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Abstract

:

Skeletonema potamos is a freshwater diatom that has been widely distributed in North America, Europe, and Australia since the 1980s. However, there have been few previous reports of S. potamos in China. Only recently has S. potamos been frequently found in our extensive ecological surveys in China, and it has sometimes even been the dominant species. This study clarified the morphology, distribution, and origin of S. potamos, as well as the underlying mechanism contributing to its dominance. We examined the samples collected from the Changjiang River (Yangtze River) Basin during 2016–2022 and determined their geographical distribution. Genetic distance analysis indicated that S. potamos strains in China might have been transported by ships and ballast water from the USA or Japan through the East Sea into the Yangtze River Estuary. Cargo ships possibly contribute to its dispersal. An analysis of the ecological factors affecting the occurrence and distribution of S. potamos in China indicated that many waterbodies provide environments suitable for S. potamos. The suitable environment, small size, and rapid reproduction of S. potamos are the reasons for its dominance in the Yangtze River Basin. We predict that S. potamos is likely to form “blooms” in China in the future.
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1. Introduction


Skeletonema is a common coastal diatom genus that contains 13 species, 11 of which have been defined as marine species [1], and two, Skeletonema potamos and Skeletonema subsalsum, as freshwater species [2]. Skeletonema potamos is a poorly known diatom, which is mainly found in freshwater and slightly brackish habitats [3]. It is a common “bloomer” in many Eastern North American rivers and is a good indicator of river health [4].



S. potamos was first discovered in Jensensee, Germany, but it was erroneously thought to be conspecific to Stephanodiscus subsalsus (Cleve) Hustedt [5,6]. In 1970, a description of S. potamos was published, describing the species collected from the Little Miami River (OH, USA) as Microsiphonia potamos Weber [7]. In 1976, Hasle and Evensen placed this species in Skeletonema and ascribed Stephanodiscus subsalsus as a synonym for S. potamos [6,8]. Since then, S. potamos has been found in many rivers and lakes in North America, Europe, and Australia [9].



The records of S. potamos in China are rare. Cheng and Liu (1992) first reported S. potamos in Xiamen Port [10]. Considering its morphological features, it is possible that Skeletonema subsalsum was misidentified as S. potamos due to limited technology. Lin and Yang (2007) studied the phytoplankton diversity of the Taiwan Strait and included S. potamos in the list [11]. However, there have been no additional reports of S. potamos in China in the following ten years. Notably, in our surveys of ecosystem diversity, we found a large population of S. potamos in Dianshan Lake in 2016. Subsequently, we observed that S. potamos is widespread in China and is sometimes a dominant species in the Changjiang River (Yangtze River) Basin. Similarly, S. potamos was detected in the Yangtze River and Tai Lake by Zhang et al. (2022) using an environmental DNA (eDNA) biological monitoring method [12].



These findings inspired us to investigate the distribution of S. potamos in China, the reason for its frequent appearance in China in recent years, its mode of entry and wide distribution within China, and the reasons for its survival and dominance.



In this study, we determined the distribution of S. potamos in China based on our extensive ecological surveys of existing samples from the Yangtze River Basin over the past six years. We observed strains from cultures and field samples and clarified the morphological characteristics of S. potamos. We conducted a literature survey and sample examinations to estimate the global distribution of S. potamos. We also conducted genetic diversity and ecological analyses to determine the origin and underlying mechanisms contributing to the dominance of S. potamos. The goal of this study was to clarify the identification and geographical distribution of S. potamos and identify its possible origin and dispersal mode. We examined the mechanisms contributing to the dominance of S. potamos, providing basic data for future physiological and ecological studies.




2. Materials and Methods


2.1. Sample Examination and Analysis


We examined the presence of S. potamos in samples collected from the Yangtze River Basin during 2016–2022. In each sample containing S. potamos, at least 400 algal units were counted using a 0.1 mL counting chamber at 400× magnification [13,14]. Individual cells were taken as a counting unit. This process was repeated at least three times [15].



