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Abstract
Background

The marine autotrophic phytoplankton is responsible for approximately half of global primary production
on Earth, and as the planktonic consumers, the heterotrophic zooplankton could link the phytoplankton
and higher trophic level to complete the aquatic Food Web. Despite the interaction between
phytoplankton and zooplankton has played important roles in speciation and ecosystem function, little is
known about the spatial patterns of their interactions at the continental scale.

Results

Here, we collected 251 seawater samples along 13,000 km of Chinese coastline, and microscopically
investigated the spatial gradient patterns of phytoplanktonic and zooplanktonic diversities. In total, 307
phytoplanktonic and 311 zooplanktonic species were visually identi�ed. The distance-decay relationships
showed higher turnover rates for zooplankton than phytoplankton, indicating zooplankton had more
divergent compositions across larger distances. Furthermore, the zooplankton-phytoplankton interaction
networks demonstrated more complex and numerous connections along the southern coast than in the
north, suggesting the interactions between these two major planktonic groups had a geographic spatial
pattern. The types of planktonic interactions changed along the latitudinal gradient, with positive
interactions dominant in northern and middle regions, while the percentage of positive and negative
interactions were approximately equal in the southern latitudinal region. Additionally, some particular
association between zooplanktonic and phytoplanktonic groups were found to be localized in speci�c
regions, such as autotrophic C. lorenzianus was only associated with heterotrophic Copepoda in northern
region, and C. oculus-iridis was only associated with Copepoda and Chaetognatha in the middle (ECS)
and southern (SCS) respectively.

Conclusions

We demonstrate here that not only the planktonic biodiversity and community structure exhibited a clear
spatial pattern, but also the interaction between phytoplankton and zooplankton also changed with
spatial variation. Our results provide a valuable ecological perspective to the biogeography patterns of
coastal plankton along the large-scale spatial gradients, and have important implications for
understanding how complex planktonic species interactions changed with location variation.

Background
According to trophic strategy, grouping organisms that interact with environmental factors in similar
ways, the marine planktonic protists has been classi�ed into two major groups: photosynthetic
phytoplankton and heterotrophic zooplankton [1, 2]. As the primary producers in the pelagic food web,
marine phytoplankton accounts for almost 50% of global primary production, meanwhile zooplankton
acts as the important linker between primary producers and oceanic macrofauna [3]. The relationship
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between zooplankton and phytoplankton is the foundation of the aquatic food web, and changes within
marine plankton communities would also impact global biogeochemical cycles. Most phytoplankton and
zooplankton species are sensitive to changes in the marine environment and their responses may directly
in�uence oceanic ecosystem functions [4, 5]. For example, rising temperature can reduce phytoplankton
relative cell-size [6] and increased salinity will dramatically reduce the planktonic richness [7].
Phytoplankton organisms are able to �x atmospheric CO2 by photosynthesis which might promote the
oceanic carbon cycle [8]. The plankton study by Falkowski and Oliver [9] was largely focused on the
effects of global climate change on phytoplankton community structure, however, there was a clear
knowledge gap about the interactions between phytoplankton and zooplankton over geographic
distances and variations in environment factors [10].

As one of the fundamental patterns in understanding the structure of the biosphere, spatial patterns of
species diversity offer insights to predict the mechanisms shaping community structure [11, 12]. The
spatial distribution of phytoplanktonic and zooplanktonic species could reveal their adaptations to many
different environmental properties. Due to variations of plankton richness and community structure in
space re�ecting the multiple mechanisms of species loss and maintenance, the biogeography of
plankton has become one of the central concerns in marine ecology [13]. The distance-decay relationship
(DDR) can exam spatial changes in biodiversity and describe the dissimilarity of taxonomic composition
with increasing geographic distances [14]. Dumbrell et al. [15] and Chase [16] have compared the relative
in�uence of different assembly processes in species turnover rate (the slope in DDR) and indicated that
community assemble processes strongly in�uence organism distribution and community structure.
Despite these initial studies, little is known about its association with the phytoplankton and zooplankton
communities in large-scale marine ecosystems.

