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Abstract

:

The water spider (Argyroneta aquatic) is the only known spider to live a fully aquatic life. Therefore, it has been the subject of a series of studies on various aspects of its unique biology such as its reproductive behavior, sexual dimorphism, physiology, genetics, and silk. However, there have been relatively few studies on the hydroecology of where water spiders live. The water spider habitat in Eundae-ri, Yeoncheon is the only habitat for A. aquatica, a globally rare species, in South Korea. In this region, the water level of the wetland is automatically adjusted to groundwater owing to continued drying. Here, the surface water, wetland, and groundwater near the A. aquatica habitat were studied using hydrochemical, microbiological, and correlation analyses. The hydrochemical properties—water temperature, pH, electrical conductivity, dissolved oxygen (DO), oxidation reduction potential, and turbidity—of the surface water and wetland were similar. The Piper diagrams revealed that the wetlands, surface water, and most of the groundwater portrayed Ca-HCO3-type properties, whereas only areas where the water level of the wetland was controlled displayed Na-HCO3-type properties. Furthermore, the NO3 content was too low to be detected in the wetland, indicating clean and non-polluted water conditions; additionally, heavier oxygen-hydrogen isotopes were observed because these regions were climatically affected by the wetland. The dominant bacteria were Proteobacteria, Actinobacteria, Bacteroidetes, Cyanobacteria, Verrucomicrobia, and Nitrospirae. The correlation analysis revealed that the major environmental control factors of the A. aquatica habitat were DO, temperature, and pH, and the related bacteria were Cyanobacteria, Actinobacteria, and Verrucomicrobia.
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1. Introduction


Spiders are distributed in all types of environment and adapted to various environmental conditions. However, most species prefer a specific climate zone, and the species also varies depending on the type and availability of food [1]. Argyroneta aquatica (Clerck, 1757) from the family Cybaeidae is a rare spider species; it is the only existing species of the genus Argyroneta worldwide. Although it lives in an aquatic habitat, it cannot breathe in water, because unlike aquatic insects, they do not have gills. They form air bubbles, build spider webs and bubble nests in the water, and spend most of their lives in the water (Figure 1a,b) [2,3,4]. The species has been reported in running waters only occasionally [5]. According to Bristowe (1958) [3], shallow areas of the ponds are generally preferred by A. aquatica, especially for laying its cocoons. Although the species can exchange enough oxygen from the water even at high temperatures [6], it prefers room temperature (15–25 °C) [7,8,9]. It has been observed that it can survive in moderate acid and unoxygenated waters, where other predators cannot [5,7,8].



Argyroneta aquatica is distributed across Europe, Siberia, central Asia, Japan, China, and South Korea (Figure 1c). Generally, A. aquatica thrives in oligotrophic/eutrophic ponds, marshes and swamps, resurgences, small lakes, and slow-moving streams [5,7,8,10,11,12,13,14,15].



Generally, inland wetlands can control floods and promote groundwater recharge by absorbing and storing excess water from heavy rains. The species that live in wetlands can become locally extinct rapidly, as wetlands experience frequent dynamic changes. Therefore, compared to land species, organisms such as A. aquatica are more likely to disappear. The destruction of wetland habitats has led to a considerable loss of A. aquatica populations [16]. In general, wetlands are developed and cultivated by a combination of factors. The top priority is climatic and hydraulic conditions that can control the supply of water to wetlands; the other crucial factor is maintaining a watershed environment where moisture can remain stagnant. Because many factors act in combination in wetlands, they are characterized by high sensitivity to even minor changes in the environmental conditions of watersheds [17,18,19,20].



In South Korea, A. aquatica was first discovered in a shallow water pool created from the tracks of vehicles formed in a clay layer of a lava plateau in Jeongok in 1994 [21]. To date, the species could be found in a wetland that covers the Eundae-ri, Jeongok-eup, Yeoncheon-gun, and Gyeonggi-do areas; therefore, the wetland has been designated and protected as a natural monument (No. 412) [2,22]. Notably, because this wetland has a small area and the population of A. aquatica is small, the species is considered to be very vulnerable to environmental changes [23]. The A. aquatica habitat that has been preserved until now comprises of a shallow wetland, with a water depth of 20–30 cm. Currently, the wetland habitat is being threatened by high temperatures and dryness owing to rapid climate change and anthropogenic interferences. To date, studies on the habitat of A. aquatica in Eundae-ri have focused on the geographical and vegetative characteristics of the region [21,24,25].



Argyroneta aquatica spawns three times in May (in the adult stage) and from June to October [8]. Therefore, we examined the A. aquatica habitat and the hydraulic and microbiological interconnectivity of the A. aquatica habitat in May to July, the early part of its most prosperous period in a year (May to October). Thus, our study can provide the basic data required to study the species and their habitat from the perspective of non-geological science (natural ecology) and the topographical environment of the habitat, which covers the Hantangang River Geopark that was certified as a United Nations Educational, Scientific, and Cultural Organization (UNESCO) global geopark on 7 July 2020. UNESCO global geoparks are certified by the organization for their aesthetic value, scientific importance, and archaeological, cultural, ecological, and historical values. Therefore, we selected the wetland in Eundae-ri (located in the Hantangang River Geopark), Yeoncheon-gun in South Korea, as our study area. We selected this area because it had the potential to be an ideal geological site for our study, in terms of ecology, geology, and topography.