Light microscopy (LM) examination was conducted using an Axio Imager A2 microscope (Carl Zeiss Inc., Hallbergmoos, Germany) and a microscope-attached camera (DP72, Olympus, Tokyo, Japan). Samples were treated with concentrated nitric acid using a microwave accelerated reaction system (MARS) (CEM Corporation, Charlotte, NC, USA) and a preprogrammed digestion scheme (temperature, 180 °C; ramp, 15 min; hold, 15 min) [16]. The samples were washed seven times with distilled water to remove the acid and were kept in 95% ethanol. The cleaned diatoms were then mounted on Naphrax® to obtain permanent slides for the LM analysis.



An ultrastructural morphological examination was performed using scanning electron microscopy (SEM).(Tokyo, Japan) Cleaned specimens were air-dried and attached to copper stubs, coated with ~15-nm gold-palladium using a sputter coater (HITACHI E-1045) (Tokyo, Japan) [17]. The cleaned frustules were examined using a Hitachi SU 8010 SEM (2 kV) (Tokyo, Japan) and images were compiled with Adobe Photoshop CS4 (Adobe Photoshop CS4 Extended) [18].



Water temperature (WT), salinity, pH, total dissolved solids (TDS), and dissolved oxygen (DO) were measured using a YSI ProPlus multi-parameter meter (YSI, Yellow Springs, OH, USA) [16]. Water samples, which were collected from a depth of 0.5 m below the water surface, were transferred to the laboratory for determining total nitrogen (TN), total phosphorus (TP), and chemical oxygen demand (COD). These chemical samples were analyzed using Chinese standard methods [15].




2.2. Sample Isolation and Cultivation


The samples collected from the Jiuduansha Wetland National Nature Reserve (31°13′58″ N, 121°46′50″ E) were screened for isolation and cultivation. An S. potamos strain, cjh2, was isolated using a capillary method under a Nikon Ts2 inverted microscope (Nikon, Tokyo, Japan) [19]. The strain was cultured in 24-well cell plates that contained CSI medium. Cultures were kept at 24 °C under a 12:12 h (L:D) photoperiod at 62.5 μmol photons m−2 s−1 provided by cool white, fluorescent tubes. We used a semi-continuous batch culture and transferred the cultures to fresh media every four days.




2.3. DNA Extraction, PCR Amplification, and Sequencing


Monoclonal cultures of cjh2 were harvested by centrifugation at 6000 r/min for 3 min. The DNA of cjh2 was extracted using the Chelex method [20]. The extraction process was as follows: addition of 200 μL 10% Chelex-100, vortexing for 10 s, centrifugation at 13,000 r/min for 2 min, heating at 95 °C for 20 min, vortexing for 15 s, and final centrifugation at 13,000 r/min for 2 min.



Polymerase chain reaction (PCR) amplification of five genes, namely nuclear-encoded small and large subunits of the rDNA (nSSU rDNA and nLSU rDNA), mitochondrial-encoded cytochrome c oxidase I (cox1), ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit (rbcL), and photosystem II CP43 protein (psbC), was performed as described by Orsini et al. (2002) [21], Theriot et al. (2011) [22], and Yamada et al. (2017) [23]. The primers used are shown in Table 1. The PCR products were sequenced by BGI Tech Corporation (Shanghai, China).




2.4. Statistical Analysis


The distribution maps of S. potamos were drawn using ESRI ArcInfo 10.8 GIS program based on the sites listed in Tables S1 and S2. SPSS was used for the Spearman correlation coefficient analysis. Box and whisker plots as well as correlation graphs were drawn using Origin 2021.



All sequences of S. potamos were downloaded from the NCBI database and aligned using Clustal W [24] in BioEdit version 7.2.1 [25]. Genetic distance analysis was conducted using MEGA v. 6.0.





3. Results


3.1. Morphological Observations of S. potamos


The frustules are cylindrical in the girdle view (Figure 1a–c). They frequently form short filaments with 2–4 cells, but both single cells and longer chains (six, eight, or ten cells) are also common. Cells are 1.3–3.0 μm in diameter and the pervalvar axis is 4.0–12.0 μm. Adjacent cells are separated by gaps ranging from 0.2 to 0.4 μm. There are one or two parietal chloroplasts per cell (Figure 1a,b).