The interaction of planktonic species play a crucial role in both species evolution and the maintenance of
ecosystem functions [12], but these comprehensive interactions become too complex at the community
level to be observed directly. Bjorbaekmo et al. generated a publicly available Protist Interaction Database
(PIDA), which grouped protist interactions into four types: parasitism, predation, symbiosis, and
‘unresolvedinteraction’ [12]. In the marine ecosystem, phytoplankton and zooplankton form a complicated
interaction network through those four types of interaction, but the relationship between plankton
interaction and spatial change is still poorly understood [17]. Network-based inference approaches are
frequently used to disentangle complex interactions among microbial species, by identifying those
interactions through co-occurrence patterns across a series of spatial or temporal samples [18-20]. The
topologies of an ecological network can characterize the assembly process of a microbial community
[21], and the links among interacting species can provide predictions on the stability of ecosystems [22].
Recently, Feng et al. constructed a work�ow of interdomain ecological network (IDEN) analysis which
could infer the associations between two taxonomic groups (i.e. aboveground plants vs. belowground
bacteria) in ecological surveys [23]. The network topological structure properties (e.g., total links,
connectance, web asymmetry, and nestedness) from IDEN analysis results could be used to evaluate the
complexity of the phytoplankton-zooplankton networks [23]. Additionally, the most important nodes or
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hubs in this network, which might be the most in�uential members in the microbial community, could be
identi�ed through topological modular analysis [24].

In this study, we analyzed 251 samples from the surface ocean at 12 sites encompassing the coastal
area of China and investigated how environmental factors drive changes in the planktonic community.
Our goal was to address the geographic pattern of interactions between phytoplankton and zooplankton.
Therefore, we hypothesized that (i) both coastal zooplanktonic and phytoplanktonic communities have a
clear latitudinal distribution pattern and different turnover rates with spatial scaling; and (ii) the
interaction networks between zooplankton and phytoplankton would vary along a latitudinal gradient,
and that preferential associations existed between speci�c zooplankton and phytoplankton species.

Results
Diversities of the phytoplanktonic and zooplanktonic communities

A total of 251 waters samples were collected from 12 sites along the coast of China, covering more than
13,000 km (Fig. S1). 12 water chemical variables were measured for each sample (i.e. pH, salinity, COD,
DO, Pb2+, Cu2+, Zn2+, As3+, NO2-N, NO3-N, NH4-N and Chlorophyll-a concentration) (Table S1). The
samples could be grouped into three geographic regions, Bohai Sea (BS), East China Sea (ECS), and
South China Sea (SCS), representing the northern, middle, and southern regions of the Chinese coastal
marine ecosystems respectively.

A total 307 phytoplanktonic species and 311 zooplanktonic species were identi�ed, and the total
planktonic density counted in each sample. The relative abundance of plankton species in all sampling
sites are summarized at the genus level (Fig. 1). The Paracalanus was the dominant zooplanktonic genus
in most sampling sites, except Site2 and Site8. In those two stations, Acartia and Amphorellopsis have
the highest relative abundance, respectively (Fig. 1A). In the phytoplankton, the Skelectonema was the
major genus in most sites. But the Chactoceros was the dominant genus in Site5 and Site6, and the
Coscinodiscus has a higher relative abundance than others in the Site9 (Fig. 1B). The northern region has
the highest total zooplanktonic density, and then rapid decline along with the latitude decrease (Fig. 1A).
The phytoplankton has opposite tendencies, the southern region has a higher total density than the
middle and northern regions (Fig. 1B). The observed richness of phytoplankton and zooplankton both
showed signi�cant geographic differences among all sampling sites (Fig. S2A and S2D, Table S2,
Kruskal-Wallis test, P<0.05). More precisely, we found they had the lowest richness in the northernmost
site 1 and then richness, in general, gradually increased as latitude decreased, though the maximum
richness did not appear in the southernmost site, Site 12 (Fig. S2A and S2D). By grouping the closest
sites into three regions (BS, ECS, and SCS), this trend became much clearer (Fig. S2B and S2E; Kruskal-
Wallis test, P<0.001) with both phytoplanktonic and zooplanktonic richness showing signi�cant linear
correlation to latitude (Fig. S2C and S2F; P<0.001). Together, these results indicated there were signi�cant
latitudinal gradients in the richness of both zooplankton and phytoplankton.
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Phytoplankton and zooplankton exhibiting distinct features

Coastal ecosystem zooplankton and phytoplankton community relationships were visualized via non-
metric multidimensional scaling (NMDS) of the compositional dissimilarities, showed that both the
zooplanktonic and phytoplanktonic communities of the 12 sites formed distinct clusters as con�rmed by
similarity analysis (ANOSIM, permutations=999, p=0.001), permutational multivariate analysis of
variance (ADONIS, permutations=999, p=0.001), and multi response permutation procedure (MRPP,
permutations=999, p=0.001) (Fig. 2). Together these results indicated that the species composition of
both the phytoplanktonic and zooplanktonic communities was signi�cantly different among the 12
sampling sites.