The aim of our study was to clearly portray the effects of the changes in the surface water and groundwater on wetlands, while focusing on A. aquatica, which is a vulnerable and rare species. Notably, our study findings can help support other studies to understand and analyze the correlation between different ecosystems, habitats, and environments, especially with respect to specific species populations.




2. Study Area


Our study area was an A. aquatica habitat (wetland) in Eundae-ri, Jeongok-eup, Yeoncheon-gun, Gyeonggi-do (South Korea), which has been designated and protected as a Natural Monument no. 412 since 1999 (Figure 2). The wetland, formed in a lava plateau (altitude of 60–70 m), is located between the Hantan River and Chatan Stream. The rocks in this lava plateau comprise of the Yeoncheon Group’s Misan Formation of the Paleozoic period, East of the Hantan River. To the west of the river, near Mount Gunja and surrounded by the Hantan and Imjin rivers, a lava plateau is located that is mostly composed of quaternary basalt. The surface of the lava plateau is covered with quaternary alluvial materials, but the base is made of basalt.



The average temperature of the study area over the last 10 years was 11.7 °C, and the average precipitation was 1232.3 mm (Figure 3).



With respect to the global distribution of the species, the average temperature and precipitation over the last 10 years was 9.3 °C and 1466.4 mm in the United Kingdom, 10 °C and 1306.6 mm in Ireland, 10.8 °C and 913.5 mm in Netherland, 10 °C and 688.9 mm in Germany, 7 °C and 8.7 mm in Norway, 16.5 °C and 1658.9 mm in Japan, and 0.9 °C and 473 mm in Australia, respectively (Table 1). Notably, Ireland and the UK have an A. aquatica habitat environment similar to South Korea.




3. Materials and Methods


3.1. Field Survey and Hydrochemical Analysis Method


In this study, a total of nine sites were selected, including three sites in the A. aquatica habitat (wetland) in Eundae-ri, two surface water sites (Chatan Stream, Hantan River), and four groundwater well sites withing a radius of 500 m of the habitat, to examine the hydrochemical and microbiological connectivity of the groundwater, wetland, and surface water in the study area; the sampling was conducted from May 2021 to July 2021. On-site water quality surveys were conducted three times for each site for hydrochemical and microbiological analyses. In May, the EDG4 site could not be sampled because of well failure, and in July, the EDW3 could not be measured because the wetland dried when the weather was hot. The water at the sites were analyzed using an on-site water quality meter (YSI ProDSS multiparameter water quality meter, 626870-2, YSI Incorporated, Yellow Springs, OH, USA) before sampling the water for analysis. The water samples for anion and cation analysis were filtered using a 0.45 μm filter, and the cation samples were adjusted to pH 2 or less using strong HCl. The samples were sealed in containers and stored in refrigeration at 4 °C or lower until they were analyzed. The major and minor ion analyses were conducted at the Basic Science Analysis Support Center of the Sangji University. An isotope mass spectrometer (IRMS) was used to analyze oxygen stable isotopes, and a Cavitation Ring-down spectrometer (CRDS) was used to analyze hydrogen stable isotopes in the Beta Analytic Testing Laboratory (Miami, FL, USA). The equipment used in the analysis followed the standards of ISO/IEC 17025:2017. The ion concentration was reported in mg/L and the stable isotope values are indicated in ‰.




3.2. Microbial Analysis Method


The water samples for microbial analysis were filtered using a 0.25-μm filter and stored in a refrigerator at −80 °C, until the 16S rRNA extraction and pyrosequencing were completed, followed by rRNA analysis. DNA was extracted using a DNeasyPowerSoil Pro Kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. The extracted DNA was quantified using Quant-IT PicoGreen (Invitrogen, Waltham, MA, USA). The sequencing libraries were prepared according to the Illumina 16S Metagenomic Sequencing Library protocols to amplify the V3 and V4 region. The input gDNA 2 ng was polymerase chain reaction (PCR)-amplified with 5× reaction buffer, 1 mM of dNTP mix, 500 nM each of the universal F/R PCR primer, and Herculase II fusion DNA polymerase (Agilent Technologies, Santa Clara, CA, USA). The cycle condition for the 1st PCR was 3 min at 95 °C for heat activation, and 25 cycles of 30 s at 95 °C, 30 s at 55 °C, and 30 s at 72 °C, followed by a 5 min final extension at 72 °C. The universal primer pair with Illumina adapter overhang sequences used for the first amplifications were as follows: V3-forward (F): 5′-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGG NGGCWGCAG-3′; V4-reverse (R): 5′-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG GACTACHVGGGTATCTAATCC-3′. The 1st PCR product was purified using AMPure beads (Agencourt Bioscience, Beverly, MA, USA). Following purification, the 2 µL of the 1st PCR product was PCR-amplified for final library construction containing the index using Nextera XT Indexed Primer. The cycle condition for the 2nd PCR was same as the 1st PCR, except for 10 cycles. The PCR product was purified using AMPure beads. The final purified product was quantified using quantitative PCR (qPCR), according to the qPCR Quantification Protocol Guide (KAPA Library Quantification kits for IlluminaSequecing platforms) and qualified using TapeStation D1000 ScreenTape (Agilent Technologies, Waldbronn, Germany). The paired-end (2 × 300 bp) sequencing was performed by Macrogen using the MiSeq™ platform (Illumina, San Diego, CA, USA). The obtained sequencing reads were deposited to the National Center for Biotechnology Information (NCBI) Sequence Read Archive (SRA; http://www.ncbi.nlm.nih.gov/) under accession number SRP347337.




