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Understanding the diel vertical migration (DVM) patterns of zooplankton has important implications for biological pumping and pelagic food webs. The functional traits of zooplankton generally determine their distribution in the environment. However, knowledge about the DVM patterns of zooplankton with different functional traits is limited. Here, we used a trait-based approach to study the vertical distributions of zooplankton in the North Pacific Subtropical Gyre (NPSG). Four functional traits, namely, body length, feeding type, trophic group, and reproductive mode, were selected in this study. A high biodiversity of zooplankton (165 taxa) was recorded in the NPSG. Zooplankton was mainly concentrated above 100 m and exhibited normal DVM. Zooplankton with small and medium body sizes (<2 mm, 69% ± 16%), current feeding (43% ± 14%), and omnivore–herbivores (54% ± 14%) were dominant in the NPSG. The proportion of sac spawners in total abundance (52% ± 14%) was higher than that of broadcast spawners (48% ± 14%), which differed from that in the coastal regions. Sixteen functional groups of zooplankton were identified. Different functional groups exhibited distinct DVM patterns due to the influence of different factors. The DVM patterns of current-feeding omnivore–herbivores were significantly correlated with chlorophyll a, whereas giant ambush-feeding carnivores exhibited normal DVM patterns and were substantially correlated with the vertical distribution of their food organisms. However, the small omnivore–carnivores showed reverse DVM patterns. Overall, this study provided a new perspective for studies on zooplankton DVM from the aspect of functional traits.
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Introduction

Zooplankton play crucial roles in marine ecosystems as they link the primary production of the pelagic food web to higher trophic levels (Banse, 1995; Wassmann et al., 2006). The diel vertical migration (DVM) of zooplankton is a common phenomenon in oceans, in which zooplankton feed in the surface layer at night and migrate to deeper layers during the day (Putzeys and Hernández-León, 2005; Steinberg and Landry, 2017). Zooplankton DVM plays a vital role in the downward flux of particulate and dissolved matters. Migrators could accelerate the vertical flux of carbon by feeding in superficial layers and defecating at depth (Longhurst and Harrison, 1989; Putzeys and Hernández-León, 2005).

Numerous studies in the field and laboratory have shown that zooplankton DVM can be initiated or influenced by environmental factors such as light, oxygen, and temperature (Hays, 2003; Putzeys and Hernández-León, 2005). The zooplankton community contains various organisms with different body sizes, feeding types, trophic groups, and reproductive modes (Pomerleau et al., 2015; Brun et al., 2016); thus, interactions such as predation and competition among organisms may also affect the DVM patterns of zooplankton (Pinti et al., 2019). Most previous studies on zooplankton DVM have used traditional taxonomic methods, but these methods are incapable of identifying potential zooplankton interactions. The trait-based method is also used to describe pelagic ecosystem dynamics and functions, which is to classify groups of species with similar functional traits (Pomerleau et al., 2015; Benedetti et al., 2018). Identifying and describing zooplankton functional groups allows us to move beyond reliance on taxonomical affiliation, providing greater insight into the distribution and functional roles of zooplankton in marine ecosystems (Pomerleau et al., 2015; Kiørboe et al., 2018). This approach has been proven useful for solving complex issues in marine ecosystems (Kiørboe et al., 2018). For instance, Venello et al. (2021) studied a 35-year time series of zooplankton communities off the west coast of Vancouver Island, Canada, indicating that the relative contribution of some functional groups changed with environmental variables such as sea surface temperature, the North Pacific Gyre Oscillation, and the Pacific Decadal Oscillation. Additionally, predator–prey interactions often occur simultaneously among different species, and the trait-based approach can be useful in these cases as it can significantly reduce system complexity (Pinti et al., 2019).