To reveal the biogeographic patterns of both phytoplanktonic and zooplanktonic communities and the
drivers of plankton beta diversity, we measured the distance-decay relationships (DDRs) between beta
diversity (Sorensen) and geographic distances (Fig. S3). The slopes of both DDRs re�ected the spatial
turnover rates at which planktonic dissimilarity signi�cantly increased with geographic distance (P=0.01).
Permutation test showed that the spatial turnover rate (the slope) of the zooplanktonic community
(0.074) was signi�cantly steeper (P<0.001) than the phytoplanktonic community (0.047), suggesting the
zooplanktonic community had greater differences than phytoplankton across larger spatial scales.

Environmental factors on shaping these two planktonic communities

To identify which environmental factor(s) and/or if geographic distance played more important role(s) in
driving phytoplanktonic and zooplanktonic communities, partial Mantel tests (Spearman’s correlation,
permutations=999) were implemented (Table 1). Geographic distance showed a signi�cant contribution
to both zooplanktonic (r=0.23, P=0.001) and phytoplanktonic (r=0.24, P=0.001) communities. Compared
to the phytoplanktonic community (r=0.30, P=0.001), the joint environmental factors showed greater
contribution to the zooplanktonic community (r=0.49, P=0.001). Canonical Correlation Analysis (CCA)
was used to identify the environmental and spatial variations in shaping the phytoplanktonic and
zooplanktonic community structures (Fig. S4). Total 16 spatial factors (PCNM1-16) were generated to
explore the contribution of spatial in constructing the planktonic communities. 10 spatial and 9
environmental factors were contributed signi�cantly to explaining the zooplanktonic community
composition. For the phytoplanktonic community, the signi�cant factors consisted of 5 spatial and 7
environmental factors (Table S3). The results of variation partitioning analysis (VPA) revealed that the
spatial variables contributed a substantially larger proportion of variation relative to environmental
factors to the zooplankton (16.463%) and phytoplankton (9.279%) community, suggesting spatial
limitation could be an important factor determining the compositions of both phytoplankton and
zooplankton in this latitudinal gradient.

Table 1. Partial Mantel tests showing the correlations between planktonic community compositions and
environmental distance or geographic distance.
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  Partial Zooplankton Phytoplankton

  rM P rM P

Geographic

distance

Environmental

factors

0.23 0.001 0.24 0.001

Environmental

factors

Geographic

distance

0.49 0.001 0.30 0.001

Interaction network between two planktonic communities

The Inter-Domain Ecological Network (IDEN) approach [23] was implemented to analyze the interaction
between phytoplanktonic and zooplanktonic species in the three regions. These three bipartite networks
were obvious topological differences (Fig. 3). The structure of the southern region (SCS) phytoplankton-
zooplankton network (Fig. 3C) showed higher complexity and connectivity than those of other two
regions (BS and ECS) (Fig. 3A and 3B). According the topological indexes of these bipartite networks
(Table 2), the network size (number of nodes), number of links, and connectance all demonstrated that
the interactions between phytoplanktonic and zooplanktonic species became closer from north to south.
This suggested that the interactions between phytoplankton and zooplankton also had a latitudinal
gradient along the Chinese coastline.

Table 2. Network topological structure properties for the planktonic bipartite networks of the three
regions. (BS) Bohai Sea, (ECS) East China Sea, (SCS) South China Sea.
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  BS ECS SCS

No.phy 66 87 63

No.zoo 39 68 42

Total link 254 587 1294

Positive Link 186 444 711

Negative Link 68 143 583

Connectance 0.0987 0.0992 0.1015

Web asymmetry 0.2571 0.1226 0.1013

Links per species 2.4190 3.7871 5.7004

No.of compartments 2 4 4

Specialization

asymmetry

-0.1204 -0.701 -0.0626

Modularity 0.5356 0.4709 0.3313

No. of modules 6 10 11

In order to distinguish the most important species, the networks were further classi�ed into sub-
structures, called modules, which contained groups of species that have intensive interactions with each
other, but few interactions with members from other modules. The topological role of each node (species)
could be measured by using its within-module connectivity (Zi) and among-module connectivity (Pi). All
planktonic species in the Zi Pi plot could be divided into four categories: peripherals, connectors, module
hubs, and network hubs. The latter three were considered as keystone taxa in the bipartite networks (Fig
S5). The phytoplankton-zooplankton networks were primarily composed of keystone taxa and their
neighbor (Fig. 3D‒F). Subnetworks for the interactions among keystone taxa and their neighbors were
analyzed to identify the role of these members in structuring the planktonic communities. These sub-
networks contained the majority of planktonic organisms and had the same structure variation patterns
as the full networks, in being more complex and tighter in the middle and southern regions (ECS and SCS)
than the northern region (BS).

