surface layer from midnight to early morning. Our result does not confirm previous records by Scotto di Carlo et al. [44] regarding its inverse migration. N. minor is well adapted to the oligotrophic environment [57], and it seems that during the favorable winter isothermal conditions, it can spread its vertical dispersion up to the surface layers. Mid-water copepod H. longicornis, characteristic of the oligotrophic environments [58], is known in the literature as a weak or non-migrant species [13,15,44]. Our data indicate bimodal distribution and confirm well-defined seasonal differences [15,20], with higher values found in the surface layers during the mixing period. The strong migrant P. gracilis reaches the surface between midnight and early morning in June, which is in agreement with previous studies [47,48]. Our records showed that diurnal migration of this copepod is of greater intensity in summer and confirmed its appearance at the surface during the daylight only in winter [15]. Furthermore, seasonal vertical partition of P. gracilis, as well as Pleuromamma copepodite stages, indicate a deeper preferential depth in winter and, therefore, less need to come up to feed on the surface because of more food in the deeper layers as a result of vertical mixing conditions. A similar seasonal trend was found for the other mesopelagic species (P. abdominalis, E. messinenssis, E. acuta, genus Spinocalanus), whose DVM was more intense in summer. This is in agreement with previous reports from the continental shelf station in the SA [15] as well as with data from the backscattering strength, whose maximum excursion between day and night was in summer/autumn in the 200–300 m layer [21]. Our sampling method is inadequate to show vertical migration of mesopelagic or even deep copepod species. Still, our findings of T. mayumbaensis up to the 100–200 m layer in June (night) or even the 50–100 m layer in February (early morning) indicate a shallower vertical dispersion of this species than previously recorded for the Adriatic, where it was found only below a depth of 300 m [13,15,20].



Despite different diel cycles performed by some of the species, the observed differences in total abundance of the copepod community based on MRPP analysis showed no significant separation between day and night samples. The above result is due to the absence of strong migrant species in the area, as generally reported in the other Eastern [45,46,59] and Western [44,48,60] Mediterranean areas. Thus, ISA showed only strong migrating species were indicative for the night period. Species abundance and composition were primarily differentiated according to warm and cold seasons. Thus, the copepod community was strongly affected by temperature and oxygen saturation and thus exhibits clear seasonal structuring shown in NMDS. During the warm season, distinct species-specific responses to the environmental oscillations were recorded. Thus T. stylifera, C. typicus, F. rostrata, M. clausi, C. pavo, Oithona spp. are likely to stay in the warm surface layer, while L. clausi, S. oligospinosus, C. poppei, E. acuta peaked at higher salinities but lower temperatures, thus shaping the deeper layers in summer. It is not surprising that the winter mixing period showed weak separation between the samples due to the relative homogeneity of water properties, with twelve indicators identified. The majority of Clausocalanus spp. as well as Lucicutia flavicornis was important in shaping the winter copepod community. Their seasonal vertical positioning in oligotrophic waters was characterized by occupying lower depths in summer but shallower depths for the rest of the year, as reported previously [44,61], and thus appears to successfully resist vertical currents during the connective mixing. Clausocalanus spp. is dominant in winter and, as an omnivorous genus, is particularly adapted to a wider range of food resources under the low phytoplankton concentrations [62,63]. Midwater genera Haloptilus and Heterhorabdus were important in shaping the deeper winter community.