In SEM, the valve face is flat in the center and slightly rounded near the edge (Figure 1d–f). Small granules occur on the valve face (Figure 1d,e). There are fine striae arranged in radial rows, consisting of irregular polygonal areolae and transverse branches. These heavily silicified striae are deposited onto the valve face, valve mantle, and fultoportula processes (FPPs) (Figure 1d–f). Near the margin of valves, a ring of 3–7 FPPs is situated (Figure 1f,g). FPPs are tubular externally and have root-like protrusions with truncated or cleft distal ends (Figure 1h). At the bases of FPPs, external pores are not visible, but there are three satellite pores in the internal valve view (Figure 1g,h). Two opposite frustules are linked by interleaving intercalary fultoportula processes (IFPPs) (Figure 2b). A girdle with numerous bands is also present between the two linked frustules (Figure 2a). Each valve has one rimoportula (RP) with a small external process. The rimoportula process (RPP) is short and sessile. Terminal rimoportulae (TRPs) are situated close to the ring of marginal FPPs or near the valve center, and intercalary rimoportulae (IPRs) are near the ring of FPPs (Figure 2b–d).




3.2. World Distribution of S. potamos


S. potamos is widely distributed across five continents [1] (Figure 3). Although most common in Europe, it has been detected in 72 water bodies (a total of 95 positions) in 16 countries, mainly in rivers [26,27], and also in lakes, reservoirs, and estuaries. In North America, mainly in the USA and Canada, S. potamos is widely distributed in rivers, lakes, and their estuaries, which flow into the Atlantic and Pacific Oceans (71 water bodies in total). In South America, S. potamos has been found in two water bodies (eight positions) in Brazil [28] and two water bodies in Argentina. And in Oceania, it occurs in four rivers in Australia [29]. In addition, there are some reports of S. potamos in Asia. In Japan, it has been observed in 11 water bodies, including lakes, seas, and tidal areas. Furthermore, S. potamos has been found in two rivers, five reservoirs, and Neva Bay in Russia, in addition to one occurrence in Mongolia. In China, S. potamos has previously only been reported in the Taiwan Strait [11] (for coordinates and references, see Supplementary Materials Table S1).



In this study, S. potamos was frequently found in over six years of samples collected from the Yangtze River Basin (Figure 3 and Figure 4). In total, S. potamos was found at 89 positions. In the downstream area, from the mouth of Poyang Lake (Jiangxi Province) to the Yangtze River Estuary in Shanghai, S. potamos was found at 23 sites in the mainstream. It was also found in 27 sites in the Lower Yangtze River Basin, including 13 rivers and lakes, such as Tai Lake (five sites), Dianshan Lake, and Dishui Lake. In the middle reaches of the Yangtze River Basin, there were 14 positions that had S. potamos, including six positions in Poyang Lake. In the upper reaches of the Yangtze River, from Yichang (Hubei Province) to Yibin (Sichuan Province), S. potamos was detected in seven mainstream locations and eight tributary locations. In addition, S. potamos also occurred at ten positions on the Jinsha River (the upper part of the Yangtze River). (See Supplementary Materials Table S2 for details).




3.3. Genetic Diversity


We searched almost all the sequences of five genes of S. potamos in the NCBI database. However, only 19 sequences obtained from Japan, the USA, and Hungary were found and used for genetic distance analysis. Our results suggested that the cox1 gene of strain cjh2 (GenBank accession number OP699718) was consistent with the partial sequences obtained from Japanese waterbodies (LC192721, LC192723, and LC192732). The rbcL gene obtained in this study (OP819055) was identical to the available sequence published earlier in the USA (KJ081746) but was different from the genotype obtained from Hungary (KF621301) (Table 2). These results indicated that strain AJA010-19 reported from the USA and strains FCH102, FCH106, and FIS101 reported from Japan are the closest known relatives of strain cjh2.



Genetic distance analysis based on nSSU rDNA, nLSU rDNA, and psbC showed that there are no divergence differences among the strains obtained from China, Hungary, the USA, and Japan. Accordingly, the nSSU rDNA, nLSU rDNA, and psbC of S. potamos appear to lack intraspecific variability (Table S3).




