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The relationships between the inorganic nutrients and diversity of dinoflagellate cysts (the N-Dc relationships) are one of the most central issues in coastal ecology. It is not only an important pathway to explore the ecological processes of plankton, but also a key element for assessing eutrophication in marine ecosystems. Although the N-Dc relationships have been studied for many years, they have remained controversial, which may be attributed to (1) using samples collected from a single source (2) considering an insufficient range of nutrient concentrations (3) rarely taking into account species abundance distributions (SAD) that could better represent diversity. In this study, the N-Dc relationships are evaluated according to a compiled dataset, which cover the wide range of nutrient concentrations. Species diversity of cysts are estimated by four common diversity metrics and a new SAD parameter. Results show that all diversity metrics are negative with nutrients, which supports that low diversity of cysts could be considered as a signal of eutrophication. Additionally, this study finds a new pattern that SAD of cysts (Nr/N1, Nr and N1 is the abundance of the r-th and the first species in descending order) with decreasing nutrients appears to gradually approach 1: 1/2: 1/3…. In the future, if this pattern can be verified by more investigations, understanding the negative N-Dc relationships is more likely to provide new direction for assessing and managing eutrophication in coastal ecosystem, and even for exploring the general mechanisms determining diversity.
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Introduction

The dinoflagellate is an important component of the food chain in the coastal ecosystem (Penaud et al., 2018; Rodrigues et al., 2019; Keskes et al., 2020). It can not only use inorganic nutrients for primary production, but also produces harmful algal blooms in eutrophic waters (Liu et al., 2012; Price et al., 2017; Rodrigues et al., 2022). Thus, understanding the relationships between marine dinoflagellate and inorganic nutrients is highly valuable in exploring the ecological processes of plankton and environmental changes of the coastal ecosystems (Baula et al., 2011; Price et al., 2017; Gurdebeke et al., 2018; Rodrigues et al., 2022).

Many dinoflagellates produce the resting cyst that settles on the sediment bottom (Ellegaard et al., 2017; Gurdebeke et al., 2018). Previous studies suggested that species diversity of cysts could characterize diversity of living dinoflagellates, and even could reflect the nutrient status of waters (Dale, 2009; Gurdebeke et al., 2018; Rodrigues et al., 2022). For example, Marret and Zonneveld (Marret and Zonneveld, 2003) encoded information about diversity of dinoflagellates according to diversity of cysts. Sangiorgi and Donders (Sangiorgi and Donders, 2004) used diversity of cysts to explore the history and trends of eutrophication in coastal ecosystem. Thus, understanding the relationships between nutrients and diversity of cysts is one of the keys to study how diversity of dinoflagellates responds to nutrient conditions (Dale, 2009; Gurdebeke et al., 2018; Rodrigues et al., 2022), which will help to maintain the safe and sustainable management of coastal waters (Price et al., 2017; Penaud et al., 2018; Keskes et al., 2020; Rodrigues et al., 2022).

Although the relationships between main nutrients (such as NO3 and PO4) and diversity of cysts (hereafter referred to as the N-Dc relationships) have been discussed for many years (Pospelova et al., 2002; Ellegaard et al., 2017; Gurdebeke et al., 2018), they has remained controversial (Ellegaard et al., 2017; Price et al., 2017; Rodrigues et al., 2022). Most studies showed that the N-Dc relationships were negative (Tsirtsis and Karydis, 1998; Wang et al., 2004; Rodrigues et al., 2019; Keskes et al., 2020), which indicated that the diversity of cysts could be used as an indicator of eutrophication (Penaud et al., 2018; Rodrigues et al., 2019; Keskes et al., 2020). However, some studies suggested that their relationships were not always negative (Liu et al., 2012; Price et al., 2017; Rodrigues et al., 2022). For example, Rodrigues et al. (Rodrigues et al., 2022) found that the diversity of cysts was highest in highly eutrophicated condition followed by medium and low eutrophicated condition. Price et al. (Price et al., 2017) investigated the effect of nutrients on dinoflagellate cysts assemblages across estuaries of the Northwest Atlantic, and indicated that the N-Dc relationships were not very significant.