3.3. Correlation Analysis Method


The similarity pattern in the structure of the microbial community was examined by non-metric multidimensional scaling (NMDS) analysis. The NMDS algorithm ranks the distance between objects and uses this ranking to map objects nonlinearly in a simplified two-dimensional array space to maintain the ranking difference, rather than the distance [26]. In addition, canonical-correlation analysis (CCA) was performed to examine the correlation between the microbial community and the hydrochemical properties of the water samples. Notably, CCA analysis is a method of correlating the linear relationship between two multidimensional variables. It is especially suitable for species abundance analysis and environmental interpretation; most importantly, it accommodates the absence of species at specific locations in the data set [27]. The NMDS and CCA analyses were performed using the “vegan” package of the R for the Windows version 3.2.0 (The R Project for Statistical Computing, Vienna, Austria). This analysis can determine the relationship between the microbial community composition and the hydrochemical properties of water in an area.





4. Results and Discussion


4.1. Hydrochemical Properties


The parameters of the water quality of the A. aquatica habitat (wetland), surface water, and groundwater are provided in Table 2. The average water temperature of the A. aquatica habitat (wetland) was 25.4–29.0 °C, while that of the surface water was similar at approximately 25.1 °C. The groundwater had a low temperature of 16.3–17.4 °C. The A. aquatica habitat and surface water portrayed large seasonal variations, as they were directly affected by the atmosphere, but the groundwater portrayed a relatively small seasonal impact [28]. The pH values of the A. aquatica habitat (wetland) water samples were 7.7–8.4, the surface water samples were 8.1–8.3, and the groundwater samples were 6.7–9.7. The pH of the EDG4 water sample, the site that controlled the water level of the wetland, was 9.7; this appeared to influence the pH value of the wetland. Thus, considering that the pH of the A. aquatica habitat in Japan is 4.5–4.48 [7], the pH of the A. aquatica habitat in South Korea is relatively high. Furthermore, the dissolved oxygen (DO) was 8.7–9.8 mg/L in the wetland, 8.5–9.1 mg/L in the surface water, and 2.8–7.0 mg/L in the groundwater. The electric conductivity (EC) was 50.6–88.9 μS/cm in the wetland, 247.7–328.6 μS/cm in the surface water, and 240.3–540 μS/cm in the groundwater. The oxidation-reduction potential was 47.7–72.3 mV in the wetland, 59.4–73.6 mV in the surface water, and 0.6–98.9 mV in the groundwater. The turbidity was 19.0–37.9 NTU in the wetland, 8.3–11.7 NTU in the surface water, and 0.5–14.4 NTU in the groundwater. Notably, the wetland and surface water samples indicated similar properties. A previous study reported that the A. aquatica habitat in Japan had low pH and DO values [7,8]. This suggests that A. aquatica can prosper in an environment where the natural enemies of A. aquatica cannot survive. Fish, which are common predators of A. aquatica, are unable to survive in water with less than 3 mg/L dissolved oxygen [29]. A. aquatica, on the other hand, does not absorb oxygen from the water, hence they can survive in water with low DO levels. As low DO makes it difficult for possible predators such as fish to live, A. aquatica can survive and prosper in these conditions [7,30].



Therefore, the pH and DO levels in the research area are high. The A. aquatica habitat in Eundae-ri has an environment where the natural enemies of A. aquatica can prosper and this appears to contribute to the reduction in the species population.



The hydrochemical composition of the wetland can help us to better understand the evolution of wetlands and their interactions with different water sources. The Piper diagram is an important tool that reflects the source and type of natural water [31]. The Piper diagram of groundwater, wetland, and surface water collected from the three samplings of the study area is shown in Figure 4. The groundwater well EDG4, which directly controlled the wetland water level, displayed the properties of Na-HCO3 type, and the EDG 3 well portrayed the properties of Ca-HCO3 type. The other groundwater sites, EDG1 and EDG2, and the surface water sites, EDS1 and EDS2, also displayed the properties of Ca-HCO3 type. Moreover, the wetland also displayed Ca-HCO3-type properties, commonly observed in groundwater and surface water.



Most of the Ca-HCO3 types showed the properties of surface water, wetland, and shallow groundwater, which are directly affected by the atmosphere [32,33]. The Na-HCO3 type showed the properties of deep groundwater samples [32]. The water evolved from the Na-HCO3 to Ca-HCO3 type, based on the composition trend of the recharge water that recovered the aquifers [34]. The EDG4 water samples showed the properties of deep groundwater, whereas EDG3, EDG2, and EDG1 showed the properties of shallow groundwater.



In terms of the chemical composition of the water samples acquired from the study area, the concentration of NO3 (Table 3) could not be detected in the wetland samples. The surface water had a NO3 content of 6.99–17.74 mg/L, and the wells EDG1 and EDG2, which were located far from the wetland, had a NO3 content of 7.3–12.9 mg/L. Furthermore, EDG3 and EDG4, which were located close to the wetland, had a content of 0–1.19 mg/L. This indicated that the area around the wetland was clean and not affected by pesticides or chemical fertilizers.