3.4. Ecology Analysis


Samples collected from the Yangtze River Basin were examined and the abundance of S. potamos was recorded. To reveal the important environmental factors that significantly affect the occurrence and abundance of S. potamos, a correlation analysis was carried out based on the ecological factors obtained from samples collected in the Yangtze River Basin. The Spearman method was selected for analysis due to the non-normal distribution of most of the ecological factors.



The correlations among the nine ecological factors were examined with emphasis on key environmental factors that are significantly related to the abundance of S. potamos. Our results indicated that the abundance of S. potamos was significantly correlated with three environmental factors (Figure 5). It was positively correlated with chemical oxygen demand (COD) (r = 0.318) and negatively correlated with water temperature (WT) (r = 0.352) and total phosphorous (TP) (r = 0.347).



We also collated the important environmental factors recorded when S. potamos was found in our samples, which are presented in the box and whisker plots (Figure 6). In China, the WT of the waterbodies where S. potamos exists ranges from 6 °C to 36 °C, and the TP ranges from 0.18 to 1.07 mg L−1. The COD of waterbodies with S. potamos ranges from 0.8 to 13.5 mg L−1. However, S. potamos also occurs in heavily polluted waterbodies, with COD values greater than 15 mg L−1. These waterbodies include Nanxing Lake and Dianshan Lake.





4. Discussion


4.1. Morphological Comparison


S. potamos specimens from the Yangtze River were similar to the type of material from the Little Miami River, Ohio, USA [6,7]. Both specimens had a knobby valve face, heavily silicified areolae, and tubular FPPs with a cleft at the distal tip. However, the Chinese specimens had a smaller frustule diameter than did specimens collected from the Little Miami River. This may be due to the influence of different environmental factors. Our analysis of previous reports on the morphology of S. potamos showed that other characteristics of S. potamos observed in China were similar to the specimens described in the literature (Table 3).



Notably, we clarified the different positions of the IRPs and TRPs in this study. We counted 40 TPRs and observed that 29 TRPs were close to the FPPs and 11 TRPs were near the center of the valve. All observed IRPs were located near the FPPs.




4.2. Possible Origin of S. potamos in China


Algal research was initiated in China in the early 20th century when many outstanding algal scholars emerged. However, there are few reports of S. potamos in China, unlike in Europe, North America, and Australia, where S. potamos was frequently found in the 1980s [9]. Until recent years, S. potamos was frequently found in our samples and it was sometimes the dominant species in the Yangtze River Basin. This suggests that S. potamos is an invasive species. Similarly, Descy et al. (2012), who studied phytoplankton diversity in the Loire River, also proposed that S. potamos was the most frequent and abundant invasive planktonic species [32].



To explore the origin of S. potamos, we downloaded all available sequences of S. potamos and conducted a genetic distance analysis. A similar method was used by Pfannkuchen et al. (2018), who revealed how Skeletonema grevillei was introduced into the Northern Adriatic Sea [33]. In the genetic analysis based on nLSU rDNA, nSSU rDNA, and psbC, we found that the distance between all sequences was zero, which indicates a lack of intraspecific variability of these three genes in S. potamos. This possibility is supported by Duleba et al. (2014), who discussed the biogeography and phylogenetic position of S. potamos and found little invariability in nLSU rDNA and nSSU rDNA [1]. In contrast, cox1 and rbcL have greater potential for the exploration of intraspecific differences. However, there are few psbC sequences for S. potamos in the NCBI database, so their applicability requires further exploration.



Genetic analysis based on cox1 and rbcL indicated genetic similarity of the Yangtze River Estuary isolates (cjh2) to isolates from the USA and Japan. Combined with the discovery history, we inferred that S. potamos probably entered the Yangtze River Estuary from Japan or the USA through the East Sea, and from there into the Yangtze River Basin. Ship traffic and the release of ballast water from ships may be responsible for the migration of S. potamos. Liu et al. (2012) reached a similar conclusion that coastal currents and the ballast water of coastal ships provided transportation for the northward expansion of Skeletonema tropicum [34].



