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Abstract

:

Phytoplankton guilds are commonly characterised by dominance effects, while the main contribution to biological diversity is given by rare species. Here, we analysed the influence of rare species on taxonomic and functional diversity, which is described by taxa richness and composition, cell size, and size–abundance relationships in phytoplankton guilds. We explore these relationships at global and regional scales by analysing phytoplankton guilds from five biogeographical regions: the Northern Atlantic Ocean (Scotland), the South-Western Atlantic Ocean (Brazil), the South-Western Pacific Ocean (Australia), the Indo-Pacific Ocean (Maldives), and the Mediterranean Sea (Greece and Turkey). We have comparatively analysed the phytoplankton taxonomic diversity of the whole dataset and with the datasets obtained by progressively subtracting taxa occurring in the last 1%, 5%, 10%, and 25% of both numerical abundance and overall biomass. Globally, 306 taxa were identified across five ecoregions with only 27 taxa accounting for 75% of overall numerical abundance and biomass; almost 50% of taxa were lost on every step. The removal of 1% of most rare taxa significantly affected the phytoplankton size–abundance relationships and body-size structure, strongly impacting on small taxa. The progressive removal of additional rare taxa did not further affect phytoplankton size–abundance relationships and size structure.
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1. Introduction


A common pattern is often observed in ecological communities: a few common species make up the majority of individuals, while the majority of species are rare [1,2,3]. Rare species are those with low relative abundance within the communities, restricted habitat selection, and/or limited distributional range [4]. Despite their low abundance, the occurrence and distribution of rare species can play a fundamental role in shaping ecosystem dynamics by influencing community diversity, structure, and stability. In the current context of global environmental change and escalating biodiversity loss, rare species may face increased vulnerability and risk of extinction [5] or compensate for the impact on other species with their numerical abundance increase. Concerns related to the rapid loss of biodiversity due to climatic regulations and anthropogenic activities have made it important to comprehend the role of rare species in maintaining the structure, functioning, and services of ecosystems [6,7]. Consequently, rare species have received increased attention from conservation biologists and ecologists [8,9], and rarity studies within ecological communities have encompassed a broad spectrum of organisms to provide a more comprehensive understanding of biodiversity dynamics [10].



Certain taxonomic groups have received more attention than others; in particular, plants [11,12,13], butterflies [14,15], beetles [16], birds, mammals [17,18,19] in the terrestrial realm, and invertebrates and deep sea taxa [20,21] in marine ones. On the other hand, the role of rare species in phytoplankton communities has received limited attention, so far [22,23,24].



Phytoplankton comprise diverse photosynthetic microorganisms that form the base of aquatic food webs and contribute substantially to global biogeochemical cycles [25]. Many studies show that phytoplankton guilds are commonly characterised by dominance effects [26,27], while the main contribution to biological diversity is given by rare species [28,29], but very few addressed the ecological role of rare species, which remains unclear [30].



This investigation focuses on the distribution of different species within phytoplankton communities from 24 transitional water ecosystems, ecotones between marine and freshwater environments, exploring how the less common species coexist with the dominant ones. Through the use of an integrated individual-level trait-based phytoplankton dataset [31], size–abundance relationships at global and regional scales have been analysed in phytoplankton guilds from five biogeographical regions: the Northern Atlantic Ocean (Scotland), the South-Western Atlantic Ocean (Brazil), the South-Western Pacific Ocean (Australia), the Indo-Pacific Ocean (Maldives), and the Mediterranean Sea (Greece and Turkey).



Size–abundance relationships tend to show common patterns of variation in numerical populations or species abundance in relation to average body size at the individual level [32,33] across different animal and plant guilds, including phytoplankton [34,35], macroinvertebrates, and fish [36,37] in aquatic ecosystems. Theoretically, a rule of −3/4 is expected for the scaling coefficient for both global and local size–abundance relationships [38,39]. Rare species often manifest as tails or outliers in size–abundance distribution and are typically treated as artefacts or noise in the data and consequently excluded from data analysis [40,41].