The present study provides detailed information on the vertical distribution and diel migration patterns of the copepods in an oligotrophic environment under two contrasting hydrographical conditions. In a pelagic system, the copepod vertical zonation patterns are mainly determined by water depth, despite seasonal differences and hydrographic features [64], with competition and predation as determinants regulating the patterns within the plankton communities [65]. Depth plays an even more important role in structuring a copepod assemblage during the stratified conditions, selecting species-specific successions in relation to temperature and oxygen conditions. Thus, different vertical distribution patterns in relation to sampling hours and seasons reflect the abundance variations between the copepod species but also within the same population. General descent at sunrise to avoid strong sunlight and predators was found for most of the calanoids in summer. Thus, surface layers during the day are being inhabited by relatively small taxa: Oithona, Mecynocera clausi, as well as some less abundant species such as Temora stylifera, Centropages typicus and Calocalanus pavo. In winter, when the deepest layers receive more food than usual from the upper layers, the vertical migrations are less intense and, therefore, not mandatory behavior. Additionally, the connective mixing may cause a probably short-term appearance of the deep-water copepods (Neomormonilla minor, T. mayumbaensis) up to the upper layers. Copepod vertical migrations are complex behaviors, and the various aspects that we have considered here in this report underline the need for further detailed studies, which will include species life strategies, trophic relationships, light sensitivity, and feeding behavior, etc., that could be interesting to investigate. In addition, investigation of an integrated water column is needed for more accurate data on vertical zonation of mesopelagic strong migrant species such as Pleuromamma spp., Euchirella messinensis, Euchaeta acuta, which contribute significantly to overall copepod biomass. Long time scales (interannual) of zooplankton migratory patterns as well as integrated methods (biomass measurement or acoustic profiling) are needed for a better understanding of zooplankton distribution through the water column and thus modeling of the complex marine biochemical mechanisms.
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Figure 1. Study area with a sampling station. 
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Figure 2. Environmental parameters at the sampling station in June 2020 (black line) and February 2021 (red line) (A), and meteorological conditions in February 2021 (B). 
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Figure 3. Vertical distribution of copepod abundances for each sampling time and depth interval in June 2020 and February 2021. 
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Figure 4. Vertical distribution of the number of taxa (S, left y-axis) and Shannon–Wiener index (H′, right y-axis) for each sampling time (EM—early morning, LM—late morning, MD—midday, EA—early afternoon, LA—late afternoon, MN—midnight) at four depth layers in June 2020 (black lines) and February 2021 (red lines). 
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Figure 5. Vertical distribution of the most abundant copepod taxa (with >1% contribution to total density) in four depth sampling layers at each sampling time in June 2020 and February 2021. 
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Figure 6. Ordination joint plot from the non-metric multidimensional scaling (NMDS) of copepod abundance and four environmental variables recorded in June 2020 and February 2021 in the south Adriatic Sea. The NMDS sampling stations per layer and environmental vectors (A) and species (B) are equally oriented. 
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Table 1. Mean abundances ± SD and Weighted Mean Depths (WMD) of the different copepod taxa (>1% mean contribution) and some of the copepodite stages in June 2020 and February 2021; t values estimated by the t-Student test are given with relative significance levels. Significant levels are given in bold.
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June

	
February

	

	




	

	
Abundance

	
WMD

	
Abundance

	
WMD

	
t

	
p






	
Clausocalanus pergens

	
7.0 ± 7.9

	
116

	
6.0 ± 5.3

	
118

	
0.17

	
0.86




	
Oithona setigera—group

	
4.9 ± 3.6

	
140

	
2.4 ± 1.7

	
166

	
−0.17

	
0.86




	
Oithona similis

	
4.2 ± 4.6

	
76

	
4.1 ± 4.1

	
94

	
−1.03

	
0.31




	
Neonmormonilla minor

	
1.5 ± 1.8

	
185

	
3.1 ± 2.4

	
133

	
0.26

	
0.79




	
Haloptilus longicornis

	
1.3 ± 1.6

	
198

	
2.7 ± 0.9

	
151

	
0.93

	
0.36




	
Clausocalanus parapergens

	
1.0 ± 1.5

	
136

	
2.5 ± 1.4

	
117

	
0.64

	
0.52




	
Clausocalanus paululus

	
1.2 ± 1.5

	
142

	
1.6 ± 2.2

	
114

	
0.90

	
0.36




	
Lucicutia flavicornis

	
0.6 ± 0.7

	
153

	
1 ± 0.7

	
162

	
0.53

	
0.60




	
Ctenocalanus vanus

	
0.6 ± 0.8

	
127

	
1.2 ± 0.8

	
136

	
−0.11

	
0.90




	
Clausocalanus mastigophorus

	
0.5 ± 0.8

	
114

	
1.2 ± 1.4

	
94

	
−0.61

	
0.54




	
Pleuromamma gracilis

	
1.2 ± 2.5

	
120

	
0.2 ± 1.2

	
204

	
0.25

	
0.80




	
Mecynocera clausi

	
0.8 ± 1.4

	
29

	
0.4 ± 0.4

	
131

	
−0.24

	
0.02




	
Clausocalanus cop. spp.

	
5.9 ± 0.8

	
106

	
6.4 ± 6.2

	
111

	
−0.13

	
0.89




	
Pleuromamma cop. spp.