The speci�c interactions between common important phytoplanktonic and zooplanktonic species in the
bipartite networks were studied further detail. First, the subnetworks for the interactions among three
predominant planktonic group, (diatoms, copepoda, and dino�agellates), were analyzed to reveal how the
relationships between them changed along the latitudinal gradient (Fig. 3G‒I). The maximum proportion
of diatoms was found in the northern region (BS, 62.5%), and then gradually decreased with decreasing
latitude (55.17% for ECS and 54.48% for SCS). The proportion of dino�agellates (10.42% for ES, 12.65%
for ECS, and 13.80% for SCS) in the subnetworks, showed an increasing trend from north to south. In
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addition, a lower percentage of copepoda was observed in the BS (27.08%) than in ECS (32.18%) or SCS
(31.72%) (Fig. 3G‒I). We found the percentage of interaction types (positive and negative relationships)
also changed with latitude. Positive relationships made up the majority of planktonic interactions
(68.04%) in the middle region (ECS), and then decreased towards the south (SCS, 52.43%) and north (BS,
60.94%) regions. In addition, 17 planktonic species (10 phytoplanktonic species and 7 zooplanktonic
species) were found in all three planktonic networks, and those organisms were linked with different
neighbors in three regions. However, none of the planktonic links appeared two or more times in the three
regions, indicating that the relationship between zooplankton and phytoplankton was altered between
geographic regions, and that planktonic species link with different neighbors when they appeared in
different the locations.

Based on the above bipartite network, we extracted a subnetwork which only contained the common
planktonic species observed in all three sampling regions with their neighbors (Fig. 4). Most of these
common planktonic species (8 phytoplankton and 5 zooplankton) had almost equivalent neighbors in all
three regions (the spots in the middle of Fig. 4). However, the phytoplanktonic Coscinodiscus oculus-iridis
and zooplanktonic Centropages orsinii were both associated with more neighbors in northern (BS) region
than the other two regions, while phytoplanktonic Chaetocero lorenzianus and zooplanktonic Oncaea
clevei had more and more neighbors from north to south. Although the majority of planktonic species
were associated with consistent planktonic neighbors in three regions, some interactions have been
altered among regions. For example, C. lorenzianus showed interactions with Planktonic larvae in both
middle (ECS) and southern (SCS), but only associated with Copepoda in northern (BS). The
phytoplanktonic C. oculus-iridis has a speci�c relationship in different regions, it was only associated
with Copepoda and Chaetognatha in the middle (ECS) and southern (SCS) respectively. These results
demonstrated the interactions between phytoplankton and zooplankton had a clear spatial pattern while
different planktonic species could contact with speci�c taxa in different regions.

Discussion
Coastal marine ecosystems are among the most ecologically and socio-economically vital zones on the
planet [25], and there are increasing concerns regarding the impacts of anthropogenic pollution and
climate change. Previous studies have suggested that many planktonic species are sensitive to even
slight climatic change [26]. Though researchers have long recognized that planktonic interactions are
crucial for oceanic and coastal ecosystems, our knowledge about how they change over geographic
distance is still lacking [27, 28]. In this study, we performed a large-scale systematic survey of both
phytoplankton and zooplankton in 251 seawater samples along 13,000 km of coastline (Fig. S1), we
aimed to reveal the spatial patterns for both phytoplanktonic and zooplanktonic community composition,
geographic distribution, and their interactions.

Coastal zooplanktonic and phytoplanktonic communities exhibited distinct latitudinal distribution
patterns
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Consistent with our �rst hypothesis, both zooplanktonic and phytoplanktonic communities exhibited a
clear geographic pattern (Fig. 2). Although the dominant genus was changed in different sampling sites
and the biomass did not always have the same variation trend, our results showed that the diversity of
zooplankton and phytoplankton both increased with decreasing latitude according to the observed
richness indices (Fig. S2).