These inconsistent findings may be attributed to the following reasons. (1) Most studies sampled from a single water or cruise, which made their investigations potentially unrepresentative (Baula et al., 2011; Liu et al., 2012; Rodrigues et al., 2022). (2) The range of nutrient concentrations in some studies might be insufficient to present the complete N-Dc relationships (Baula et al., 2011; Price et al., 2017). (3) Only species richness or Shannon - Wiener index was used as diversity metric (Chen et al., 2011; Liu et al., 2012), which could not reflect other aspects of diversity, such as evenness and dominance. (4) Although species abundance distribution (SAD), as an important diversity surrogate, had been widely used to study the relationships between nutrients and diversity in terrestrial ecosystem (Arellano et al., 2017; Villa et al., 2019; Feng et al., 2021), few studies of the N-Dc relationships considered SAD of cysts (Penaud et al., 2018; Rodrigues et al., 2019; Keskes et al., 2020). Thus, there is still a need for the analysis that take into account the wide range of nutrient concentrations and multiple aspects of diversity, especially SAD (Dale, 2009; Gurdebeke et al., 2018; Rodrigues et al., 2022).

The main purpose of this study is to seek a more comprehensive understanding of how diversity of cysts responds to changing nutrient condition. To this end, 602 quantitative samples of marine dinoflagellate cysts that are compiled from six datasets (Marret and Zonneveld, 2003; Orlova et al., 2004; Wang et al., 2004; Esper and Zonneveld, 2007; Vásquez-Bedoya et al., 2008; Bouimetarhan et al., 2009) are used to explore the N-Dc relationships. PO4 and NO3 are used as representatives of inorganic nutrients, which are considered to be the main contributing nutrient of eutrophication in coastal waters (Elser et al., 2007). The diversity of cysts are estimated by four common metrics of diversity (Pielou, 1975) and a new SAD parameter (Su, 2016).



Methods

The diversity of cysts are measured by Species richness (S), Shannon’s index (H’), Simpson’s index (D) and Pielou’s evenness (J) (Pielou, 1975), which are the most common metrics in the studies of species diversity (Baula et al., 2011; Liu et al., 2012; Price et al., 2017; Rodrigues et al., 2022). Additionally, a new SAD parameter is also calculated as the diversity surrogate.


Diversity metrics

H’, D and J are calculated based on the cyst taxon composition and their abundances, they can be expressed as:







where pi is the relative abundance of the i-th species (i = 1, 2, 3,…S). As diversity increases, H’ and J increase and D decreases.



The SAD parameter

The parameter p is generated from a new fractal model of SAD (Su, 2016). According to the fractal hypothesis (when K more species appear at each step of the accumulation process, their abundance are k times less abundant and K = k d, where d is a fractal dimension (Su, 2016)), SAD is



where r (= 1, 2, 3,… S) is the rank of species sorted down by species abundance; Nr and N1 are the abundance of the r-th and the first species in descending order; p (= 1/d) is the fractal parameter that determines SAD. The lower p, the higher species diversity. For example, when p = 1 and S = 3, Nr/N1 is 1: 1/2: 1/3; when p = 3 and S = 3, Nr/N1 is 1: 1/8: 1/27.

Let Fr = ln (Nr/N1) and Dr = ln (r). By minimizing the sum of squared error ( ) p can be calculated as (Su, 2016)



The goodness of fit is estimated by the coefficient of determination (R2), which denotes how well the fractal model (Eq. 4) fits the samples of dinoflagellate cysts. R2 is closer to 1, the goodness of fit is better.