The North Pacific Subtropical Gyre (NPSG) ecosystem is the largest interconnected biome on earth, and zooplankton play vital roles in the food web of this open-sea system (Choy et al., 2015). The NPSG is characterized by low nutrient concentrations and high biodiversity (Hayward et al., 1983; Karl and Church, 2017). Studies on the zooplankton community and vertical distribution in the NPSG are extensively documented (Steinberg et al., 2008; Shimode et al., 2009; Hannides et al., 2015; Sun et al., 2019). Copepods are the dominant group of zooplankton in the NPSG, followed by ostracods and chaetognaths (Steinberg et al., 2008; Sun et al., 2019). Moreover, small-sized zooplankton (<2 mm) are abundant in the NPSG, and the proportions of zooplankton with distinct body sizes differ in each sampling layer (Steinberg et al., 2008; Hannides et al., 2015). Additionally, zooplankton are mainly distributed above 200 m depth in the NPSG and exhibit a substantial normal DVM (Shimode et al., 2009; Sun et al., 2019). Meanwhile, significant seasonality of biomass changes and the vertical scale of the diel migration of zooplankton were reported in the NPSG (Inoue et al., 2016; Valencia et al., 2016). Inoue et al. (2016) indicated that the bulk zooplankton biomass was higher in winter and spring in the NPSG, while biomass peaks were observed during the summer months of highest productivity at the ALOHA station (Landry et al., 2001). The peak biomass of zooplankton extended to 100 and 150 m in winter and autumn, respectively, whereas it was confined to between 0 and 50 m in spring (Inoue et al., 2016). However, the vertical distribution patterns of zooplankton functional traits in the NPSG remain unclear. Increasingly, zooplankton functional traits can be characterized by their diel vertical distribution. This can advance our understanding of zooplankton DVM patterns and their controlling factors in the NPSG.

In this study, we used a trait-based approach to study the functional traits, DVM patterns, and influence factors of zooplankton in the NPSG. The goals of this study were to (1) reveal the compositions of zooplankton functional traits and their diel variation, and (2) examine the DVM patterns of functional groups of zooplankton and controlling factors. This study could provide a new perspective for the study of zooplankton DVM from the aspect of functional traits and elucidate the DVM patterns and driving factors of zooplankton with different functional traits.



Materials and Methods


Field Sampling

Data were obtained on board RV “Dong Fang Hong 2” at a fixed station B9 with a water depth of 5,500 m (147°E, 30°N; Figure 1). Zooplankton were sampled by vertical tows using a Multi Plankton Sampler Multinet (Midi type, 0.25 m2 mouth, 200 μm mesh size), equipped with a calibrated flowmeter, from five strata (0–20, 20–50, 50–100, 100–150, and 150–200 m). In the NPSG, mesozooplankton mainly spread above 200 m, while their abundance was low in deeper layers (Hannides et al., 2015). Thus, we collected zooplankton samples above 200 m depth. Sampling began on 10 April 2015 at 05:00 am and ended on April 11 at 05:10 am (local time), totaling four times over a 24-h period (05:00, dawn; 13:00, daytime; 21:00, nighttime; 05:10, dawn). A total of 20 samples were collected, and zooplankton samples were preserved in a 5% formalin–seawater solution immediately after each towing. Temperature, salinity, and chlorophyll (Chl) a concentration vertical profiles were regularly recorded with a CTD system (Sea-Bird SBE 911) throughout the sampling period. The CTD system was calibrated at the National Center of Ocean Standards and Metrology in October 2014, and the fluorometer was calibrated in situ during the cruise following Lawrenz and Richardson (2011). Additionally, the effect of phytoplankton non-photochemical quenching on Chl a concentration was not considered in this study due to the lack of photosynthetically active radiation data.




Figure 1 | Study region and sampling location.





Laboratory Work

Zooplankton samples were analyzed under a stereo microscope (Leica S8APO) in the laboratory. All zooplankton taxa present in the samples were identified at species level when possible. For this purpose, a subsample was obtained from each sample by using a Folsom plankton splitter. Its volume was determined on the basis of the density of organisms in the original sample, which include at least 500 adult individuals. To identify the presence of zooplankton DVM, zooplankton abundances in each layer were standardized as the number of individuals per 1 m2 (Dagg et al., 1998; Al-Mutairi and Landry, 2001; Madin et al., 2001). The wet weight biomass of zooplankton samples was measured using an analytical balance (SHPSI, JA2003N).



Functional Traits and Functional Groups

We selected four functional traits extracted from Benedetti et al. (2016): mean body length (mm), trophic group, feeding mode, and egg-spawning strategy. These traits cover distinct, crucial ecological functions and could influence marine ecosystem processes (Hébert et al., 2017). Trait information was primarily obtained from previous studies (Thompson, 1948; Zheng et al., 1984; Chen and Cao, 1990; Chen and Shi, 2002; Xiao, 2004; Xu et al., 2014; Benedetti et al., 2016), and online sources (http://www.eol.org; http://copepodes.obs-banyuls.fr/en). Pelagic larvae are very complex and their trait information is difficult to obtain (Krztoń and Kosiba, 2020). Additionally, the proportion of pelagic larvae was low in total zooplankton abundance in the NPSG (Steinberg et al., 2008; Sun et al., 2019). Thus, data on pelagic larvae were excluded from trait analyses.