The zooplankton and phytoplankton of the middle and southern regions (ECS and SCS) showed
signi�cantly higher richness than the northern region (BS), indicating more planktonic species existed in
warmer coastal marine ecosystems than in colder areas. This was consistent with previous study which
found that plankton displays a signi�cant latitudinal gradient [29-31]. Many environmental factors could
shape this latitudinal gradient distribution, including temperature, salinity and nutrient availability [32, 33].
In our study, the CCA model analysis suggested that both geographic distance and environmental factors
had great in�uence on both the zooplanktonic and phytoplanktonic communities (Fig. S4A and S4C).
Some previous studies have provided evidence that the microbial eukaryotic community can be impacted
by environmental factors, such as DO, COD [34], nutrient concentration (NO3-N and NH4-N) [35] and
salinity [36], which was consistent with our �nding along Chinese coastline. One recent study found that
environmental parameters were more important in driving zooplanktonic diversity than geographic
distance [37]. Inconsistent with this conclusion, that environmental �ltering shaped phytoplanktonic
community’s composition, we found the diversities of both zooplankton and phytoplankton were more
impacted by geographic distance than environmental variables (Fig. S4B and S4D). Overall, our results
provided evidence to support that oceanic zooplanktonic and phytoplanktonic communities exhibit
biogeographical patterns at large scale, was and that these patterns are mainly shaped by both
geographic distance and environmental factors.

The spatial turnover rate re�ects a combination of species dispersal limitation and environmental
changes [38, 39], which could be critical to understanding planktonic ecology and evolution. The
distance-decay relationship is a classic concept of biogeography that can [38] and the increasing
community dissimilarity with increasing geographic distance. And the slope of the distance-decay
relationship could re�ect the varying rates of species turnover. Although it is di�cult to quantify all
environmental variables [40], we found purely spatial variables have greater contributions than the
measured environmental factors in constructing both the phytoplanktonic and zooplanktonic
communities. Nekola et al. reported that the difference in plant ecological communities increased with
distance [41]. This is consistent with our study, where we observed a signi�cant positive relationship
between the β-diversity of both planktonic communities and geographic distance. In our study, distinct
distance-decay relationships were established for both zooplanktonic and phytoplanktonic communities
in coastal ecosystems across 13,000 km Chinese coastline. The slope of zooplanktonic (0.074) distance-
decay relationship was steeper than phytoplanktonic (0.047), that indicating the phytoplankton and
zooplankton have different spatial turnover rates and a greater number of different zooplanktonic species
appeared over large distances than in the phytoplankton community (Fig. S3). It also could imply that
zooplanktonic species had narrower geographic distributions than phytoplanktonic species. The above
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results are consistent with our �rst hypothesis that both zooplankton and phytoplankton communities
have a signi�cant latitude distribution pattern and different turnover rates with spatial scaling.

The interaction networks between zooplankton and phytoplankton also exhibited spatial divergences

The interactions between zooplankton and phytoplankton are an important part of the oceanic food web
[42], and can be shaped by a wide range of biotic and abiotic factors [43]. Network inference approaches
have been used to elucidate the complex species interactions within microbial community in various
ecosystems [44-46]. In this study, we applied the newly developed IDEN approach to investigate the
bipartite ecological networks between phytoplankton and zooplankton and revealed their topological
features along a latitudinal gradient [23]. According to the network analysis, there was a clear spatial
pattern of interaction networks in that the planktonic community exhibited more complex associations at
low-latitudinal regions than high-latitudinal (Fig. 3). This could be explained by the higher ocean surface
temperatures driving increased ocean strati�cation, which triggers an accumulation of phytoplankton and
stimulates zooplankton consumption and growth [47-49]. Therefore, our results suggested that a more
diverse phytoplanktonic community in warmer coastal marine waters could increase the diversity of the
zooplanktonic community through more complex trophic associations.