Datasets

602 quantitative samples of dinoflagellate cysts are compiled from six published datasets, which are taken from modern sediments in coastal and outer ocean areas (Marret and Zonneveld, 2003; Orlova et al., 2004; Wang et al., 2004; Esper and Zonneveld, 2007; Vásquez-Bedoya et al., 2008; Bouimetarhan et al., 2009). These datasets are selected because (1) the sedimented cysts offer more comprehensive sample coverage, which is seldom attainable from living dinoflagellates records (Dale, 2009); (2) they contain the abundance of each species, by which SAD of cysts can be calculated; (3) there are NO3 and PO4 records matched with these datasets (Zonneveld et al., 2013); (4) the N-Dc relationships can be evaluated over a wider range (51.2°N-69.3°S); (5) they can give the comparable results, as these datasets have been standardized by excluding the samples that contained less than 50 individual numbers and 3 species numbers (Zonneveld et al., 2013); (6) the published datasets are easy to recheck. More background information of these datasets are given in the Table 1 of Supplementary Files and the corresponding literatures (Marret and Zonneveld, 2003; Orlova et al., 2004; Wang et al., 2004; Esper and Zonneveld, 2007; Vásquez-Bedoya et al., 2008; Bouimetarhan et al., 2009).


The relationship between nutrient concentrations and species diversity

S, H’, D and J are calculated by the vegan packages (Oksanen et al., 2020). The fractal p are calculated by Eq. 5. The frequency distribution patterns of each diversity metric are established using the histogram of 8 bins. Nutrient concentrations are divided equally into 50 segments, and all diversity metrics are standardized by taking the average of each segment. General linear regressions are used to fit the relationships between nutrient concentrations and each diversity metric, and the directions of the N-Dc relationships are marked by the slops of regressions (m). The relationships between nutrient concentrations and p are also fitted by non-linear regressions. All statistical analyses in this paper are performed in R ver. 4.0.4 (www.r-project.org), and code can be archived in figshare (Gao and Su, 2022).




Results

The analytical results of the compiled dataset show that PO4 ranges from 0.08 ± 0.00 to 2.08 ± 0.01 μmol/L and NO3 ranges from 0.35 ± 0.16 to 30.31 ± 0.00 μmol/L. The ranges of S, H’, D, J and p after segmenting PO4 are from 3.00 ± 0.00 to 20.66 ± 7.57, 0.22 ± 0.00 to 1.98 ± 0.47, 0.22 ± 0.00 to 0.91 ± 0.13, 0.13 ± 0.00 to 0.82 ± 0.07 and 1.31 ± 0.00 to 4.16 ± 0.21, respectively. Their ranges after segmenting NO3 are from 3.00 ± 0.00 to 19.86 ± 4.37, 0.09 ± 0.00 to 1.96 ± 0.35, 0.22 ± 0.00 to 0.97 ± 0.10, 0.05 ± 0.00 to 0.74 ± 0.08 and 1.32 ± 0.00 to 4.77 ± 0.19, respectively. The relationships between diversity metrics and two inorganic nutrients show the similar patterns (Figures 1, 2). S, H’ and J are negative with PO4 and NO3 (PO4: mS = -5.97, mH’ = -0.69, mJ = -0.15; NO3: mS = -0.44, mH’ = -0.05, mJ = -0.01). D and p are positive with PO4 and NO3 (PO4: mD = 0.24, mp = 0.74; NO3: mD = 0.02, mp = 0.05). Their relationships are all significant (P< 0.01, Table 1). The non-liner regression also shows that p decrease pronouncedly with decreasing PO4 and NO3 (PO4: R2 = 0.47, P< 0.01; NO3: R2 = 0.48, P< 0.01; please see the legend of Figure 2 for the fitting formula).




Figure 1 | The N-Dc relationships are measured by (A) Species Richness (S), (B) Shannon’s index (H’), (C) Simpson’s index (D), (D) Pielou’s evenness (J). All metrics show the similar patterns with changes in PO4 and NO3. The red line represents the regression result and the gray shading represents the 95% confidence limits.






Figure 2 | The relationships between nutrient concentrations (µmol/L) and fractal p. The red line represents the result of non-line regression and the gray shading represents the 95% confidence limits (PO4: y = 0.81e0.52x + 0.61, R2 = 0.47, P< 0.01; NO3: y = 0.72e0.04x+0.77, R2 = 0.47, P< 0.01).