	Body size, a “master trait,” transcends and scales with various traits related to ecosystem processes, such as nutrient transfer, secondary productivity, and marine carbon cycling (Litchman et al., 2013; Hébert et al., 2016; Hébert et al., 2017). The mean adult body lengths were assigned to four length types: <1, 1–2, 2–5, and >5 mm (Steinberg et al., 2008; Hannides et al., 2015; Benedetti et al., 2016; Benedetti et al., 2018). We defined zooplankton with body lengths of <1, 1–2, 2–5, and >5 mm as small, medium, large, and giant zooplankton, respectively.

	Prey selection, energy allocation, and nutrient cycling are all strongly influenced by feeding type (Litchman et al., 2013; Hébert et al., 2017). Feeding type was classified into four types: current feeding, ambush feeding, cruise feeding, and mixed feeding for species that could switch between two types (Benedetti et al., 2016). We defined current and cruise feeding as active-feeding strategy, and ambush feeding as a passive-feeding mode (Kiørboe, 2011; Brun et al., 2016).

	The trophic group describes the primary food source of a species and thus its role in food-web dynamics (Pomerleau et al., 2015). Trophic group was classified into four types: carnivore, omnivore–herbivore, omnivore–carnivore, and omnivore–detritivore (Benedetti et al., 2018). Carnivores are predatory zooplankton that prey on small zooplankton, eggs, and larvae; omnivore–herbivores refer primarily to herbivorous species that occasionally feed on other small organisms or organic detritus; omnivore–carnivore refer primarily to carnivorous species that sometimes eat phytoplankton and organic detritus; and omnivore–detritivore refers to species that feed mostly on organic detritus and sometimes eat phytoplankton.

	Spawning strategy influences zooplankton energy allocations (Litchman et al., 2013). The reproductive mode was defined as the egg-spawning strategy and was classified into three types: broadcast spawner, sac spawner, and binary fission (Benedetti et al., 2016). In this study, binary fission was mainly the reproductive mode of protozoans.



Zooplankton functional groups were assigned on the basis of four functional traits (Table S1). The trait types were assigned to each species, forming a trait matrix. The species were coded on the basis of the categories of each biological traits in terms of a character displayed using a binary code (Zhong et al., 2020). The score was 0 or 1, corresponding to no affinity or affinity for a trait modality, respectively. The trait matrix was used to calculate a dissimilarity matrix (with Gower distance). Then, agglomerative hierarchical clustering analysis (Ward’s method) was performed for species on the basis of similarity/dissimilarity of functional traits. This calculation was performed using the “factoextra” package in R (version 4.0.0) (Kassambara and Mundt, 2017). To examine the correlation of vertical migration between functional groups, the final cutting level was selected to ensure that groups were functionally homogeneous while also attempting to avoid functional redundancies between the groups (Benedetti et al., 2018). Functional dispersion (FDis) is the multivariate analog of the weighted mean absolute deviation (Laliberté and Legendre, 2010) and is calculated with the “dbFD” function in the FD package in R (version 4.0.0).

Correlations between each functional group and biotic and abiotic factors were conducted using the “ggcor” package, and were visualized using the “ggplot” packages in R (version 4.0.0). Redundancy analysis (RDA) was used to explain the relationship between functional groups and environmental factors in different stations and depth layers (Lepš and Šmilauer, 2003). The RDA results were visualized using CANOCO 5.0. Before the analysis, all environmental factors and the abundance of zooplankton were log10 (x + 1) transformed. Transformed abundances of zooplankton that belong to a functional group were aggregated, and the functional groups were incorporated into the analysis (Table S2). Environmental factors were used as explanatory variables. Average values of environmental factors in each stratum were used for the estimation.




Results


Hydrography

The vertical profiles of sea temperature and salinity showed obvious diel variations, especially at 20–120 m depth (Figure 2). Temperature and salinity decreased from the surface to the depths, with values ranging from 17.2–20.6°C and 34.8–34.9 psu, respectively. The vertical distribution of Chl a concentration showed diel variation. Deep Chl maxima were recorded at 50–70 m depth at four sampling times (Figure 2).




Figure 2 | Vertical distribution of temperature, salinity, and chlorophyll a concentration above 200 m at the four sampling times.