Through the construction of subnetworks, highlighting speci�c types of planktonic organisms (copepods,
diatoms, and dino�agellates), we found that these also exhibited speci�c geographic patterns (Fig. 3).
Diatoms and dino�agellate are played key roles in �xating a large fraction of CO2 in the surface ocean
[50]. As Malviya et al. stated in their study, that diatoms were widely distributed at high latitudes and
considered to be important in these colder regions [51]. While Rombouts et al. found copepods, as a key
trophic link between phytoplankton and �sh have the highest diversity in the subtropics of the Northern
Hemisphere [52]. Not only were our results consistent with the above studies, but we also found the
interaction between dominant phytoplanktonic and zooplanktonic organism types also exhibited
latitudinal patterns (Fig. 3). PIDA documents the pairwise interactions between aquatic protists, and this
data can be compared with our bipartite interaction network to further investigate our hypotheses about
planktonic interactions. According to PIDA, predation (39%) and parasitism (18%) were the most
commonly investigated based on direct observation [12], but we found that positive relationships
dominated in most regions, except in the low-latitude region (SCS), where the proportion of positive and
negative interaction were almost equal. One possible explanation is that rising temperature could elevate
the taxon niche widths and increase metabolic rates [53], causing zooplanktonic and phytoplanktonic
species to face greater competitive pressure in regions with limited resources.

The subnetworks for the planktonic species shared by sampling region also demonstrated clear
latitudinal variation patterns similar to the pattern of their respective whole networks (Fig. 4). Part of this
pattern was that with decreasing latitude both O.clevei and C.lorenzianus displayed a greater number of
interactions with other organisms. C.lorenzianus as one of the largest diatoms, is common in coastal
waters throughout the global tropical and temperate regions [54]. The dominant phytoplanktonic specie
often form blooms, sometimes with negative impact on coastal ecosystems and �sh farms [55, 56]. Our
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results showed copepods were the major neighbors associated with C.lorenzianus in the sampling
regions. This is likely due to copepods, as the energy transfer bridge from phytoplankton to �sh, usually
dominate the zooplankton in diatom and dino�agellate spring bloom regions [57], and Koski et al.
indicated that the dominant Copepoda, Oncaea spp., was able to feed only when the food was in the form
of aggregates [58]. The changing relationship between planktonic taxa and O.clevei and C.lorenzianus
with geographic variation might be explained by changes in habitat affecting basic biology and
ecological functions, which further impacted planktonic roles in the coastal ecosystem [59].

Interestingly, not all planktonic organism relationships showed the same latitudinal pattern as above. A
previous study demonstrated that the genus Centropages was likely to be favored under post-spring
bloom conditions to avoid competition with other copepods [60]. Our results indicated that when a large
number of copepods appear in areas ECS and SCS, C.orsinii may change its relationship with other
phytoplanktonic organisms or tend to live in fewer competitors regions to ensure its survival in the
coastal ecosystem. It also suggested the latitudinal gradient in an aquatic region could alter planktonic
competition and further impact their adaptation [49]. According to PIDA, we found most previous
planktonic relationship research focused on the SAR supergroup (i.e., Stramenopiles, Alveolata, and
Rhizaria) interaction (92% of total entries), but the connection between copepods, a key organism type in
the aquatic food web, and phytoplankton species was rarely investigated. Indicating, that even though the
investigation of the relationships between plankton started in 1894 [61], there is still a large knowledge
gap about how major planktonic groups are connected. Those results combined with the fact that the
interrelationships between many planktonic organisms will change with geographic location, and speci�c
planktonic organisms will be associated with speci�c species in different regions, were consistent with
our second hypothesis that geographic variation could shift planktonic community structure and
determine speci�c planktonic interactions. It indicated there are still many important zooplankton and
phytoplankton interactions as yet unexplored in marine ecosystems.

Conclusions
In the present study, we demonstrated a clear latitudinal pattern in phytoplanktonic and zooplanktonic
diversity, geographic distribution, and interactions in Chinese coastal marine ecosystem. The result
showed the both zooplanktonic and phytoplanktonic communities were signi�cantly divergent from north
to south, in terms of both α- and β-diversities. Signi�cant distance-decay relationships (DDR) could be
observed in both phytoplankton and zooplankton, but the zooplanktonic community had a steeper
turnover rate than phytoplankton, indicating heterotrophic zooplankton had more divergent compositions
over large distances. Furthermore, the interactions between zooplankton and phytoplankton also
exhibited a clear latitudinal pattern, which became more complex from north to south. The particular
associations between zooplanktonic and phytoplanktonic species were found in different regions,
indicating the latitudinal gradient could restructure the relationships between these two trophically
dependent planktons. Our results provide novel insight into large-scale planktonic interactions in coastal
marine ecosystems, which is potentially important for understanding how the complex planktonic
relationship network responds to the spatial variation under the coastal ecosystem.
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Methods
Sample collection and physico-chemical analysis