The purpose of this study is to add knowledge on the quantitative relevance and functional importance of species rarity in phytoplankton community by addressing the role of rare species in shaping phytoplankton size–abundance relationships.



Here, we focus on the patterns of change of size–abundance relationships in a large phytoplankton individual trait-based dataset at the removal of rare and occasional species. This paper aims to investigate the role of the taxonomic diversity component, which is represented by most rare species, on the morpho-functional diversity in phytoplankton guilds, where a hierarchical organization has already been observed [42] with the morpho-functional diversity at the highest level of the hierarchy.




2. Materials and Methods


2.1. Sampling and Data Collection


This study was performed using an integrated, individual-level, trait-based phytoplankton dataset that is openly accessible from the LifeWatch Italy data portal (https://dataportal.lifewatchitaly.eu/data (accessed on 10 January 2024). The integrated dataset contains 6 datasets from phytoplankton data collected in 24 transitional water ecosystems, located across five biogeographical regions: the Northern Atlantic Ocean (Scotland), the South-Western Atlantic Ocean (Brazil), the South-Western Pacific Ocean (Australia), the Indo-Pacific Ocean (Maldives), and the Mediterranean Sea (Greece and Turkey) (Figure 1). The study sites in this study were mostly tidal and non-tidal lagoons that exhibit heterogeneity in hydro-morphological and physio-chemical characteristics with low anthropogenic pressure and relatively pristine nature [43,44,45]. Phytoplankton samples were collected following a hierarchical sampling design: three ecosystems were selected for each biogeographical area, and within each ecosystem, a maximum of three habitat types were selected. Three experimental stations were sampled per habitat type, each with three replicates, resulting in a total count of 116 sites. Samples were collected with horizontal tows from a net of 6 µm mesh at a subsurface depth of 0.5 m and preserved with Lugol’s solution (15 mL/L). Phytoplankton identification and analysis were carried out using a Nikon T300E inverted microscope connected to a video-interactive image analysis system (L.U.C.I.A Version 4.8, Laboratory Imaging) following the Utermöhl’s method [46] at 400× magnification. For each sample, around 400 cells were counted, measured, and identified to the lowest taxonomic level possible. Taxonomic identification of cells was carried out by using specific monographs, manuals, and phytoplankton atlases [47,48,49,50], and further validation was conducted by using WoRMS [51]. The qualifiers “cf.”, ”sp.”, and “spp.” were used to indicate the cell to its nearest nominated species; spherical cells with the presence of flagella and chloroplasts that could not be identified at the species or higher levels were grouped and identified with the term “phytoflagellates”. Phytoplankton cell volume (expressed in μm3) was determined by measuring the specific cell dimensions, on the basis of associated cell shape, and using geometric equations [52]. Cellular biovolume was converted to carbon content (pg C) following Menden-Deuer and Lessard [53]. Shannon–Wiener’s diversity index (H’) and Morisita index   (   C   λ    ) of similarity were used to calculate the diversity and dispersion of taxa based on their abundance in phytoplankton community [54,55] at the global and regional scale. The formulas were given as follows:


    H   ′   = −   ∑  i = 1   S      p   i   × l n     p   i      








where S is the total number of taxa present,     p   i     is the relative abundance of taxa i and estimated as (    n   i    /N),     n   i     is the number of individuals in taxa i, and N is the total number of individuals.


    C   λ   =   2   ∑  i = 1      x   i     y   i         ( λ   x   +   λ   y   )   N   x     N   y      








where


    λ   x   =     ∑  i      x   i     (   x   i   − 1 )     N   x   (   N   x   − 1 )    











    N   x     =     ∑  i      x   i      , and     λ   x     is the unbiased estimate for the probability of drawing two individuals of same taxa from x, without replacement.