Table 1 | The liner regressions between nutrient concentrations and diversity metrics.



The average values of S, H’, D, J and p are 13.75 ± 5.37, 1.60 ± 0.55, 0.34 ± 0.19, 0.63 ± 0.16 and 1.73 ± 0.62, and their median values are 14, 1.70, 0.28, 0.66 and 1.58, respectively. The percentage distributions of diversity metrics show that the interval with the highest percentage of S, H’, D and J are (12.50 16.07], (1.73, 2.11], (0.19, 0.32] and (0.68, 0.80], and they account for 26.08%, 29.90%, 35.04% and 33.55%, respectively (please see Figure 1 of Supplemental Files). [1.03 1.71) is the interval with the highest percentage of p, accounting for 55.48% (Figure 3). It is rare that p is far greater than 1 or very near 0. R2 of the fractal model to the samples of dinoflagellate cysts is from 0.3 to 1 (please see Table 2 of Supplemental Files). R2 of over 82% samples are above 0.8.




Figure 3 | The frequency distribution of the fractal p. The interval with the highest percentage of p is [1.03 1.71) and its percentage is 55.58%.





Discussion

With increasing urbanization and growth of agriculture, inorganic nutrient discharge has become a major problem in most coastal regions (Liu et al., 2012; Price et al., 2017; Rodrigues et al., 2022). Dinoflagellate is one of the most sensitive plankton to the nutrition condition (Ellegaard et al., 2017; Gurdebeke et al., 2018), and the diversity of dinoflagellate cysts are usually used for describing their responses (Baula et al., 2011; Price et al., 2017). Thus, understanding the relationships between nutrients and diversity of cysts (the N-Dc relationships) will help to develop information crucial for the identification of eutrophication in the coastal ecosystem (Penaud et al., 2018; Rodrigues et al., 2019; Keskes et al., 2020). However, although many studies have surrounded the N-Dc relationships over decades (Pospelova et al., 2002; Ellegaard et al., 2017; Gurdebeke et al., 2018), a further analysis is still needed, because (1) the samples of some studies were collected from a single source; (2) the ranges of nutrient concentrations might be insufficient; (3) SAD was rarely considered (Ellegaard et al., 2017; Price et al., 2017; Rodrigues et al., 2022). The biggest difference of this study is that the N-Dc relationships are evaluated by multiple aspects of diversity (including SAD) over a wide range of nutrient concentrations according to the compiled dataset (Marret and Zonneveld, 2003; Orlova et al., 2004; Wang et al., 2004; Esper and Zonneveld, 2007; Vásquez-Bedoya et al., 2008; Bouimetarhan et al., 2009).

In this study, all diversity metrics show the similar patterns with changes in PO4 and NO3 (Figures 1, 2). S, H’ and J significantly decrease with nutrients (Figure 1). D and p significantly increase with nutrients (Figures 1, 2). The lower D and p, the higher species diversity (Pielou, 1975; Su, 2016). Thus, all five metrics are negative with nutrient concentrations. These results echo most of the empirical studies, noting that diversity of cysts was usually negative with nutrients, and it could be considered as an ecological indicator of eutrophication (Tsirtsis and Karydis, 1998; Wang et al., 2004; Rodrigues et al., 2019; Keskes et al., 2020). However, they are inconsistent with the expectation of traditional theories, noting that the link between nutrients and diversity of phytoplankton is considered as the effect of nutrient enrichment on productivity or biomass, and then their relationships will be unimodal (Bedford et al., 1999; Irigoien et al., 2004; Adjou et al., 2012).