A total of 251 water samples were collected from 12 sites, which covered the coastal area of China, from
the Bohai Sea to the South China Sea. The 12 sites were located from 20 to 40 °N (Fig. S1) and all
samples were collected between August and October 2017. The seawater temperature and precipitation
data were obtained from the Met O�ce Hadley Centre observations datasets and CPC Merged Analysis of
Precipitation datasets, respectively. The pH values were determined with a pH meter and salinity was
measured in situ with a multiparameter sensor YSI6600. 50 mL of water were collected and stored for
analysis of inorganic nutrients (NO3-N, NO2-N, NH4-N and PO4-P) according the method by Grasshoff et al
[62]. The Winkler method was used to determine dissolved oxygen (DO). The trophic status of the
sampled stations was estimated from values of Chlorophyll-a (using a cascading �ltering device to �lter
100-200 mL seawater under a low vacuum pressure) and chemical oxygen demand (COD) based on the
National Standard of China (GB17378.3-2007). Concentrations of dissolved heavy metals (Cd2+, Pb2+,
Zn2+ and Cu2+) were analyzed by inductively coupled plasma mass spectrometry and Hg2+ and As3+ were
estimated using an atomic �uorescence spectrometer (AFS-920).

Plankton sampling and enumeration

We measured water depth for each sampling station and used the plankton nets, type  (0.160 mm mesh
size, 31.6 cm mouth diameter) and type  (0.077 mm mesh size, 37 cm mouth diameter), based on
National Standard of China (GB 17678.7-2007), to collect zooplankton and phytoplankton samples,
respectively [63, 64]. Using the vertical tow from 2 m above the bottom to the surface with the speed of
0.5m/s to collected zooplankton and phytoplankton samples. All samples preserved immediately in 5%
formaldehyde and shipped back to the closest laboratories of National Marine Environmental Monitoring
Centers to count and identify the zooplanktonic and phytoplanktonic individuals at the lowest allowable
taxonomic level according to the National Standard of China (GBT12763.6-2007) by using microscope
[65, 66], and according to the database of the World Register of Marine Species (WoRMS,
http://www.marinespecies.org/) to check every identi�ed plankton taxonomic names. The density of each
planktonic taxa was calculated as the number of individuals divided by the �ltered water volume, which
was calculated using the rope length multiplied by the mouth area.

Statistical Analysis

We assessed the alpha diversity of zooplankton and phytoplankton for each sampling sties and three
regions. The signi�cance of alpha diversity among locations was tested by Kruskal-Wallis test. Non-
metric multidimensional scaling ordination (NMDS) [67], based on the Sorensen dissimilarity, was used to
compare the variance of phytoplanktonic and zooplanktonic community composition in each sampling
site. To determine signi�cant differences in planktonic β-diversity between the different sampling sites,
ANOSIM, ADONIS and MRPP were carried out using the ‘vegan’ package in the R environment [40]. Partial
Mantel test was used to identify the relative contributions of geographic distance variables and

http://www.marinespecies.org/
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environmental factors to phytoplanktonic and zooplanktonic community dissimilarity. For the spatial
variables, we used the Euclidean distance, based on the latitude and longitude coordinates for each pair
of sampling stations, as generated by Principal Coordinates of Neighboring Matrices (PCNM) analysis
[68]. Environmental factors and PCNM with a variance in�ation < 10 were selected to eliminate
collinearity between factors for downstream analyses. The contribution of spatial and environmental
factors in shaping planktonic community structure was explained by canonical correlation analysis (CCA)
[69]. Variation partitioning analysis (VPA) was conducted to distinguish the contribution of spatial and
environmental factors and their combined effect in explaining planktonic community variations [70]. To
compare the effects of distance variation on plankton community assembly, we evaluated the distance
decay rate for the sampled sites. To reveal the distance-decay rates (DDR) in planktonic communities,
Sorensen and geographical distance matrices were compared, and the log geographic distance difference
was then plotted against the dissimilarity [71]. All the above analyses were carried out using R software
(Version 3.6) [72].