2.2. Statistical Analyses


To identify the role of rare and occasional taxa in setting a phytoplankton size structure and community distribution, the integrated dataset and the individual six regional datasets were filtered by choosing a threshold value of 1%, 5%, 10%, and 25% in the cumulative contribution of both taxa abundance and biomass. By progressively subtracting taxa that contributed to the lower 1%, 5%, 10%, and 25% of both numerical abundance and biomass, this means that only taxa occurring in both the last 1% of numerical abundance and the last 1% of overall biomass were actually removed, and a similar method has been used for all other thresholds. Therefore, at the threshold of 1%, the actual numerical abundance and biomass removed were less than 1% (0.5% abundance removed and 0.8% biomass removed). This was similar for the threshold of 5% (3.8% abundance, 4% biomass were removed), the threshold of 10% (7.1% abundance, 8.4% biomass), and the threshold of 25% (20% abundance, 21% biomass). From the global and regional datasets, size–abundance relationships were investigated. The global size–abundance relationship (GSAR) and the local size–abundance relationship (LSAR) were shown as the linear regressions between average body size and overall taxa abundance, on a logarithmic scale. Extremely rare or occasional taxa accounted for less than 1%, 5%, 10%, and 25% in cumulative contribution to the overall abundance and biomass; they were also investigated in terms of taxonomy and size class distribution. Size class distribution was conducted using the average individual cellular carbon content of phytoplankton taxa on the logarithmic (log2) scale [56], forming 16 size classes with a size class width of 1 and clustering these classes into 6 ordered size classes (i.e., a cluster of 2, 3, 3, 3, 3, 2 classes). Linear analysis of covariance (ANCOVA) was used to test pairwise comparisons of slopes and was obtained before and after filtering the datasets using 1%, 5%, 10%, and 25% threshold values, from the theoretical expectation of slope values from Damut’s law [57]. All statistical analyses were conducted using R Studio statistical and programming software (package: dplyr, version 4.2.1) [58].





3. Results


3.1. Global and Local Phytoplankton Size–abundance Relationships


The overall phytoplankton sampled guilds, comprising 127,311 cells, consisted of 306 taxa. Approximately 58% of the taxa have been identified at the species level (177 species), while the remaining taxa were classified at the genus or family level, pertaining to ten phyla globally. Among these, Bacillariophyta and Myzozoa represented most of the taxa, having high abundance and the highest frequency of occurrence. Chlorophyta and Cryptophyta were also relevant at specific ecoregions (i.e., in the Northern Atlantic Ocean and in the Mediterranean Sea; Figure 1a). At the species level, most species have a marine origin, and few species were freshwater or ubiquitous (Figure 1b).



Global size–abundance relationships were all highly significant, irrespective of the percent removal of rare species, from 0% to 25%, but the scaling coefficient was lower at 0% removal than at all other rare species removal thresholds (i.e., from 1% to 25%) (Figure 2a). A significant difference was observed in the scaling coefficient of the size–abundance relationships only when 1% of most rare species had been removed (Figure 2a), and the scaling coefficient decreased from −0.38, at 0% removal, to −0.60, at 1% removal. All parameters of the global size–abundance relationships were reported in Table 1. When we applied the 1% threshold, 131 taxa were removed, with an exclusion of approximately 42% of overall taxa richness, corresponding to 732 individuals. A complete list of rare taxa is provided in the Supplementary Materials, Table S2.



At the regional level, a significant difference in the scaling coefficient of the size-abundance relationships has been observed only when 1% of rare taxa were removed. This was observed specifically only in the South-Western Atlantic Ocean and in the South-Western Pacific Ocean (Figure 2b; Table 1), where the scaling coefficient decreased from −0.64, at 0% removal, to −1.09, at 1% removal, in the South-Western Atlantic Ocean and from −0.31, at 0% removal, to −0.85 at, 1% removal, in the South-Western Pacific Ocean. Scaling coefficients followed the same patterns in the other three biogeographical areas, but the differences in the scaling coefficients were only qualitative p > 0.05 for all comparisons, with a single exception (the Mediterranean Sea; comparison between 10% and 25% thresholds, Table 1).