The correlation of hydrogen and oxygen isotopes in the water can be defined as follows. The local meteoric water line (LMWL) can be used to represent the moisture sources and local climatic conditions. Notably, the hydrogen-oxygen scattering deviation of different waters in the LMWL can reflect the degree of evaporation and water interaction [35,36].



The relationship between the δ18O and δ2H values of the surface water, wetland, and groundwater samples analyzed in our study during May–July 2021 and the precipitation in October 2021 are portrayed in Figure 5. As shown in the figure, the isotopes of the surface water and groundwater appear on the same line as the global meteoric water line (GMWL), but the isotopes of the A. aquatica habitat (wetland) portrayed variations in the values due to the climatic impact [37]. In addition, the slope of the wetland drift curve varies, although it always shows a smaller evaporation curve than GMWL [38]. The general slope at this point varies based on the temperature and relative humidity of the region. In contrast to the groundwater and surface water samples, the values of hydrogen isotopes in the wetland water samples were −27.13–−41.76‰, and the values of oxygen isotopes were −2.13–−5.88‰. In the surface water and groundwater samples, the values of hydrogen isotopes were −49.78–−57.13‰, and the values of oxygen isotopes were −7.11–−8.48‰. Notably, the precipitation in October appeared on the GMWL.




4.2. Phylum-Level Analysis


Figure 6 portrays the variations in the composition between the samples at the phylum level. A total of 12 phyla were found in 28 samples. Figure 5 depicts the composition of the bacteria group detected in the samples. The dominant bacteria were Proteobacteria, with their proportions being 80.18–14.90%, followed by Actinobacteria, Bacteroidetes, Cyanobacteria, Verrucomicrobia, and Nitrospirae. Actinobacteria were present in the range of 31.27–0.18%.



Previous studies have indicated that the length of the branch in the weighted UniFrac Unweighted Pair Group Method with Arithmetic Mean (UPGMA) clustering can be weighted according to the relative richness of the community sequence [39]. The result of EDG1 May, EDG1 June, EDS2 June, EDG1 July, EDG2 July, EDG4 June, EDG4 July, EDG3 June, EDG3 May, and EDG3 July were combined as Group A, whereas those of EDS1 June, EDS1 July, EDS2 July, EDW3 June, EDW1 May, EDW2 May, EDW3 May, EDS1 May, EDS2 May, EDG2 May, EDW2 July, EDW1 July, EDW1 June, and EDW2 June were combined as Group B.



Group A consisted of microbial communities found in the samples collected from the groundwater wells. Group B consisted of microbial communities found in the samples collected from the surface water and the wetland. EDG 2, a shallow groundwater well used for domestic water needs, appeared in both groups A and B and was relatively affected by the surrounding environment or surface water. A small amount of precipitation (4.5 mm) occurred at the time of sampling of the EDG 2 site (May) in Group B. It was included in the same group as the samples of the surface water and wetland, due to the influence of a large amount of precipitation in May.



Group A was characterized by 37.45–80.18% of Proteobacteria, and Nitrospirae were present only in the EDG1 and EDG4 samples of the group.



Generally, groundwater ecosystems do not show indications of photosynthesis and lack organic carbon. Therefore, the microbial communities in the aquifer were assumed to be mainly composed of heterotrophs that have insufficient nutrients and are well-adapted to the oligotrophic groundwater environment [40,41]. Moreover, autotrophs that fix carbon dioxide and produce energy by oxidizing inorganic electron donors are another important component of the groundwater microbial communities; notably, autotrophs are especially important in deeper underground habitats [42,43,44,45].



Generally, proteobacteria occur in porous alluvial sand and gravel aquifers (5–50 m below surface) [46] and basalt aquifers [47]. According to previous studies, proteobacteria also occur in various freshwater ecosystems, such as lakes [48,49,50] and reservoirs [51,52,53].



Nitrospirae belong to the most diverse nitrite-oxidizing phyla and include several genera, along with the largest genus, Nitrospira [54].



Group B had 5.41–63.27% of Bacteroidetes, along with a high proportion of Actinobacteria (6.10–29.16%). Generally, Bacteroidetes are observed in various environments, including in soil, sea, and animal skin and intestines, and are representative organic decomposers [55]. Actinobacteria are mainly known as soil bacteria, but may be more abundant in freshwater [56]. They play a crucial role in removing complex organic matters, nitrogen, and phosphorous, by decomposing dead organisms in the soil, thus promoting the reabsorption of molecules by plants [57]. Consequently, they can improve the water quality of natural wetlands and restore their bacteria community [58]. Furthermore, in Group B, Verrucomicrobia appeared dominant, except in the wetland samples in July and in the EDG2 sample in May. Notably, Verrucomicrobia are generally distributed in freshwater ecosystems, such as lakes, rivers, and wetlands [59]. Up to 90% of them exist in lakes [60] and generally account for 1–6% of all microbial communities [61,62,63]. Generally, 19% of these organisms are distributed in humic lakes [64].



In our study, the UniFrac UPGMA clustering result indicated that surface water (precipitation) had the largest impact on the wetland.