Network analysis and visualization

To elucidate the interactions between phytoplankton and zooplankton, we constructed an ecological
network via the SparCC approaches, which can infer correlation with high accuracy from compositional
data, based on IDENAP (http://mem.rcees.ac.cn:8081) work�ow [23]. The topological properties
(connectance, links per species, specialization asymmetry and web asymmetry) were calculated by IDEN
with the aim to show whether the interactions between plankton changed with geographic distance. As in
previous studies, the nodes were divided into four groups: peripheral nodes (Zi ≤ 2.5 and Pi ≤ 0.62),
connectors (Zi ≤ 2.5 and Pi > 0.62), network hubs (Zi > 2.5 and Pi > 0.62) and module hubs (Zi > 2.5 and
Pi≤ 0.62) [73]. The obtained network was visualized in Gephi (0.9.1) [74] and Cytoscape [75].
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Figures

Figure 1

Histogram and line chart showing the relative abundance of top 20 genera and total planktonic density.
(A) zooplankton, (B) phytoplankton. The sampling sites divided into three geographic regions, the Bohai
Sea (BS), the East China Sea (ECS), and the South China Sea (SCS). The black line and blue line
illustrated the total planktonic density at site level and region level respectively.
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Figure 1

Histogram and line chart showing the relative abundance of top 20 genera and total planktonic density.
(A) zooplankton, (B) phytoplankton. The sampling sites divided into three geographic regions, the Bohai
Sea (BS), the East China Sea (ECS), and the South China Sea (SCS). The black line and blue line
illustrated the total planktonic density at site level and region level respectively.

Figure 2

Distributions of zooplankton and phytoplankton across 12 sampling sites. Non-metric multidimensional
scaling (NMDS) based on the Sorensen distances of zooplankton (A) and phytoplankton (B)
communities across all sampling sites. All points are colored according to 12 sampling sites.
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Figure 2

Distributions of zooplankton and phytoplankton across 12 sampling sites. Non-metric multidimensional
scaling (NMDS) based on the Sorensen distances of zooplankton (A) and phytoplankton (B)
communities across all sampling sites. All points are colored according to 12 sampling sites.
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Figure 3

The network of phytoplankton and zooplankton interaction (A‒F), and the subnetwork for the
interactions among three predominant planktonic groups (copepods, diatoms, and dino�agellates) were
extracted from plankton keystones subnetworks (G‒I). Light red nodes represent zooplankton. Light blue
nodes represent phytoplankton. Dark blue nodes represent phytoplankton keystone taxa. Dark red nodes
represent zooplankton keystone taxa. In subnetwork, the nodes were colored according to different
planktonic group. Lines connecting nodes (edges) represented positive (red) and negative (green)
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interactions. The top panels (A, B, C) show the network of phytoplanktonic and zooplanktonic
communities. The middle panels (D, E, F) show the keystone taxa subnetwork. The bottom panels (G, H, I)
show the three predominant planktonic groups subnetwork. (A, D, G) The network of planktonic
communities among BS sites. (B, E, H) Network of planktonic communities among ECS sites. (C, F, I)
Network of planktonic communities among SCS sites.

Figure 3
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The network of phytoplankton and zooplankton interaction (A‒F), and the subnetwork for the
interactions among three predominant planktonic groups (copepods, diatoms, and dino�agellates) were
extracted from plankton keystones subnetworks (G‒I). Light red nodes represent zooplankton. Light blue
nodes represent phytoplankton. Dark blue nodes represent phytoplankton keystone taxa. Dark red nodes
represent zooplankton keystone taxa. In subnetwork, the nodes were colored according to different
planktonic group. Lines connecting nodes (edges) represented positive (red) and negative (green)
interactions. The top panels (A, B, C) show the network of phytoplanktonic and zooplanktonic
communities. The middle panels (D, E, F) show the keystone taxa subnetwork. The bottom panels (G, H, I)
show the three predominant planktonic groups subnetwork. (A, D, G) The network of planktonic
communities among BS sites. (B, E, H) Network of planktonic communities among ECS sites. (C, F, I)
Network of planktonic communities among SCS sites.

Figure 4

The network of interactions between the common planktonic species and other planktonic organisms in
the three sampling regions. Circular nodes represent zooplanktonic species, Rhombus nodes represent
phytoplanktonic species and lines connecting nodes (edges) represented a statistically signi�cant
association between nodes. Blue lines mean that the number of links was highest in the BS region, while
red lines mean that the highest link number was observed in the SCS. The arrows represent the latitude
decreases.
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Figure 4

The network of interactions between the common planktonic species and other planktonic organisms in
the three sampling regions. Circular nodes represent zooplanktonic species, Rhombus nodes represent
phytoplanktonic species and lines connecting nodes (edges) represented a statistically signi�cant
association between nodes. Blue lines mean that the number of links was highest in the BS region, while
red lines mean that the highest link number was observed in the SCS. The arrows represent the latitude
decreases.
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