3.2. Taxonomic Diversity and Size Class Distribution of Rare Taxa


The phytoplankton body size spectra consisted of sixteen size classes, which were grouped into six body size classes, as detailed in the Materials and Methods section. Globally, the overall abundance was taken as the total abundance of all six datasets, and regionally, it corresponded to the respective regions separated. At the taxa level, the average individual cellular carbon content ranged between 1.84 pg C for the smallest taxa Monoraphidium to 346,93.89 pg C for the largest taxa Proboscia alata, and most of the rare taxa belonged to intermediate-size classes. Around 80% of rare taxa abundance belonged to Bacillariophyta, Chlorophyta, and Myzozoa, and 20% of rare taxa abundance mostly belonged to Cyanobacteria and other phyla (Figure 3a,b).



At the regional level, similarities were observed in the size distribution of rare taxa only for two ecoregions, the South-Western Pacific Ocean and the South-Western Atlantic Ocean, where the results were found to be significant and coherent to the global trends after 1% rare taxa removal (Figure 4a,b). Size class and taxonomic distributions of the phytoplankton community and 1% rare taxa present in the Indo-Pacific Ocean, the Mediterranean Sea, and the Northern Atlantic Ocean are shown in the Supplementary Materials (Figure S1). Generally, rare taxa exhibited heterogeneous distribution across all the regions, with none found to be rare in all regions. Only a few taxa occurred as rare in two ecoregions, such as Thalassionema nitzschioides in the South-Western Pacific Ocean and the South-Western Atlantic Ocean, Syracosphaera pulchra, Pseudopediastrum boryanum, and Oxytoxum longiceps in the Indo-Pacific Ocean and the Mediterranean Sea, and Snowella lacustris in the Mediterranean Sea and the Northern Atlantic Ocean. Moreover, 44% of the rare taxa occurring in the considered lagoon ecosystems were of marine origin, 19% were freshwater, and the remaining 37% were ubiquitous, i.e., adapted to occur in both marine and freshwater conditions (Supplementary Table S1).



The Morisita index was used to calculate the similarity of taxa across different regions (Figure 5). The South-Western Pacific Ocean and the Indo-Pacific Ocean exhibited 78% similarity in phytoplankton taxa composition and abundance, whereas other regions showed distinct and lower similarities. The phytoplankton community composition in the South-Western Atlantic Ocean differed the most compared to all the other biogeographical areas, with similarity values ranging from 14% to 25%. Phytoplankton diversity was calculated globally and regionally using the Shannon diversity index (H′) (Table 2) before and after excluding rare taxa. The Northern Atlantic Ocean (NAO) showed the highest diversity (4.75), followed by the Mediterranean Sea and the South-Western Atlantic Ocean, while the lowest diversity was recorded in the Indo-Pacific Ocean (IPO) phytoplankton community. The removal of rare taxa resulted in a gradual and smooth decline in Shannon diversity values, both globally and locally.





4. Discussion


In recent years, the rarity of species has become a topic of interest in many ecological and biodiversity studies [59]. The recent advancement in phytoplankton research has highlighted the importance of studying rare species in phytoplankton assemblages. Available information indicates that phytoplankton communities are made up of common species with high abundance, although there is a large pool of rare species with low abundance and frequency of occurrence [60,61]. There are various possible ways to define and investigate rarity [62]. In this study, the cumulative contribution of taxa abundance and biomass was considered as a common denominator to categorize a species as rare [63,64], incorporating also the probability of occurrence. This approach determines the cut-off points for abundances and body sizes, below which species were regarded as rare. These cut-off points of rarity are inevitably somewhat arbitrary, although the cut-off threshold of 25% has already been used in other studies [65,66]. One of the difficulties in assessing the importance of removing rare species is the lack of context from which to judge the impact of such a decision. However, it is challenging to find appropriate criteria for quantifying rare phytoplankton species because it is not an easy group to study in terms of rarity [67,68].