The dynamics of bacteria communities in the 25 samples were analyzed by Illumina MiSeq sequencing (Table 4). The operational taxonomic units (OTUs) and alpha-diversity indices are summarized in Table 4. The averages of the OTUs were 162 in the wetland, 171 in the surface water, and 166 in the groundwater. The EDW1 sample extracted in June portrayed the highest number of OTUs. When the Chao1 and Shannon indices were averaged on the basis of the water type, they were 181 and 5.65 in the wetland, 192 and 5.69 in the surface water, and 184 and 5.43 in the groundwater, respectively. Thus, the values were the highest for the surface water, but in terms of individual samples, the EDW1 extracted in June portrayed the highest values. This indicated that, compared to wetland and groundwater, the surface water had more microbial diversity. Inverse Simpson and Good’s coverage of library are indices that portray the similarity of diversity of microbial communities in a range of samples; therefore, we used these indices in our study. Notably, the sequencing ranges were similar among the groups.




4.3. Non-Metric Multidimensional Scaling (NMDS) and Canonical Correlation Analysis (CCA)


The microbiology, hydrochemistry, and NMDS correlation analysis of the field data revealed that the DO and Si values portrayed the highest correlation (Table 5 and Figure 7). The DO values were higher in the surface water and wetland samples, compared to those in the groundwater samples. Notably, a strong association was observed between cyanobacteria and DO. Additionally, high contents of the bacteria were also observed in the surface water and wetland samples, compared to the groundwater samples.



Cyanobacteria are autotrophs; in fact, they are the only photosynthetic bacteria that produce oxygen [65]. Previous studies indicate that a positive correlation exists between the total cyanobacteria species and the DO in a contaminated wetland; and generally, a high DO is related to a low cyanobacteria biomass [66]. Therefore, previous studies have deduced that the DO value in water increases in the presence of cyanobacteria, due to their ability to produce oxygen.



Furthermore, the content of Si was less than 6 mg/L in the wetland and surface water samples, but more than 6 mg/L in the groundwater samples. Acidobacteria and Chloroflexi portrayed a similarity; Acidobacteria and Chloroflexi were found in the majority of groundwater samples, but were not found in the wetland and surface water samples. According to the chemical classification of volcanic rocks, basalt, which is a bedrock, contains 45–53 wt% of SiO2 [67], and the Si content was also observed in the groundwater samples. The banded iron formations (BIFs) in Brazil are composed of silica and Fe(III) oxide lamina; notably, previous studies have indicated that certain microorganisms (Chloroflexi, Acidobacteria, and the Alpha-, Beta-, and Gammaproteobacteria) can reduce dissimilatory Fe(III) [68]. Therefore, in our study, Chloroflexi and Acidobacteria that were observed in the groundwater were affected by the basalt bedrock.



CCA was conducted to identify the correlations between microorganisms and environmental parameters (Figure 8). The length of the arrows of the environmental parameters indicated the intensity of the relationship between the parameter and community composition (Figure 8). The result of the CCA analysis portrayed high correlations between the temperature, pH, and DO values of the water samples (Table 6). Temperature portrayed the highest correlation with the wetland water sample, followed by the surface water and groundwater samples. Moreover, a strong correlation was observed between temperature and the population of Cyanobacteria. The highest concentration of Cyanobacteria appeared in the wetland samples that had high temperatures, followed by the surface water and groundwater samples. Most of the cyanobacteria appeared at temperatures of 20 °C or higher, as when they are not under dry conditions, the germination rate increases when the water temperature rises to 20 °C or higher [69].



Notably, the pH showed a high correlation between Verrucomicrobia and Acidobacteria. The surface water and wetland samples had a higher content of Verrucomicrobia, compared to the groundwater samples. Acidobacteria appeared in abundance in the groundwater samples, but were rare in the surface water and wetland samples. In freshwater samples, Verrucomicrobia mainly occur in waters with a low pH [70] or near a site where the groundwater flow has continuously high pH [71]. Therefore, Verrucomicrobia were found in abundance in the EDG4 water sample, where the pH of the water was the highest.



Additionally, DO portrayed strong correlations with Cyanobacteria and Actinobacteria. The contents of Cyanobacteria and Actinobacteria appeared high at the sites where the water had a high DO content. Most of the Actinobacterial communities in the freshwater are aerobic [72]. Furthermore, DO is an important aquatic environmental factor that influences the growth and metabolism of Actinobacteria; notably, DO concentration influences the production of an odor substance by Actinobacteria [73,74]. The environmental factors that influence the A. aquatica wetland in the NMDS and CCA results were DO, temperature, and pH, which were strongly and significantly associated with the variations in the bacterial communities. In our study, the main bacteria related to the environmental impact on the wetland were Cyanobacteria, Actinobacteria, and Verrucomicrobia. Unlike other A. aquatica wetlands, the wetland indicated high DO content and pH values, which also influenced the continuous maintenance of the wetland.





5. Conclusions


To examine the hydroecological environment of the habitat of A. aquatica, field data were analyzed consisting of conventional indices in addition to hydrochemical analysis. In addition, the main factors that influence the microbial analysis and structure of the A. aquatica habitat (wetland), surface water, and groundwater were also investigated. The hydrochemical properties—water temperature, pH, electrical conductivity, dissolved oxygen (DO), oxidation reduction potential, and turbidity—of the surface water and A. aquatica habitat were similar. The Piper diagrams revealed that the wetlands, surface water, and most of the groundwater showed Ca-HCO3-type properties, whereas only areas where the water level of the wetland was controlled displayed Na-HCO3-type properties. The dominant bacteria were Proteobacteria, Actinobacteria, Bacteroidetes, Cyanobacteria, Verrucomicrobia, and Nitrospirae. The correlation analysis revealed that the major environmental control factors of the A. aquatica habitat were DO, temperature, and pH, and the related bacteria were Cyanobacteria, Actinobacteria, and Verrucomicrobia. In particular, the chemical and microbiological analysis results showed that the hydrochemical and microbiological properties of the wetland were more affected by the surface water, i.e., precipitation, than groundwater.