At present, we can only propose one possible origin of S. potamos due to the limited sequence information in the NCBI database. In the future, the enrichment of S. potamos sequences could help reveal additional possibilities for the origin of S. potamos in China and its likely diffusion paths in other parts of the world.




4.3. The Diffusion Pattern and Dominant Mechanism of S. potamos in China


The Yangtze River is the Golden Waterway, with the greatest amount of cargo transportation in the Inner River around the world [35]. In the last 10 years, the Yangtze River Pilotage Center has guided over 588,000 vessels from home and abroad. In 2022, ports on the main line of the Yangtze River have dealt with 3.59 billion tons of goods. Cargo ships are possible carriers for the introduction and dispersal of S. potamos in the Yangtze River Basin.



Once introduced into the Yangtze River Basin, S. potamos needs a suitable environment for growth and reproduction. In this study, we conducted a correlation analysis of the ecological factors in the Yangtze River Basin. The results suggest that WT, TP, and COD are important environmental factors affecting the occurrence and abundance of S. potamos. Although salinity, which varies little in the Yangtze River Basin, has not been screened out, it is considered an important environmental factor due to its influence on the morphology of S. potamos. Similarly, Liu et al. (2012) also proposed that seawater temperature and salinity determine the occurrence and abundance of S. tropicum [36].



We summarized the four key environmental factors recorded in previous reports and discussed the ecological preferences of S. potamos (Table 4). In previous reports, the WT of S. potamos habitats ranged from 6 to 30 °C, which is similar to the WT of S. potamos found in the Yangtze River Basin. This indicated that the Yangtze River can provide a suitable WT for the survival of S. potamos. Regarding salinity, we realized that S. potamos is primarily distributed in freshwater and slightly brackish water and that the Yangtze River Basin is a suitable habitat for its growth and reproduction. There are few records of TP and COD in waterbodies that S. potamos inhabits, which have TP values ranging from 0.01 to 1.9 mg L−1 and COD values ranging from 2.45–19.6 mg L−1. The TP and COD in most of the water bodies inhabited by S. potamos in the Yangtze River Basin are also within these ranges.



The Yangtze River Basin appears to provide suitable living conditions for S. potamos. In addition, the small size and rapid reproduction of this species give it a competitive advantage, so that it can become the dominant species. Based on these results, we predict that S. potamos in China could form a population “bloom” in the future.





5. Conclusions


In this study—given that there were few previous reports of S. potamos in China until our research group made the recent discovery in the Yangtze River Basin—S. potamos was identified as an invasive species. Genetic distance analysis showed that one S. potamos strain from the USA and three strains from Japan were the closest known relatives of the S. potamos strain from China. Ship and ballast water transport from the USA or Japan through the East Sea into the Yangtze River Estuary would help explain the genetic similarity of the strains. A large number of cargo ships on the Yangtze River are possible carriers for the dispersal of S. potamos in China.



We summarized the ecological preferences of S. potamos based on historical reports. By screening and analyzing key ecological factors, we found that the waterbodies of China could provide environments allowing the survival and proliferation of S. potamos. The suitable environment, small size, and rapid reproduction of S. potamos give it the potential to be a dominant species and create population “blooms.”
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Figure 1. General morphology of S. potamos. LM: (a–c), colonies, scale bars, 5 μm. SEM: (d–h), scale bars, 1 μm (d,e,g,h); 0.5 μm (f). (d) Terminal valve with heavily silicified areolae; (e) valve face with fine striae and small granules in valve view; (f,h) FPPs with root-like protrusions, truncated or cleft margin and tubular externally without pores at their bases; (g) three satellite pores of FPPs and one RP in the external valve view; (h) the opposite frustules linked by interleaving IFPPs. 
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Figure 2. Girdle bands and RPs of S. potamos. (a) The structure of girdle bands; (b) the IRPs located near the ring of marginal FPPs (arrowhead); (c,d) the TRPs located at the edge of the valve (arrowhead) or near the valve center (arrowhead). Scale bars, 1 μm. 
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Figure 3. Map of S. potamos worldwide distribution. The rectangle indicates the distribution of S. potamos in the Yangte River Basin observed in this study. 
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Figure 4. Distribution map of S. potamos in the Yangtze River Basin. 
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Figure 5. Spearman correlation analysis among ecological factors. WT, water temperature; Sal, salinity; DO, dissolved oxygen; TDS, total dissolved solids; TP, total phosphorous; TN, total nitrogen; COD, chemical oxygen demand; AB, the abundance of S. potamos. The circle size represents the degree of correlation. Black stars mean value, *: p < 0.05, **: p < 0.01. 
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Figure 6. Box and whisker plots for environmental parameters. WT, TP, and COD were recorded in samples when S. potamos were observed. The top and the bottom of the boxes represent the 25th and 75th percentiles. Solid lines show the median and the dotted lines show the mean; the dots represent outliers. 
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Table 1. Primers used in this study.
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Gene Markers