Zooplankton Species Composition and Abundance

A total of 165 zooplankton taxa were recorded in the fixed station, and copepods were the dominant components (92 taxa; Figure S1A). The vertical distribution of species richness showed remarkable diel variations (Figure S1B). Except for the 20–50 m layer species richness above 200 m depth was greater at dawn and night than during the day,. Additionally, the vertical distributions of total zooplankton abundance also showed substantial diel variation (Figure 3). Zooplankton were primarily distributed in the 0–20 m layer at nighttime, and the maximum abundances of zooplankton at dawn and daytime were detected in the 20–50 and 50–100 m layers, respectively, attesting that zooplankton performed normal DVM. The diel vertical distribution of zooplankton biomass was similar to that of their abundances (Figure S2).




Figure 3 | Diel vertical distribution of total zooplankton abundance. (gray: dawn; white: daytime; black: nighttime).





Vertical Distribution of Zooplankton Functional Traits

The percentages of zooplankton with distinct body lengths obviously differed among the layers. Small and medium zooplankton dominated each layer (69% ± 16%), whereas giant zooplankton accounted for small percentages (3% ± 4%) in each stratum (Figure 4A). The proportion of large zooplankton in the 0–20 m layer substantially increased at nighttime, whereas it was low at daytime and dawn (Figure 4A). The diel vertical distribution of large zooplankton abundance was similar to the diel variation in its proportion (Figure S3A). The distinct feeding types of zooplankton also occupied different proportions of the total abundance (Figure 4B): current-feeding zooplankton was prevalent (43% ± 14%), whereas mixed-feeding zooplankton was rare (<4%). The proportions of current feeders in the surface layer showed obvious increases at nighttime compared with those at daytime and dawn (Figure 4B; Figure S3B). As for trophic group, omnivore–herbivores were the most abundant components (54% ± 14%), followed by the omnivore–carnivores and carnivores, whereas omnivore–detritivores were rare (4% ± 6%) (Figure 4C). The proportion of omnivore–herbivores in the 0–20 m layer increased substantially at nighttime, whereas they were low at daytime and dawn (Figure 4C; Figure S3C). As for the reproductive mode, sac spawners (52% ± 14%) were an important group of zooplankton, followed by broadcast spawners (48% ± 14%). The proportion of zooplankton with a binary fission reproductive strategy was low in this study (Figure 4D). The proportions of broadcast spawners in the surface layer obviously increased at nighttime compared with those at daytime and dawn (Figure 4D; Figure S3D).




Figure 4 | Diel vertical distribution of each functional trait. (A) Body length; (B) feeding type; (C) trophic group; and (D) reproductive mode.



Values of functional dispersion (FDis) were calculated to refer to the variability of traits (Table S3). The lowest FDis value in the NPSG was recorded at 21:00 in the 0–20 m (2.70), followed by FDis at 5:10 in the 50–100 m (3.14) and at 13:00 in the 20–50 m (3.27). FDis had relatively minor fluctuations at other sampling times.



Functional Groups and DVM

Zooplankton were classified into 16 functional groups based on a dendrogram resulting from cluster analysis (Figure 5; Table 1). Group 1 comprised large omnivore–herbivores that had the characteristics of current feeding. These species were broadcasters (Figure 5; Table 1). Group 1 was the most dominant group and was primarily distributed above 150 m depth, whereas these abundances were low in the 150–200 m layer (Figure S4). Group 1 exhibited obviously normal DVM patterns, which were primarily concentrated in the 0–20 m layer at nighttime, whereas they migrated to deep layers at dawn and daytime (Figure 6; Figures S4, S5). Group 2 comprised medium omnivore–herbivores (Figure 5; Table 1). Group 2 was primarily distributed in the 20–50 m layer and showed no obvious DVM (Figure 6; Figure S4). Group 3 was defined by medium and large cruise feeders, sac spawners, and mostly carnivore and omnivore–herbivore species (Figure 5; Table 1; Table S1). The abundances of the omnivore–herbivores species (Clausocalanus arcuicornis and C. furcatus) accounted for more than 98.0% of the total in Group 3. Group 3 showed an obvious normal DVM trend, the abundance in the surface layer substantially increased at nighttime compared with daytime (Figure 6; Figure S4).




Figure 5 | Dendrogram of functional groups of zooplankton identified on the basis of functional traits (numbers represent each group).