According to the existing literature on A. aquatica habitats outside South Korea, the pH and DO values are higher in the habitat in South Korea.



Our findings indicate that the A. aquatica habitat require the management of the main environmental factors, because any limitations in the environmental management of the A. aquatica habitat can be a major factor that can negatively influence the sustainability of the wetland. Moreover, the wetland environment of the A. aquatica habitat is characterized by a high sensitivity to the environmental conditions of the watershed and changes even in the inland environment. Future studies should conduct continuous on-site monitoring and management of major factors in response to climate change.
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Figure 1. (a) Air bubble formed and carried by a water spider living underwater; and (b) water spider with bubbles swimming in the wetland water in Yeoncheon-gun, South Korea. (c) Distribution of water spider (Argyroneta aquatica) during 1800–2021 (data from www.gbif.org, accessed on 12 January 2022 and Australian museum); the yellow dots indicate their distribution. 
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Figure 2. (a) Map of the Hantangan United Nations Educational, Scientific, and Cultural Organization (UNESCO) Global Geopark; (b) magnified map of the geopark; and (c) water sampling points in the Argyroneta aquatica habitat in the geo park. 
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Figure 3. (a) Annual precipitation and average temperature for 10 years and (b) monthly average temperature and precipitation for 2021 in Yencheon. 
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Figure 4. Piper diagram portraying the water type of the wetland, surface water, and groundwater samples analyzed in our study. 
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Figure 5. Relationship between the δ18O and δ2H values in wetland, surface water, and groundwater; local meteoric water line (LMWL), global meteoric water line (GMWL). 
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Figure 6. Phylum and class level taxonomic classification of bacteria samples and UniFrac Unweighted Pair Group Method with Arithmetic Mean (UPGMA) clustering of the bacteria communities. Only those phyla having a total dominance of >2% were selected. A: most of the groundwater in the study area, B: most of the surface water and wetland(A. aquatica habitat) in study area. 
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Figure 7. Graph portraying non-metric multidimensional scaling (NMDS) analysis (red labels) for major bacterial species (comprising >2% of the total community composition of each sample) at phylum-level resolution. The blue line and labels correspond to the environmental conditions and geochemical concentrations, and the black labels represent the individual samples. Arrows indicate the correlation vectors of community differences and the process parameters, with significance factors p < 0.001; dissolved oxygen (DO), nephelometric turbidity units (NTUs), total dissolved solids (TDS). 
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Figure 8. Canonical correspondence analysis (CCA) (red labels) for major bacterial species at phylum-level resolution. The blue lines and labels correspond to the environmental conditions and geochemical concentrations, and the black labels represent the individual samples; dissolved oxygen (DO), nephelometric turbidity units (NTUs), total dissolved solids (TDS). 
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Table 1. Average temperature and precipitation for 10 years in countries with Argyroneta aquatic habitats.
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	Country
	Average Temperature (°C)
	Average Precipitation (mm)





	United Kingdom
	9.3
	1466.4



	Ireland
	10.0
	1306.6



	Netherland
	10.8
	913.5



	Germany
	10.0
	688.9



	Norway
	7.0
	8.7



	Japan
	16.5
	1658.9



	Australia
	0.9
	473.0
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Table 2. Values of different parameters measured in field for the water samples of wetland, surface water, and groundwater sites analyzed in our study.
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Parameter

	
Temperature

(°C)

	
pH

	
EC

(μS/cm)

	
DO

(mg/L)

	
ORP

(mV)

	
Turbidity

(NTU)