	
Primers Names

	
Primers Sequences (5′–3′)






	
cox1

	
Fd

	
GGAACTTTATATTTAATCTTTGGTGC




	
1047R

	
AATACCAGAATTAGCAAGAACAAC




	
424F

	
GCGTCTTCTATTTTAGGTG




	
644R

	
GGATCACCTCCACCACCAGC




	
nLSU rDNA

	
D1R

	
ACCCGCTGAATTTAAGCATA




	
D2C

	
CCTTGGTCCGTGTTTCAAGA




	
nSSU rDNA

	
11F

	
TGATCCTGCCAGTAGTCATACGCT




	
1147R

	
AGTTTCAGCCTTGCGACCATAC




	
rbcL

	
66F

	
TTAAGGAGAAATAAATGTCTCAATCTG




	
1255R

	
TTGGTGCATTTGACCACAGT




	
psbC

	
22F

	
CGTGGTGATACATAGTTA




	
1154R

	
GCDCATGCTGGTTTAATGG
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Table 2. Genetic distance analysis based on cox1 and rbcL.
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	cox1
	1
	2
	3
	4
	5
	6
	7





	1 LC192721 FCH102 (Japan)
	
	0.000
	0.001
	0.001
	0.001
	0.000
	0.000



	2 LC192723 FCH106 (Japan)
	0.000
	
	0.001
	0.001
	0.001
	0.000
	0.000



	3 AB706249 FCH024 (Japan)
	0.001
	0.001
	
	0.000
	0.002
	0.001
	0.001



	4 LC192720 FCH101 (Japan)
	0.001
	0.001
	0.000
	
	0.002
	0.001
	0.001



	5 LC192731 FCH159 (Japan)
	0.002
	0.002
	0.003
	0.003
	
	0.001
	0.001



	6 LC192732 FIS101 (Japan)
	0.000
	0.000
	0.001
	0.001
	0.002
	
	0.000



	7 OP699718 cjh2 (China)
	0.000
	0.000
	0.001
	0.001
	0.002
	0.000
	



	rbcL
	1
	2
	3
	
	
	
	



	1 KJ081746 AJA010-19 (USA)
	
	0.001
	0.000
	
	
	
	



	2 KF621301 (Hungary)
	0.001
	
	0.001
	
	
	
	



	3 OP819055 cjh2 (China)
	0.000
	0.001
	
	
	
	
	







Bold words represent the strain cultured in this study.
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Table 3. Features of S. potamos observed in Yangtze River Basin and previously reported in the literature.
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	Chloroplast
	Frustule

Diameter (µm)
	Pervalvar

Axis (µm)
	Distance between Cells (µm)
	Number of FPPs
	RP





	Observed
	1–2
	1.3–3
	4–12
	0.2–0.4
	3–6
	1



	Weber (1970) [7]
	several
	3–4
	4–8
	—
	5–8
	—



	Hasle and Evensen (1976) [6]
	1–2 (4)
	3–4
	—
	—
	6–8
	1



	Belcher and Swale (1978) [25]
	1–2
	3–4
	6–10
	0, >1
	5–6
	1



	Torgan et al. (2009) [9]
	1–2
	3–4, 5
	6–10
	—
	5–7
	1



	Kiss et al. (2012) [30]
	—
	3–6.5
	5–18
	—
	3–8
	1



	Cavalcante et al. (2013) [31]
	—
	2.4–3.6
	4.4–7.3
	short
	4–8
	1







—: no data.
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Table 4. Four key environmental factors recorded in previous reports.
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	Location
	WT