Table 1 | Summarized functional traits of the identified functional groups of zooplankton.






Figure 6 | Vertical distribution of percentage of each functional group in four sampling times.



Group 4 gathered a lesser number of cyclopoid copepods, i.e., genera Vettoria and Oncaea. These species were small omnivore–carnivore, sac spawners, and a exhibited cruise-feeding strategy (Figure 5; Table 1). Group 4 showed a normal DVM pattern (Figure 6; Figure S4). The functional traits of Group 5 were similar to those of Group 4 (except for feeding type), which exhibited an ambush-feeding strategy. However, Group 5 exhibited reverse DVM, and they were primarily spread in the 50–100 m layer at nighttime but migrated to the 0–20 m layer at dawn and daytime (Figure 6; Figure S4). Group 6 consists primarily of medium and large omnivore–carnivore species, ambush feeders, and primarily sac spawners (Figure 5; Table 1; Table S1). Group 6 was mostly distributed below 20 m depth, and an obviously normal DVM for this group was recorded between 20 and 150 m depth (Figure 6; Figure S4). The body size of Group 7 was the largest and comprised chaetognaths and medusae. These species were giant carnivore broadcasters and exhibited an ambush feeding strategy (Figure 5; Table 1; Table S1). Group 7 showed an evident normal DVM trend, which migrated to the 20–50 m layer at daytime, whereas they were primarily distributed in the surface layer at dawn and nighttime (Figure 6; Figure S4). Although Group 7 contained 21 species, abundance was low (<6%; Table S2).

Group 8 comprised omnivore–detritivore species, exhibited a current-feeding strategy, and were medium and large in size. The reproductive strategy of this group was primarily broadcaster (Figure 5; Table 1; Table S1). Group 8 showed no obvious diel vertical variations and accounted for a high proportion (>10%) of the total abundance in the 150–200 m layer compared with other layers (0.4%–5%) (Figure 6). The vertical distribution pattern of Group 8 may be related to their trophic type, which were omnivore–detritivores. Additionally, the abundances of Groups 9–16 were low, accounting for 8% ± 6% of the total abundance of zooplankton (Figure 6).



Correlation of Zooplankton With Biotic and Abiotic Factors

Correlation analyses showed that Groups 4 and 6 showed significantly positive correlations with Chl a (p <0.01; Figure 7). Group 7 showed a significantly positive correlation with many other groups, such as Groups 1, 2, and 3 (p <0.05; Table 1; Figure 7). Moreover, Group 7 was significantly positively correlated with Group 9 (p <0.05). Group 8 was only significantly correlated with Group 12, whose abundance was low (p <0.05; Figure 7).




Figure 7 | Interaction profile within and between groups and environmental factors by correlation analyses (*p <0.05).



Abiotic factors also affected the diel vertical distributions of zooplankton (Figure 7; Figure S6). Correlation analyses showed that Groups 4, 7, 9, and 11 had significant positive correlations with temperature (p <0.01; Figure 7), whereas Groups 4, 5, 7, 9, and 11 were significantly correlated with salinity (p <0.01; Figure 7). RDA results showed that the vertical distribution of zooplankton functional traits had the highest correlation with Chl a (F = 5.8, p = 0.008), while salinity (F = 8.9, p = 0.002) and Chl a (F = 5.4, p = 0.004) were crucial environmental factors affecting the vertical distributions of functional groups (Figure S6).




Discussion

This study revealed the composition of zooplankton functional traits, DVM patterns of functional groups, and their controlling factors in the NPSG. In the NPSG, zooplankton with small and medium body sizes, current feeding, omnivore–herbivores, and sac spawners were dominant. The distinct functional groups exhibited different DVM patterns, which were controlled by different factors. This study highlighted the advantages of the trait-based method in studying zooplankton DVM; that is, it can substantially reduce the complexity of the zooplankton community and can better analyze its controlling factors, especially the interaction between organisms.