Our aim in this study was to verify the effect of rarity on the slope of the size scaling of phytoplankton abundance. Firstly, we observed that the removal of most rare species, accounting for only 1% of the overall phytoplankton numerical abundance and biomass, at both global and regional scale, significantly affected the scaling rate of the size–abundance relationships. Secondly, the removal of a progressive additional fraction of rare species, globally accounting for up to 25% of numerical abundance and biomass, did not further affect the scaling rate of the size–abundance relationships. The slope of the size–abundance relationship is a general indicator of the relative importance of cells of different sizes in terms of their contribution to total biomass. Size–abundance spectra at the global level, obtained by excluding 1% rarity, showed a trend towards steeper and more negative slopes, indicating increased importance of smaller phytoplankton cells to biomass contribution and an exponent close to −3/4, known as Damuth’s rule. Locally, in the South-Western Atlantic Ocean and in the South-Western Pacific Ocean, the removal of 1% of rare species shaped the slope of the size spectra even more negatively than the expected −3/4. Local-scale relationships in the Indo-Pacific Ocean, Mediterranean Sea, and Northern Atlantic Ocean showed less steep slopes of the size–abundance spectrum, reflecting the increasing importance of larger cells and power-law relationships with exponents that were always shallower than expectations, not affected by the exclusion of rare taxa (at any percentage from 1–25%). This is in accordance with other studies and is probably due to size differences in competition or differences in resource availability for species of different sizes [69,70,71]. Several mechanisms may contribute to biomass distribution such as the resource supply driven by changes in nutrient availability and irradiance. Another point of consideration is the assembly rules of species based on functional groups, which describe how certain groups of species assemblages tend to co-exist based on their ecological roles. Our findings are consistent with the pattern discovered by Fox for terrestrial community: “Species entering a community will tend to be drawn from a different (functional) group until each (functional) group is represented, and then the rule repeats” [72]. The conservative patterns of individual distribution into body size classes after the removal of 1% of most rare species is, in fact, analogous to the conservative pattern of guild filling in with species emphasised for the terrestrial communities [73]. By using size-dependent functional groups, the assembly rule reflects the use of available resources, and each species in an assemblage will be drawn from a different functional group until each group is represented in the community. These patterns have been further analysed and decoded, in the terrestrial community, into underlying mechanisms of consumer–resource competition [74]. In this study, we do not have direct evidence of competition for nutrients in the phytoplankton or related phytoplankton-nutrient dynamics as underlying mechanisms of the observed size distribution patterns, but competition for nutrients is a mechanism commonly observed in phytoplankton communities [75,76] and the large-scale biogeography of phytoplankton size structure is largely determined by resource supply. Several studies have investigated the patterns and mechanisms of phytoplankton diversity using different indices [77,78] and in terms of functional diversity compared to taxonomic diversity. Differences in functionality have been distinguished from morphological traits [79,80]; the majority of the studies on phytoplankton functional diversity have been based on the presence or absence of identities in terms of species richness [81,82], and very few have been conducted on functional groups defined by body size and the basis of abundance- or biovolume-based functional diversity [83,84,85]. The South-Western Pacific Ocean and Indo-Pacific Ocean regions exhibited the highest similarity in terms of phytoplankton taxa composition and abundance, while the South-Western Atlantic Ocean region was the most dissimilar compared to the others. When exploring the taxonomic diversity, through the Shannon index calculation, the Northern Atlantic Ocean (NAO) showed the highest diversity and the Indo-Pacific Ocean phytoplankton community showed the lowest. However, after the removal of the rare species, the diversity values decreased in a comparable manner in all regions, showing a constant influence of rare taxa on the overall community.



Our study is one of the first that focuses on the role of rarity in the structural component of both taxonomic and functional diversity of the phytoplankton guild. In this respect, our study shows that extremely rare species, accounting for less than 1% of numerical abundance and biomass, contribute consistently to lagoon phytoplankton taxonomic diversity and significantly affect its morpho-functional diversity. Therefore, the huge reserve of biological diversity, at the taxonomic and morpho-functional level, hidden in extremely rare phytoplankton species, seems to have an important role in maintaining long stability, as a resilience component, of primary producers and primary productivity in transitional water ecosystems.




5. Conclusions


The results of this study seem likely to add knowledge on the role of rare species on the phytoplankton size–abundance relationships, as they provide evidence of high taxonomic redundancy of rare species within size classes until most rare species, accounting for the 1% of numerical and biomass abundance, are considered. This last group of species, which represents almost 50% of overall taxonomic diversity, is dis-homogeneously distributed among size classes, with a more leptokurtic distribution than less rare taxa.