	
EDW1

	
Max

	
37.7

	
9.1

	
93.3

	
9.5

	
111.2

	
40.2




	
Min

	
19.2

	
7.4

	
86.3

	
7.4

	
21.4

	
26.9




	
Mean

	
29.0

	
8.3

	
88.9

	
8.7

	
53.2

	
31.4




	
SD *

	
9.3

	
0.8

	
3.8

	
1.1

	
27.6

	
7.6




	
CV **

	
0.3

	
0.1

	
0.0

	
0.1

	
0.5

	
0.2




	
EDW2

	
Max

	
36.9

	
9.2

	
77.4

	
9.1

	
72.1

	
21.4




	
Min

	
19.9

	
7.2

	
66.5

	
7.7

	
24.2

	
17.2




	
Mean

	
28.8

	
8.4

	
73.6

	
8.6

	
47.7

	
19.0




	
SD *

	
8.5

	
1.1

	
6.2

	
0.8

	
24.0

	
2.2




	
CV **

	
0.3

	
0.1

	
0.1

	
0.1

	
0.5

	
0.1




	
EDW3

	
Max

	
30.2

	
7.9

	
56.6

	
11.0

	
85.9

	
48.2




	
Min

	
20.6

	
7.6

	
44.6

	
8.7

	
58.7

	
27.5




	
Mean

	
25.4

	
7.7

	
50.6

	
9.8

	
72.3

	
37.9




	
SD *

	
6.8

	
0.2

	
8.5

	
1.6

	
19.2

	
14.6




	
CV **

	
0.3

	
0.0

	
0.2

	
0.2

	
0.3

	
0.4




	
EDS1

	
Max

	
30.7

	
8.6

	
281.5

	
9.9

	
70.5

	
10.0




	
Min

	
16.7

	
7.7

	
212.8

	
8.3

	
45.1

	
6.6




	
Mean

	
25.2

	
8.3

	
247.7

	
9.1

	
59.4

	
8.3




	
SD *

	
7.4

	
0.5

	
34.4

	
0.8

	
13.0

	
1.7




	
CV **

	
0.3

	
0.1

	
0.1

	
0.1

	
0.2

	
0.2




	
EDS2

	
Max

	
31.8

	
8.6

	
388.9

	
9.5

	
90.6

	
15.0




	
Min

	
17.3

	
7.7

	
242.0

	
7.1

	
54.8

	
9.4




	
Mean

	
25.0

	
8.1

	
328.6

	
8.5

	
73.6

	
11.7




	
SD *

	
7.3

	
0.5

	
76.9

	
1.2

	
18.0

	
2.9




	
CV **

	
0.3

	
0.1

	
0.2

	
0.1

	
0.2

	
0.3




	
EDG1

	
Max

	
19.1

	
7.5

	
284.7

	
7.5

	
105.7

	
16.1




	
Min

	
14.2

	
6.6

	
257.5

	
6.6

	
89.0

	
0.4




	
Mean

	
16.3

	
7.1

	
269.7

	
7.0

	
98.2

	
6.3




	
SD *

	
2.5

	
0.5

	
13.8

	
0.5

	
8.5

	
8.6




	
CV **

	
0.2

	
0.1

	
0.1

	
0.1

	
0.1

	
1.4




	
EDG2

	
Max

	
20.1

	
6.7

	
550.0

	
5.0

	
112.8

	
21.9




	
Min

	
14.1

	
6.6

	
525.0

	
4.5

	
76.8

	
9.0




	
Mean

	
17.0

	
6.7

	
540.0

	
4.8

	
98.9

	
14.4




	
SD *

	
3.0

	
0.1

	
13.2

	
0.3

	
19.4

	
6.6




	
CV **

	
0.2

	
0.0

	
0.0

	
0.1

	
0.2

	
0.5




	
EDG3

	
Max

	
19.1

	
8.1

	
245.6

	
3.5

	
71.1

	
0.7




	
Min

	
14.4

	
8.0

	
235.4

	
2.8

	
−3.3

	
0.3




	
Mean

	
16.8

	
8.0

	
240.3

	
3.1

	
27.3

	
0.5




	
SD *

	
2.4

	
0.1

	
5.1

	
0.4

	
38.9

	
0.2




	
CV **

	
0.1

	
0.0

	
0.0

	
0.1

	
1.4

	
0.4




	
EDG4

	
Max

	
18.2

	
9.7

	
284.1

	
3.6

	
1.4

	
1.0




	
Min

	
16.6

	
9.7

	
280.3

	
2.1

	
−0.3

	
0.5




	
Mean

	
17.4

	
9.7

	
282.2

	
2.8

	
0.6

	
0.8




	
SD *

	
1.1

	
0.0

	
2.7

	
1.0

	
1.2

	
0.3




	
CV **

	
0.1

	
0.0

	
0.0

	
0.4

	
2.2

	
0.4








SD *: standard deviation, CV **: coefficient of variation, DO: dissolved oxygen, EC: electric conductivity, OPR: oxidation reduction potential.
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Table 3. Results of NO3− in the 25 water samples data analyzed in our study.
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	Sample
	NO3− (mg/L)
	Sample
	NO3− (mg/L)
	Sample
	NO3− (mg/L)





	EDW1 May
	non-detection
	EDW1 June
	non-detection
	EDW1 July
	non-detection



	EDW2 May
	non-detection
	EDW2 June
	non-detection
	EDW2 July
	non-detection



	EDW3 May
	non-detection
	EDW3 June
	non-detection
	
	



	EDS1 May
	17.74
	EDS1 June
	9.42
	EDS1 July
	6.99



	EDS2 May
	15.38
	EDS2 June
	10.86
	EDS2 July
	10.29



	EDG1 May
	12.09
	EDG1 June
	12.03
	EDG1 July
	11.87



	EDG2 May
	7.3
	EDG2 June
	9.19
	EDG2 July
	8.57



	EDG3 May
	0.87
	EDG3 June
	1.19
	EDG3 July
	non-detection



	
	
	EDG4 June
	0.72
	EDG4 July
	0.63
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Table 4. Operational taxonomic units (OTUs) and alpha-diversity indices of the bacterial communities in the surface water, wetland, and groundwater samples analyzed in our study.
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	Sample
	OTUs
	Chao1
	Shannon
	Inverse Simpson
	Good’s Coverage of Library (%)