Such contradictions between the empirical investigations and the theoretical expectations are apparently worth discussing. Firstly, the negative N-Dc relationships similar to this study have been frequently observed (Wang et al., 2004; Rodrigues et al., 2019; Keskes et al., 2020). For example, Wang et al. (Wang et al., 2004) found that diversity of cysts in Daya Bay dramatically declined when the marine system enriched with nutrients. Keskes et al. (Keskes et al., 2020) suggested cyst diversity of South-Western Mediterranean were lower in the water with higher nutrients. Secondly, the decrease in diversity of cysts has been widely used as warning signs of eutrophication (Tsirtsis and Karydis, 1998; Wang et al., 2004; Rodrigues et al., 2019), which is based entirely on the negative N-Dc relationships. For example, Baula et al. (Baula et al., 2011) have used S of cysts to reflect the changes in nutrients caused by maricultural activities. Keskes et al. (Keskes et al., 2020) have evaluated the eutrophication in coastal ecosystem using to H’ of cysts. Pospelova et al. (Pospelova et al., 2002; Pospelova et al., 2005) used S and Fisher’s α of cysts as indicators of environmental conditions in estuarine systems. Finally, some studies have shown the very weak relationships between diversity and biomass (Currie and Fritz, 1993; Gough et al., 1994; Bedford et al., 1999; Enquist and Niklas, 2001; Currie et al., 2004), which indicates that species diversity may not be determined by the effect of nutrient enrichment on productivity or biomass. Accordingly, the negative N-Dc relationships repeatedly found by empirical investigations imply the possibility that traditional theories of the relationships between nutrients and phytoplankton diversity are still need to be further discussed, or at least the links of diversity with productivity (or biomass) are need to be carefully reconsidered (Currie et al., 2004; Brown, 2014).

Although the negative N-Dc relationships have been supported by many studies (Wang et al., 2004; Rodrigues et al., 2019; Keskes et al., 2020), the explanations for their intrinsic causes were rarely concerned (Liu et al., 2012; Price et al., 2017; Rodrigues et al., 2022). Previous studies mostly focused on the application of diversity as the indicator of eutrophication (Baula et al., 2011; Rodrigues et al., 2022; Shen et al., 2023), such as the comparison of usefulness between diversity and other ecological indicators for assessing eutrophication (Kitsiou and Karydis, 2011; Garmendia et al., 2013) and the evaluation of the efficiency of different diversity metrics to describe trophic levels (Tsirtsis and Karydis, 1998; Danilov and Ekelund, 2001; Spatharis and Tsirtsis, 2010). Actually, it is interesting to note that the negative relationships between nutrients and diversity have also been found in many taxa of marine and terrestrial systems (Morris, 1991; Vitousek, 1994; Elser et al., 2009; Cleland and Harpole, 2010; Kitsiou and Karydis, 2011). For example, Borer et al. (Borer et al., 2014) have manipulated a factorial experiment on herbaceous plants and found that nutrient addition caused declines in diversity. Soons et al. (Soons et al., 2017) compared effects of NO3 and PO4 on diversity of terrestrial ecosystems, and they suggested that nutrients enrichment had widespread and strong negative effects on plant diversity. Therefore, it seems reasonable to speculate that such negative relationships may be caused by some general concepts of ecology, such as resource competition or allometric scaling laws (West et al., 1997; Adjou et al., 2012; Borer et al., 2014). If this speculation holds true, the analysis of the N-Dc relationships according to these concepts will be useful to understand the mechanisms determining species diversity.

The frequency distributions of diversity show that the interval with the highest percentage of p is [1.03 1.71), and its average and median value are 1.73 ± 0.62 and 1.58, respectively. In previous studies, Su (Su, 2018) found very similar results using eight datasets that represented bird, mammal, insect, plant and plankton taxa. His study showed that the interval with the highest percentage of p mostly appeared close to 1, and the average and median value for all taxa were 1.11 ± 0.00 and 1.03, respectively (Su, 2018). Although dinoflagellate cysts and other taxa are from very different ecosystems, their frequency distributions of p all aggregate around 1 [Figure 3 and (Su, 2018)]. According to Eq. 4, when p approaches 1, SAD (Nr/N1) will be 1: 1/2: 1/3… that is consistent with Zipf’s law (Zipf, 1949). Accordingly, diversity of dinoflagellate cysts, as many other taxa, is more likely to appear 1: 1/2: 1/3…, which means that there may be a similar mechanism that structures SAD in the community.