Functional traits of marine zooplankton vary across the global ocean as a function of the environment (Brun et al., 2016). This study found that that small and medium zooplankton were dominant in oligotrophic NPSG, which agrees with previous findings that small-sized (<2 mm) zooplankton were abundant in the NPSG (Steinberg et al., 2008; Hannides et al., 2015). This could be explained by the size of phytoplankton size in the oligotrophic NPSG, where picophytoplankton contributed 74% of primary production on average (Li et al., 2011). Phytoplankton of small size was more suitable for the feeding of small and medium zooplankton (Boyce et al., 2015), thereby resulting in a higher proportion of small-sized zooplankton in oligotrophic NPSG. As for the feeding strategy of zooplankton, a substantially latitudinal pattern was observed as passive-feeding zooplankton was dominant in the high-latitude regions, while active-feeding zooplankton increased in low-latitude regions, such as NPSG (Prowe et al., 2018). The low Chl a concentration in the NPSG limited the food for zooplankton growth and reproduction (Steinberg et al., 2008). The encounter rates between high motility-predators and preys were higher than those of passive predators (Prowe et al., 2018), and active-feeding zooplankton may be more adaptable to the oligotrophic NPSG.

Additionally, it is worth noting that the reproductive mode of zooplankton in the oligotrophic NPSG was substantially different from that in coastal regions. This study showed that sac spawners were more abundant (52%) in the NPSG. However, Da Conceição et al. (2021) indicated that a high proportion of broadcasters (>70%) of the total abundance were detected in coastal regions. Generally, r-selected broadcasters live in variable or unstable habitats (Lalli and Parsons, 2004) and exhibit high fecundity in the marine ecosystem with a high Chl a concentration, whereas their fecundity is substantially reduced in oligotrophic regions (Bunker and Hirst, 2004). Thus, r-selected broadcasters may be more adapted to meso- and eutrophic marine ecosystems (Tundisi and Tundisi, 1995). However, K-selected sac spawners prefer to reside in stable environments (Lalli and Parsons, 2004), i.e., oligotrophic ecosystems, and they can effectively absorb and use limited resources in the oligotrophic environments, indicating that K-selected zooplankton could better tolerate such environments (Tundisi and Tundisi, 1995).

Generally, functional traits determine the fitness of marine organisms in the environment, namely, ecological selection and trophic interactions (Brun et al., 2016; Pinti and Visser, 2019). In this study, the large current-feeding omnivore–herbivores and giant ambush-feeding carnivores exhibited normal DVM patterns. Large zooplankton were more likely to be prey to visual predators compared with small and medium organisms (Hays, 2003; Pinti et al., 2019). Thus, these functional groups migrated onto the surface to feed at night and simultaneously avoid being hunted by visual predators. Ohman and Romagnan (2016) also found that zooplankton with 2.5–7 mm body length used deeper waters as a refuge by day and foraged in shallow strata by night. Moreover, giant ambush-feeding carnivores, such as medusae and chaetognaths, were significantly correlated with their prey in the NPSG, which was also recorded in many other marine systems (Nagasawa, 1991; Lučić et al., 2009; Júnior et al., 2015; Ge et al., 2021). As for medium omnivore–herbivores, their body sizes were small and it was difficult for them to be preyed on by visual predators even during the day (Ohman and Romagnan, 2016; Pinti et al., 2019), so they primarily distributed in the 20–50 m layer, where the Chl a concentration was abundant and they could concurrently avoid competition with large omnivore–herbivores. The small omnivore–carnivores exhibited obvious reverse DVM patterns, possibly to avoid predators such as giant ambush-feeding carnivores. The correlation analysis also indicated that the small omnivore–carnivores showed no significant positive correlation with its predators. Ohman et al. (1983) also indicated that the marine copepod Pseudocalanus sp. showed reverse diel vertical migration in Dabob Bay to reduce spatial overlap with their predators. Moreover, the small omnivore–carnivores feed primarily on ciliates, heterotrophic dinoflagellates, and bacterioplankton, all of which are abundant in the upper layer at day and night (Pérez et al., 2000; Turner, 2004; Wang et al., 2019). Thus, the reverse DVM patterns of the small omnivore–carnivores could not only avoid predators but also meet their feeding needs. Additionally, the giant carnivorous broadcast spawners showed a significant positive correlation with the giant carnivorous sac spawners (Figure 7), indicating that they might exist in ecological competition owing to similar ecological niches.