(°C)
	Sal

(psu)
	TP

(mg L−1)
	COD

(mg L−1)
	Reference





	Tidal area of the Chikugo River (Japan)
	28.2
	13.0
	—
	—
	Yamada et al., 2013 [36]



	Lake Kasumigaura (Japan)
	11.0–18.0 (D)
	—
	0.05–0.175 (D)
	5–7 (D)
	Numazawa, 2005 [37]



	Cedar River Basin (USA)
	11.0–16.0
	—
	0.9–1.9
	—
	Main, 1977 [38]



	Patos Lagoon (Brazil)
	19.0
	4.0
	—
	—
	Bergesch et al., 2009 [28]



	River Ebro (Spain)
	28.0
	—
	—
	—
	Sabater and Muñoz, 1990 [39]



	River Rott-Postmünster (Germany)
	17.7–19.8
	—
	—
	—
	Chang and Steinberg, 1988 [40]



	River Cachoeira (Brazil)
	24.6 (M)
	—
	—
	—
	Cavalcante et al., 2013 [31]



	Patos Lagoon (southern Brazil)
	14.0–24.0
	0.0–7.2
	—
	—
	Lezilda et al., 2011 [9]



	River Danube, near Budapest (Hungary)
	14.0–25.0
	—
	—
	—
	Kiss et al., 1994 [30]



	River Danube at Göd (Hungary)
	14.9–27.0
	—
	—
	—
	Duleba et al., 2014 [1]



	River Danube (Croatia)
	8.0–23.0
	—
	—
	—
	Mihaljević et al., 2013 [41]



	Little Miami River (OH, USA)
	6.0–29.0
	—
	0.455
	—
	Weber, 1970 [7]



	Estuary of the River Ebro (Spain)
	9.8–27.3
	2.3–5.1
	—
	—
	Pérez et al., 2009 [42]



	Rideau River (ON, Canada)
	11.9–26.8
	—
	0.037
	—
	Hamilton et al., 2011 [43]



	River Rhine (Netherlands)
	—
	0.2–0.9
	—
	—
	Admiraal et al., 1994 [44]



	Chesapeake Bay (Virginia, USA)
	14.1
	—
	—
	—
	Lomas and Glibert, 1999 [45]



	San Francisco Bay (CA, USA)
	17.0–22.0
	0.0–5.0
	—
	—
	Cloern and Dufford, 2005 [46]



	River Meuse at Namur (Belgium)
	12.0–22.0 (D)
	—
	—
	—
	Gosselain et al., 1994 [47]



	Salado River, El Vado stream (Argentina)
	11.0–30.0
	—
	0.52–0.63
	—
	Devercelli and Farrell., 2013 [48]



	Parana’ River (Argentina)
	12.0–29.0
	—
	—
	—
	Devercelli, 2006 [49]



	Suisun Bay (USA)
	21.5
	—
	—
	—
	Lehman et al., 2010 [50]



	San Joaquin River (CA, USA)
	24.4–25.6
	—
	—
	—
	Brown and May, 2004 [51]



	San Joaquin River (CA, USA)
	21.0–25.5
	—
	0.14
	—
	Lehman, 2007 [52]



	Po River (Italy)
	—
	—
	0.302
	—
	Tavernini et al., 2011 [53]



	Sava River (Republic of Serbia)
	—
	—
	0.067–0.092
	2.45–3.45
	Čađo et al., 2006 [54]



	Moselle River (France)
	—
	—
	0.1
	19.6
	Heudre et al., 2020 [8]



	Estuary of River York (VA, USA)
	—
	—
	0.01–0.13
	—
	Marshall et al., 1990 [55]







—: no record; D: the value of ecological factors when S. potamos is the dominant species; M: the mean value of ecological factors in the water bodies where S. potamos was found.
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