These observations of a deterministic rare species allocation among size classes, with the exception of most rare taxa, highlight the relevance of morpho-functional diversity within phytoplankton communities, giving value to their body size structure and size–abundance relationships.
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The following supporting information can be downloaded at https://www.mdpi.com/article/10.3390/d16020098/s1. Figure S1. (a) Size class distribution of overall phytoplankton assemblage (pink) and 1% rare taxa (black) in the Indo-Pacific Ocean (IPO), the Mediterranean Sea (MED) and the Northern Atlantic Ocean (NAO). (b) Taxonomic distribution in terms of phyla for 1% rare phytoplankton taxa assemblage in associated ecoregions. Table S1. Overall and Regional distribution of 1% rare taxa based on their nature of origin. Table S2. List of rare phytoplankton taxa. Species are provided with scientific names and taxa identified by sp. and spp. were listed by their respective genus or family name.
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Figure 1. Spatial distribution of phytoplankton sampling in five biogeographic regions: the South-Western Pacific Ocean (SWPO), Australia, the South-Western Atlantic Ocean (SWAO), Brazil, the Indo-Pacific Ocean (IPO), Maldives, the Mediterranean Sea (MED), Greece and Turkey, and the Northern Atlantic Ocean (NAO), Scotland. (a) Stacked bar plot showing phytoplankton composition, in phyla, across ecoregions. (b) Phytoplankton species composition based on their origin. 
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Figure 2. Scaling of phytoplankton taxa abundance (N. individuals per sample) against average biomass (cellular carbon content, expressed as pg C per individual) on a logarithmic scale. (a) Global size–abundance relationship (GSAR) of the entire phytoplankton global dataset. (b) Local size–abundance relationship (LSAR) for each of the five biogeographic regions: the South-Western Pacific Ocean (SWPO), the South-Western Atlantic Ocean (SWAO), the Northern Atlantic Ocean (NAO), the Mediterranean Sea (MED), and the Indo-Pacific Ocean (IPO). In all plots, the total distribution of the phytoplankton community, including the rare taxa, is represented in pink while the phytoplankton size–abundance relationship after 1% removal of rare taxa is shown in light brown, after 5% removal in green, after 10% removal in light blue, and after 25% removal in purple. 
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Figure 3. (a) Size class distribution of overall phytoplankton assemblage (pink) and 1% rare taxa (black). (b) Taxonomic distribution in terms of phyla for 1% rare phytoplankton taxa. 
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Figure 4. (a) Size class distribution of overall phytoplankton assemblage (pink) and 1% rare taxa (black) in the South-Western Pacific Ocean (SWPO) and the South-Western Atlantic Ocean (SWAO) ecoregions. (b) Taxonomic distribution in terms of phyla for 1% rare phytoplankton taxa in associated ecoregions. 
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Figure 5. Morisita index of similarity in phytoplankton assemblages from different biogeographical areas: the South-Western Atlantic Ocean (SWAO), the Northern Atlantic Ocean (NAO), the Mediterranean Sea (MED), the Indo-Pacific Ocean (IPO), and the South-Western Pacific Ocean (SWPO). The index ranges from 0 (no similarity) to 1 (complete similarity). 
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Table 1. Linear regression analyses of the phytoplankton assemblage before and after 1%, 5%, 10%, and 25% removal of rare taxa. The table includes the results of the global size–abundance relationship (GSAR) and the local size–abundance relationship (LSAR) in five biogeographic regions: the South-Western Pacific Ocean (SWPO), the South-Western Atlantic Ocean (SWAO), the Indo-Pacific Ocean (IPO), the Mediterranean Sea (MED), and the Northern Atlantic Ocean (NAO).
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GSAR

	
Thresholds

	
Slope

	
95%CI

	
Intercept

	
df

	
r2






	

	
100

	
−0.38

	
−0.50 to −0.26

	
174

	
304

	
0.11




	

	
99 **

	
−0.60

	
−0.71 to −0.48

	
2540

	
173

	
0.38




	