Zooplankton DVM increases vertical carbon export (Turner, 2015; Steinberg and Landry, 2017). Given the diversity of functional traits of different zooplankton taxa, the contributions of their DVM to carbon export substantially differ. This study showed that zooplankton with different functional traits may play different functions in the process of carbon export. For example, large current-feeding omnivore–herbivores and giant ambush-feeding carnivores may contribute to carbon flux by producing large fecal pellets and metabolism in their wide amplitude migration. Additionally, omnivore–detritivores in the deep layer may play a vital role in carbon export. They feed on sinking and suspended particles and repackage particles into new fecal pellets, thereby affecting vertical carbon export (Wilson et al., 2008; Cavan et al., 2017), although they showed no vertical migration. Conversely, small omnivore–carnivores with reverse DVM patterns and small migration amplitudes may contribute little to carbon flux despite their high abundance. A previous study has also suggested that high abundances of small-sized zooplankton such as Oithona spp. are negatively correlated with fecal pellet flux (Svensen and Nejstgaard, 2003), thereby reducing the efficiency of the biological pump, especially in oligotrophic ecosystems (Wilson et al., 2008). This study hints at the potential of trait-based analysis for carbon flux studies.

In this work, zooplankton samples were collected using a net with a mouth opening of 0.25 m2, which may not efficiently collect giant zooplankton such as euphausiids and decapods (Zhang and Dam, 1997). Thus, the abundance of giant zooplankton may be underestimated. Moreover, some gelatinous organisms such as pelagic tunicates and jellyfish are fragile during hauling the process, which may also be underestimated. Additionally, microzooplankton such as protozoans and ciliates are abundant in the oligotrophic Pacific (Uye et al., 1999), which also play vital roles in marine food webs. However, this study used a net with a mesh of 200 µm and examined mesozooplankton patterns, which may not efficiently collect microzooplankton. Their abundance may also be underestimated. Meanwhile, zooplankton DVM patterns are structured by many factors, such as UV light penetration, food availability, predation avoidance, and thermocline (Williamson et al., 2011; Palomares-García et al., 2013; Júnior et al., 2015; Sakinan and Gücü, 2016). Further research should pay attention to these influencing mechanisms and regulation of zooplankton functional groups. Additionally, high irradiance conditions can cause phytoplankton non-photochemical quenching, which leads to the measured values of Chl a concentration by the fluorometer being lower than the actual values (Falkowski and Kolber, 1995; Halverson and Pawlowicz, 2013). In this study, the surface Chl a concentration in the daytime (especially at 13:00) may be underestimated due to the effects of non-photochemical quenching, which consequently affects the correlation analysis and redundancy analysis.

In conclusion, zooplankton with small and medium body size, current feeding, and omnivore–herbivores were dominant in the NPSG. As for the reproductive mode, the proportion of sac spawners in total abundance was higher than that of broadcasters, which substantially differed from that in coastal ecosystems. Sixteen functional groups were identified in this study. The different functional groups exhibited distinct DVM patterns in the NPSG, and their controlling factors were also different. The distinct functional groups of zooplankton may play different potential roles in carbon export.
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Taxa Taxonomic composition Body length  Feeding type Trophic group Reproduction mode

(species number) (mm)

Group_1 copepods (16), pteropods (1), tunicates (3) 2-5 Current Omnivore-herbivore Broadcast spawner
Group_2 copepods (7), pteropods (3), tunicates (2) 1-2 Current Omnivore-herbivore Broadcast spawner
Group_3 copepods (10) 1-5 Cruise Carnivore & Omnivore-herbivore ~ Sac spawner
Group_4 copepods (4) <1 Cruise Omnivore-camivore Sac spawner
Group_5 copepods (8) <1 Ambush Omnivore-carnivore Sac spawner
Group_6 copepods (13), polychaetes (2) 1-5 Ambush Omnivore-camivore Broadcast spawner & Sac spawner
Group_7 chaetognaths (8), medusae (10), polychaetes (3) >5 Ambush Carnivore Broadcast spawner
Group_8 copepods (10), ostracods (9) 1-5 Current Omnivore-detritivore Broadcast spawner
Group_9 hyperiids (7) >5 Ambush Carnivore Sac spawner
Group_10  copepods (7) 1-2 Ambush Carnivore Sac spawner
Group_11  copepods (6), medusae (1), heteropods (1) 2-5 Ambush Carnivore Broadcast spawner
Group_12  hyperiids (9), copepods (5) 2-5 Ambush Carnivore Sac spawner
Group_13  copepods (1), decapods (1), euphausiids (5) >5 Mixed Omnivore-herbivore Broadcast spawner
Group_14  copepods (1), pteropods (2), tunicates (4) >5 Current Omnivore-herbivore Broadcast spawner
Group_15  copepods (4) <1 Current Omnivore-herbivore Broadcast spawner
Group_16  protozoans (2) <1 Current Omnivore-herbivore Binary fission
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