	
0.7 ± 1.6

	
107

	
0.4 ± 0.3

	
167

	
0.83

	
0.41











[image: Table] 





Table 2. Results of non-metric multidimensional scaling (NMDS) analysis of the environmental conditions recorded for the station sampled per depth layer in the south Adriatic in June 2020 and February 2021. Randomization of the Monte Carlo test gave a probability (p = 0.004) that the final stress level of 12.6 could have been obtained by chance.
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	Enviromnental Variables/Axes
	Axis 1
	Axis 2





	Temperature
	0.816
	0.514



	Salinity
	−0.570
	−0.541



	DO
	0.878
	0.043



	Chl a
	0.534
	0.135
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Table 3. Multi-Response Permutation Procedure (MRPP) analysis for comparison of the copepod community structure per season, sampling depth layer and day–night sampling. The number of zooplankton samples per group is shown in parentheses.
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	Group of Sampling Stations Tested for the Following Hypotheses
	T
	A
	p-Value





	June (24) versus February (24)
	−16.486
	0.2047
	0.0000



	Depth strata (0–50 m (12), 50–100 m (12), 100–200 m(12), 200–300 m (12))
	−0.399
	0.0909
	0.0016



	Day (24) versus night (24)
	−2.329
	0.0295
	0.0324
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Table 4. Indicator Species Analysis (ISA) of the copepod taxa in the south Adriatic Sea during June 2020 and February 2021 according to season, sampling layer and day–night criteria. Rare taxa (<0.15 % contributions were excluded). Only copepod species with significant comparisons (p < 0.05) are shown in the table.
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	Null Hypotheseses Tested for no Abundance Differences among Station Groups
	Copepod Taxa
	Indicator Value
	Group
	p-Value





	June (24) versus February (24)
	Oncaeidea
	65.8
	June
	0.0030



	
	Oithona setigera-group
	59.4
	June
	0.0030



	
	Euchaeta acuta
	51.2
	June
	0.0010



	
	Lucicutia clausi
	40.7
	June
	0.0240



	
	Calocalanus pavo
	37.5
	June
	0.0020



	
	Chiridium poppei
	28.6
	June
	0.0334



	
	Spinocalanus oligospinosus
	25.0
	June
	0.0222



	
	Temora stylifera
	24.4
	June
	0.0464



	
	Paracalanus parvus
	84.4
	February
	0.0002



	
	Urocorycaeus furcifer
	74.3
	February
	0.0004



	
	Haloptilus longicornis
	68.2
	February
	0.0002



	
	Clausocalanus parapergens
	67.5
	February
	0.0002



	
	Ctenocalanus vanus
	66.1
	February
	0.0008



	
	Lucicutia flavicornis
	63.2
	February
	0.0056



	
	Neomormonilla minor
	61.4
	February
	0.0054



	
	Clausocalanus mastigophorus
	57.3
	February
	0.0090



	
	Corycaeus clausi
	47.3
	February
	0.0170



	
	Onychocorycaeus giesbrechty
	46.3
	February
	0.0050



	
	Heterorhabdus papilliger
	45.9
	February
	0.0204



	
	Paracalanus denudatus
	30.3
	February
	0.0492



	Depth strata (0–50 m (12), 50–100 m (12), 100–200 m (12), 200–300 m (12))
	Centropages typicus
	71.4
	0–50 m
	0.0002



	
	Mecynocera clausi
	61.6
	0–50 m
	0.0002



	
	Farranula rostrata
	61.4
	0–50 m
	0.0002



	
	Temora stylifera
	48.8
	0–50 m
	0.0010



	
	Onychocorycaeus giesbrechty
	48.3
	0–50 m
	0.0018



	
	Oithona similis
	37.7
	0–50 m
	0.0018



	
	Acartia (Acartiura) clausi
	35.3
	0–50 m
	0.0356



	
	Paracalanus denudatus
	30.8
	0–50 m
	0.0476



	
	Calocalanus styliremis
	43.6
	50–100 m
	0.0028



	
	Ctenocalanus vanus
	37.8
	50–100 m
	0.0134



	
	Heterorhabdus papilliger
	38.2
	100–200 m
	0.0222



	
	Haloptilus anguiceps
	38.5
	200–300 m
	0.0392



	
	Lucicutia clausi
	38.0
	200–300 m
	0.0170



	
	Spinocalanus oligospinosus
	29.8
	200–300 m
	0.0250



	Day (24) versus night (24)
	Pleuromamma gracilis
	55.1
	Night
	0.0488



	
	Scolecithricella dentata
	53.2
	Night
	0.0210



	
	Pleuromamma abdominalis
	48.3
	Night
	0.0086



	
	Euchaeta acuta
	40.6
	Night
	0.0394
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