	EDW1 May
	158
	181.21
	6.03
	0.97
	99.05



	EDW2 May
	139
	155.15
	5.80
	0.97
	99.23



	EDW3 May
	137
	147.12
	5.48
	0.96
	99.16



	EDS1 May
	143
	158.00
	5.34
	0.92
	99.09



	EDS2 May
	117
	119.40
	5.37
	0.95
	99.67



	EDG1 May
	260
	278.50
	6.55
	0.97
	98.61



	EDG2 May
	111
	118.58
	4.63
	0.86
	99.49



	EDG3 May
	111
	111.14
	5.15
	0.94
	99.89



	EDW1 June
	310
	384.38
	6.63
	0.97
	96.90



	EDW2 June
	152
	159.16
	5.68
	0.95
	99.38



	EDW3 June
	58
	62.50
	3.50
	0.85
	99.67



	EDS1 June
	151
	153.37
	5.85
	0.95
	99.63



	EDS2 June
	108
	110.15
	5.28
	0.94
	99.70



	EDG1 June
	186
	207.14
	5.86
	0.96
	98.87



	EDG2 June
	54
	55.00
	4.62
	0.95
	99.89



	EDG3 June
	150
	161.00
	4.95
	0.90
	99.2



	EDG4 June
	168
	190.96
	4.74
	0.88
	98.8



	EDW1 July
	146
	154.00
	5.91
	0.96
	99.38



	EDW2 July
	196
	207.32
	6.17
	0.97
	99.01



	EDS1 July
	236
	283.28
	6.04
	0.95
	97.74



	EDS2 July
	275
	330.86
	6.32
	0.95
	97.49



	EDG1 July
	204
	205.49
	6.60
	0.98
	99.6



	EDG2 July
	54
	54.00
	4.63
	0.94
	100



	EDG3 July
	229
	278.52
	5.66
	0.95
	97.52



	EDG4 July
	308
	364.84
	6.44
	0.96
	97.05







The Chao1 index was used to evaluate the population richness. The Shannon index was used to evaluate the diversity within the bacterial population. It accounted for both species abundance and evenness. The Simpson diversity index was calculated as D = 1 − [Σn(n − 1)/N(N − 1)], where n is the number of individuals of each species and N is the total number of individuals of all species. The Simpson diversity index was the probability that two randomly selected individuals in a given habitat may belong to the same species. Good’s coverage of library was calculated as C = 1 − (s/n), where s is the number of unique OTUs and n is the number of individuals in the species. This index provided a relative measure of how well the sample represented the larger environment.
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Table 5. Results of non-metric multidimensional scaling (NMDS) analysis for bacteria in the 25 water samples, with physicochemical data.
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	Vectors
	NMDS1
	NMDS1
	r2
	Pr (>r)





	Temperature
	0.75617
	0.65437
	0.2559
	0.046 *



	pH
	−0.20040
	0.97971
	0.1408
	0.187



	EC
	−0.63930
	−0.76896
	0.2134
	0.063



	DO
	0.89139
	0.45323
	0.6665
	0.001 ***



	TDS
	−0.66705
	−0.74502
	0.2058
	0.070



	NTU
	0.99896
	−0.04559
	0.2723
	0.030 *



	Ca2+
	−0.35112
	−0.93633
	0.1172
	0.236



	K+
	0.74672
	0.66514
	0.3178
	0.012 *



	Mg2+
	−0.35251
	−0.93581
	0.3222
	0.008 **



	Na+
	−0.99727
	−0.07383
	0.2950
	0.023 *



	Si
	−0.85498
	−0.51866
	0.6455
	0.001 ***



	Cl−
	−0.01334
	−0.99991
	0.0258
	0.756



	NO3−
	0.87322
	0.48732
	0.0269
	0.747



	SO42−
	0.74050
	−0.67206
	0.1351
	0.193



	HCO3−
	−0.72161
	−0.69230
	0.4545
	0.003 **



	CO32−
	−0.27701
	−0.96087
	0.2095
	0.049 *



	OH−
	−0.99994
	−0.01062
	0.0282
	0.792







Significant codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 1. Permutation: free. Number of permutations: 999. Abbreviations: DO: dissolved oxygen; EC: electric conductivity; NTUs: nephelometric turbidity units (NTUs); TDS: total dissolved solids.
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Table 6. Results of canonical correspondence (CCA) analysis for bacteria in the 25 water samples analyzed in our study, with physicochemical data.
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	Vectors
	Df
	ChiSquare
	F
	Pr (>F)





	Temperature
	1
	0.132
	7.32
	0.001 ***



	pH
	1
	0.145
	8.02
	0.001 ***



	EC
	1
	0.075
	4.17
	0.005 **



	DO
	1
	0.095
	5.28
	0.001 ***



	TDS
	1
	0.009
	0.49
	0.834



	NTU
	1
	0.027
	1.48
	0.199



	Ca2+
	1
	0.022
	1.21
	0.318



	K+
	1
	0.087
	4.83
	0.004 **



	Mg2+
	1
	0.065
	3.63
	0.004 **



	Na+
	1
	0.034
	1.87
	0.115



	Si
	1
	0.026
	1.43
	0.208



	Cl−
	1
	0.046
	2.53
	0.037 *



	NO3−
	1
	0.018
	1.02
	0.403



	SO42−
	1
	0.029
	1.62
	0.168



	HCO3−
	1
	0.017
	0.96
	0.451



	CO32−
	1
	0.020
	1.08
	0.399



	OH−
	1
	0.025
	1.41
	0.243



	Residual
	7
	0.126
	
	







DO: dissolved oxygen; EC: electric conductivity; NTUs: nephelometric turbidity units (NTUs); TDS: total dissolved solids; Significant codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 1. Permutation: free; Number of permutations: 999.
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