To elucidate this pattern, Su (Su, 2018) proposed two hypotheses (hereafter called the entropy hypothesis). H1: The total energy (ET) in a community was finite; H2: Species diversity was determined by the entropy that increased with the energy transformation. According to H1, NT/N1 (NT is the total abundance in a community) is finite, as NT is usually equivalent to ET (Su, 2018). The finiteness of NT/N1 determines that p ought to be higher than 1 (NT/N1 =   converges only when p > 1) (Su, 2018). Since a lower p represents a higher species diversity, p = 1 (Nr/N1 is 1: 1/2: 1/3…) will be the theoretical maximum of diversity presented by the fractal model (Su, 2016). On the one hand, the p distribution of dinoflagellate cysts mostly appears close to 1 (Figure 3). On the other hand, the nonlinear regressions of the relationships between nutrients and p tend to be flat and do not exceed 1 (Figure 2). Thus, this study supposes that diversity of cysts with decreasing nutrients is more likely to approach the maximum 1: 1/2: 1/3….

The frequency distributions of S, H’, D and J also indicate that they are mainly aggregated in the particular intervals that are (12.50 16.07], (1.73, 2.11], (0.19, 0.32] and (0.68, 0.80]. However, previous studies rarely focused on the frequency distributions of these metrics, and almost none of them proposed that these intervals had any particular significance of ecology (Liu et al., 2012; Price et al., 2017; Rodrigues et al., 2022). Thus, it is hard to conclude that S, H’, D and J with decreasing nutrient concentrations will converge to an extreme value similar to p. This is the difference between the N-Dc relationships presented by p and the other metrics, noting that p = 1 is the special case of the fractal model (Su, 2018), while such particular values for other metrics have not been demonstrated by previous studies (Liu et al., 2012; Price et al., 2017; Rodrigues et al., 2022).

Finally, when the samples of cysts are used to explore the relationships between nutrients and diversity of dinoflagellates, there are some influences that are not taken into account by this study. (1) The cyst-producing species include autotrophs, heterotrophs and mixotrophs (Baula et al., 2011; Price et al., 2017). (2) Diversity of dinoflagellates are also affected by other factors including, sea surface salinity, temperature and coastal upwelling events (Dale, 2009; Chen et al., 2011). (3) The cysts record at some site usually represents 30-40% of the species included in local plankton (Pospelova et al., 2002; Dale, 2009). Thus, the results and conclusions of this study may be affected by these points. Additionally, some other algas (such as diatoms) were also frequently used as indictor of eutrophication (Kitsiou and Karydis, 2011; Blanco et al., 2012). In the future, it is very necessary to further test and verify the negative relationships between nutrients and diversity (especially the maximum 1: 1/2: 1/3…) using the dinoflagellate and other algae samples.



Conclusion

This study suggests that the relationships between inorganic nutrient concentrations and diversity of dinoflagellate cysts (including richness, dominance, evenness and SAD) are negative over a wide range of nutrient concentrations (Table 1 and Figures 1, 2). This is consistent with the most previous empirical studies, which further supports that low diversity indices could be considered as a signal of eutrophication (Tsirtsis and Karydis, 1998; Wang et al., 2004; Rodrigues et al., 2019; Keskes et al., 2020). Different from previous studies of dinoflagellate cysts, this study finds a new pattern of the N-Dc relationship that diversity of cysts with decreasing nutrient concentrations appear to gradually approach the maximum 1: 1/2: 1/3…. This is a general SAD presented by fractal model that is supported by many taxa (Su, 2018). Thus, if this new pattern can be verified by more investigations, maintaining diversity at nearly this maximum value can be one of the goals of coastal management. Additionally, analyzing the N-Dc relationship according to their intrinsic mechanism is expected to help quantitative identification of the quality of the coastal environment and even understand the general mechanisms determining diversity.
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