	
95

	
−0.72

	
−0.84 to −0.60

	
17,804

	
88

	
0.61




	

	
90

	
−0.71

	
−0.84 to −0.57

	
30,634

	
58

	
0.66




	

	
75

	
−0.59

	
−0.76 to −0.41

	
39,909

	
25

	
0.65




	
LSAR




	
SWPO

	
100

	
−0.31

	
−0.54 to −0.09

	
68

	
113

	
0.06




	

	
99 **

	
−0.85

	
−1.04 to −0.66

	
6650

	
66

	
0.55




	

	
95

	
−0.93

	
−1.11 to −0.76

	
23,516

	
42

	
0.73




	

	
90

	
−0.91

	
−1.10 to −0.73

	
34,108

	
28

	
0.78




	

	
75

	
−0.94

	
−1.14 to −0.74

	
90,925

	
12

	
0.90




	
SWAO

	
100

	
0.64

	
−0.92 to −0.37

	
508

	
96

	
0.18




	

	
99 *

	
−1.09

	
−1.31 to −0.87

	
23,895

	
59

	
0.61




	

	
95

	
−1.17

	
−1.40 to −0.93

	
96,070

	
32

	
0.76




	

	
90

	
−1.20

	
−1.46 to −0.94

	
206,798

	
20

	
0.82




	

	
75

	
−0.72

	
−1.34 to −0.09

	
57,019

	
6

	
0.56




	
MED

	
100

	
−0.36

	
−0.55 to −0.17

	
93

	
109

	
0.11




	

	
99

	
−0.54

	
−0.75 to −0.33

	
970

	
60

	
0.31




	

	
95

	
−0.46

	
−0.66 to −0.25

	
2898

	
29

	
0.42




	

	
90

	
−0.52

	
−0.77 to −0.31

	
6113

	
20

	
0.57




	

	
75 *

	
−0.19

	
−0.32 to −0.07

	
3202

	
10

	
0.55




	
IPO

	
100

	
−0.43

	
−0.65 to −0.20

	
164

	
109

	
0.11




	

	
99

	
−0.54

	
−0.77 to −0.30

	
1335

	
56

	
0.27




	

	
95

	
−0.77

	
−1.06 to −0.49

	
37,501

	
22

	
0.59




	

	
90

	
−0.65

	
−0.97 to −0.33

	
39,592

	
12

	
0.62




	

	
75

	
−0.71

	
−1.12 to −0.30

	
142,217

	
5

	
0.79




	
NAO

	
100

	
−0.30

	
−0.48 to −0.11

	
83

	
122

	
0.07




	

	
99

	
−0.47

	
−0.63 to −0.31

	
514

	
84

	
0.29




	

	
95

	
−0.53

	
−0.69 to −0.36

	
1485

	
54

	
0.43




	

	
90

	
−0.59

	
−0.77 to −0.41

	
3354

	
36

	
0.55




	

	
75

	
−0.53

	
−0.75 to −0.31

	
7315

	
14

	
0.66








* p < 0.05, ** p < 0.01, (95% CI was used to assess pairwise comparison of slopes by ANCOVA analysis).













 





Table 2. Summary of the Shannon diversity index (H’) at the global and regional level, before and after the exclusion of 1–25% rare taxa.
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	Shannon-Diversity Index
	Global
	SWPO
	SWAO
	MED
	IPO
	NAO





	Overall
	5.08
	4.03
	3.38
	4.28
	3.30
	4.75



	After 1%
	5.02
	3.97
	3.35
	4.19
	3.26
	4.68



	After 5%
	4.78
	3.74
	3.20
	3.98
	3.17
	4.24



	After 10%
	4.58
	3.60
	3.15
	3.75
	3.07
	3.91



	After 25%
	3.90
	na
	na
	na
	na
	na







South-Western Pacific Ocean (SWPO), South-Western Atlantic Ocean (SWAO), Mediterranean Sea (MED), Indo-Pacific Ocean (IPO), and Northern Atlantic Ocean (NAO). na stands for: not applicable.
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